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UspaTenbckun pom Cubupckoro
rocyfapcTBeHHOro MeagULMHCKOrro
YHUBEpPCUTETa NPeAcTaBifAeT CepPUIo KHUr

«Hacmneau
TOMCKOH MEJMLMHbI

KHura nocesLleHa namsitu
[OKTOpa MeaULIMHCKMX Hayk,
npodeccopa Bnagnmmpa
OembsiHoBMYa Cyxonono
AH. Benreponcknii, O.E, Banzosa, T.M. ITsotankosa —_— PP (1 91 9—2000), y4acTHUKa OGOpOHbl
JlennHrpaga, nHsanuga Benukon
ARANEMHK OTeYeCTBEHHOMN BOWHbLI, pabo-
HHKONAH BACHNBEBHY BOCTIOMHHARKS TaBLUero B CM6Mpckom rocyaap-
BEPLUMHHA CTBEHHOM MEeAMLVHCKOM YHMBEP-
0 NPODECCOPE CYXoMOND cutete (CMBIMY, ToMckom Meau-
— = LIMHCKOM UHCTUTYTe) B 1948—
2000 rr. C yBaxeHneMm, BoCxuLLe-
HeMm 1 NtboBbIO Npodeccopa
B.[. Cyxonomno BCnoMuHatoT yye-
HWKM, Konneru, Apy3bsi, YreHbl
CeMbW, POZHbIE.

[ns Tex, KTO UHTEepecyeTcs
NcTopuein MeguLmHsl,
Cwnbupckoro rocyaapcTBEHHOMO
MeOMLIMHCKOTO YHUBEpCUTETA,
Tomcka.

B kHure npepctaBneHsl 6uorpadus n
0630p Hay4YHOW, Nefarorniyeckon 1
06LLEeCTBEHHON AEATENbHOCTY
BblaatoLerocs hapmakonora, akageMuka
AMH CCCP, 3acnyeHHoro aesitens Hayku ARKANEMHK
PC®CP, naypeata CtanuHckomn CEPI'EH NETPOBHY
(FocypapcTBeHHOM) NpemMun Hukonas KAPMOB
Bacunbesuya BepLunHuHa (1867-1951). - .

[ins Bpayen, CTyAEHTOB, YYEHbIX, BCEX

VHTEPECYIOLNXCS CTOPUEN MEAULIMHBI. B knure npeacTasneHbl
6uorpacusi n 063op

Hay4YHOW, Negarornyeckom n
06LLEeCTBEHHO AeATenb-
HOCTV BblAatoLLerocs
Mukpoburonora, Bupyconora
1 anuaemvonora, akagemuka
AMH CCCP, 3acny>xeHHoro
nestens Haykn PCOCP
Cepres NeTpoBurya Kapnosa
(1903-1976).

[ins Bpayen, CTyAeHTOB,
YY€EHBIX, BCEX MHTEPECYH0-
LLIMXCSA UCTOPUEN MEAULMHDI.
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ABSTRACT

Aim. To determine the cardioprotective effect of a mixture of probiotic strains of Lactobacillus acidophilus (LA-5)
and Bifidobacterium animalis subsp. Lactis (BB-12) in rats with systemic inflammatory response syndrome (SIRS)
in comparison with the use of a- and B-adrenoblocker carvedilol and L-arginine, the precursor of nitric oxide (NO).

Materials and methods. Experiments were conducted on male Wistar rats in a model of SIRS including obe-
sity and chemically induced colitis. Probiotic strains (PRK), L-arginine (ARG), and the o- and p-adrenoblocker
carvedilol (ADB) were intragastrically administered to animals of the corresponding groups. Myocardial isch-
emia-reperfusion injury was reproduced in an isolated heart perfusion model. The size of the necrosis zone (SNZ)
was determined using histochemistry. The concentration of cytokines in blood plasma was measured using an
immunoenzyme technique.

Results. Myocardial SNZ in the group with SIRS modeling was significantly higher than in the control group (45
(38; 48)% and 30 (26; 31)%, p < 0.05). In the PRK and ARG groups, the SNZ was 32 (28; 35)% and 35 (26; 36)%,
respectively, which was significantly lower compared to the SIRS group (p < 0.05). In the ADB group, the SNZ
was 40 (31; 48)%, similar to the value in the SIRS group (p > 0.05). Hemodynamic parameters in isolated heart did
not differ between the groups. The concentration of proinflammatory cytokines and transforming growth factor-8
in plasma was significantly higher in the SIRS group than in the control. However,, in the PRK and ARG groups
a significant decrease in the levels of some of some cytokines was noted, confirming the presence of an anti-
inflammatory effect.

Conclusion. Administration of PRK to rats using the SIRS model caused a decrease in the SNZ. However, of a-
and B-adrenoreceptors was not accompanied by a decrease in the SNZ in this model. The amino acid L-arginine
had a cardioprotective and anti-inflammatory effect similar to that of the PRK group, which may indicate the
unidirectionality of the tested effects.

Keywords: myocardium, ischemia-reperfusion, cardioprotection, systemic inflammatory response syndrome,
cytokines, probiotics, nitric oxide
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PE3IOME

Heab. Ompenenenue BBIPAKEHHOCTH KapIHONPOTEKTHBHOTO 3(QeKTa cMecH NPOOMOTHYECKUX IITaMMOB
Lactobacillus acidophilus (LA-5) n Bifidobacterium animalis subsp. Lactis (BB-12) y kpbic ¢ CHHIpPOMOM
cucremMHoro BocnaiutenabHoro oreera (CCBO) B cpaBHEHHM € MPUMEHEHHEM 0- U [-aJpeH0o0I0KaTopa KapBe-
JIWITONIA U TIpeecTBeHHNKa okcraa azora (NO) L-aprunusa.

Matepunajbl M MeTOAbl. DKCICPUMEHTHI BBIIOJHEHbI Ha caMiax Kpelc croka Bucrtap Ha mozmenu CCBO,
BKJIIOYAIOIIEH OXHpPEHHe W XHMHUYECKH WHIYIMPOBAHHBIA KOJHMT. JKHBOTHBIM COOTBETCTBYIONIIMX TIPYII
BHYTPIDKETy104HO BBOMIM Tpobuornyeckue mrtammbl ([1PK), L-aprunnn (API) n a- u B-agpenoGiokaTop
kapsenmwion (AJ1b). Hmemuueckoe-penepdy3HOHHOE MOBPEKACHHE MHOKapa BOCIPOW3BOIMIN Ha MOJEITH
nepdy3un H30IMpOBaHHOTO cepa. Pazmep 30Hb! Hekpo3a (P3H) onpenernsui rucroxummyecku. KoHneHrparmio
LUTOKUHOB B IIa3Me KPOBH OLICHUBAIH HMMYHO(DEPMEHTHBIM METOJIOM.

Pe3yabTaThl. Pazmep 30HBI HeKpo3a MHOKap/a B rpymime ¢ MoaenupoBanneM CCBO ObuT 3HAY4MMO BBIIIE, YeM B
KoHTpobHOH rpymme (45 (38;48)% 1 30 (26;31)%, p < 0,05). B rpynmax ITPK u APT" P3H cocrasun 32 (28;35)% u
35 (26;36)%, aTo 3HauMMO MeHbIIe 1o cpaBHenuio ¢ rpynmoit CCBO (p < 0,05). B rpynme AJIb P3H cocrasnn 40
(31;48)%, He ormuascs ot 3HaueHus B rpynme CCBO (p > 0,05). 'emoquHaMudeckre oKa3aTey H30IHPOBAHHOTO
cepama He OTIMYAINCh Mexay rpynnamu. B rpynmme CCBO koHIeHTpanusi MpoBOCIATUTENBHBIX ITUTOKUHOB H
TpaHchopMupylomero ¢axkropa pocra-f B Imra3Me KpoBH ObUIa 3HAYMMO BBHIIIE, YeM B KoHTpoie. [Ipu sTom B
rpynnax IIPK u API" ormeueHo 3HauMMoe yMeHbIIEHUE YPOBHEH HEKOTOPBIX LIUTOKHMHOB, MOATBEpIKIAIOLIee
HaJIMIHE TPOTUBOBOCIIANINTENEHOTO Y dexTa.

3aximouenune. Beenenne [1PK y xpeic Ha mogenn CCBO BeBano ymensiienue P3H. Ilpu stom Gnokana o- u
B-ampeHopenenTopoB He conmpoBoXkaanack ymensiieHueM P3H Ha mnanHO# Mozenn. AnanormynbiM rpynme [TPK
KapAMONPOTEKTHUBHBIM M MPOTHBOBOCHAINTEIILHBIM JIeiicTBHEM 001a/1a]1a aMHUHOKHUCIIOTa L-apruHuH, 4T0 MOXeT
CBHCTEJILCTBOBATH 00 OJIHOHAIPABICHHOCTH d(p(heKTa MPOTCCTUPOBAHHBIX BO3ACHCTBHIA.

KuroueBble ciioBa: MUOKapAI, I/IHIGMI/IS{-peHep(i)}GI/Iﬂ, KapaAuonpoTeKusi, CHHAPOM CUCTEMHOI'O BOCIIAJIUTEILHOI'O
OTBE€Ta, HIUTOKWHBEI, HpO6I/IOTI/IKI/I, OKCHJl a30Ta
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CooTBeTcTBHE NPHHIMNAM 3THKH. VccrnemoBanue oq00pEHO JIOKAJIbHBIM 3THYCCKHUM Komuterom DPI'BY
«HMUII um. B.A. AnmazoBa» Munszapasa Poccun (mpotokon Ne [1323 9 V2 ot 06.09.2023).

Js uurupoBanus: bopiues 10.10., Munacsan C.M., Byposenko U.10., IIpouak E.C., bopiies B.1O., bopmiesa O.B.,
Tanaryn3a M.M. BrusiHue npoOHOTHYSCKUX [ITAMMOB, L-apriHiHA U KapBeJuiIoia Ha pa3Mep HHpapKTa MHOKap-
J1a y KPbIC B YCIIOBHSX CHCTEMHOr0 BOCTaneHust. broiemens cubupcroi meouyunst. 2025;24(2):5-13. https://doi.

0rg/10.20538/1682-0363-2025-2-5-13.

INTRODUCTION

The increased risk of cardiovascular diseases
in metabolic syndrome (MS) and its individual
components is confirmed by large-scale clinical
observations. According to the World Health
Organization, in 2022, every 8th person in the world
was obese, and 2.5 billion people over over the age
of 18 were overweight. The prevalence of MS in the
general population varies from 14 to 24%, depending
on the socioeconomic status of the country and
region, with the highest prevalence in the United
States.

According to 2022 data, the number of overweight
children under 5 years of age in Africa has increased by
23% since 2000, while in Asian countries almost half
of children of the same age are overweight or obese [ 1].
These data clearly indicate that experimental research
in the field of cardioprotection, i.e. the development
of ways to protect the myocardium from ischemia-
reperfusion injury (IRI), should be conducted on
clinically relevant models that include pathology in
the form of visceral obesity, type 2 diabetes mellitus,
and arterial hypertension [2].

Considering that systemic inflammation is the
pathogenic factor that unifies various MS components,
we have developed and validated an experimental
model of systemic inflammatory response syndrome
(SIRS) in rats, which includes the formation of obesity
caused by a high-fat diet chemically induced colitis
and the administration of antimicrobial drugs [3, 4].
Using this SIRS model in experiments on an isolated
perfused heart and on a model of coronary occlusion
myocardial infarction, the literature data were
confirmed that systemic inflammation is accompanied
by significant changes in the qualitative composition of
the intestinal microbiota and a decrease in myocardial
resistance to IRI [5, 6].

The effect of proinflammatory cytokines, tumor
necrosis factor-a (TNF-a) and interleukin-1 B (IL-
1B), on the heart is the most important mechanism
contributing to the increase in infarction size in
SIRS. These cytokines negatively affect the state of
cardiac microcirculatory bloodstream, increasing
microvascular permeability and inducing the
expression of adhesion molecules on endothelium,
increase the manifestations of myocardial oxidative,
and trigger apoptosis of cardiac myocytes [7]. In this
regard, an urgent task is to search for new safe and
effective ways to affect the mechanisms of systemic
inflammation in order to reduce its negative effects on
various processes, including myocardial IRI.

One of such ways is the modulation of the intestinal
microbiota composition through various interventions
including the use of antibiotics and probiotics, as well
as the transplantation of transplantation of intestinal
microflora. In recent years, a number of studies
have shown that changes in the intestinal microbiota
composition are accompanied by an increase in
myocardial resistance to IRI both in healthy animals
and in those with a concomitant pathology [8, 9]. The
studies of our research group have demonstrated that
administration of a mixture of probiotic strains of
lactobacilli and bifidobacteria to rats with SIRS leads
to a decrease in the concentration of proinflammatory
cytokines in the blood, is also accompanied by a
decrease in the infarction size in the model of global
ischemia-reperfusion of an isolated heart [10].

The possible mechanisms of anti-inflammatory and
cardioprotective effects of the intestinal microbiota are
ofparticular interest, the study of which is currently at the
very initial stage. Some data suggest that optimization
of the intestinal microflora composition leads to a
decrease in paracellular permeability of intestinal
epithelium and a decrease in the effect of bacterial
translocation, which, in turn, reduces the stimulation
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of innate and adaptive immunity. The direct effect of
metabolites produced by certain representatives of the
intestinal microbiocenosis on cardiomyocytes with
the activation of intracellular signaling pathways of
cardioprotection is not excluded [5].

Nitrogen monoxide (NO) is of great importance
in the regulation of the inflammatory response; which
has an anti-inflammatory effect in physiological
concentrations concentrations, but demonstrates
pronounced pro-inflammatory properties when its
production is locally enhanced by inducible isoforms of
NO synthase [11]. It is important to note that the general
enhancement of NO production during administration
of its pharmacological donors and its precursor
L-arginine has a cardioprotective effect effect in
healthy animals [12], although blockade of endogenous
NO synthesis with the methyl ester L® -nitro-N-
arginine does not eliminate the effect of myocardial
ischemic preconditioning [13]. The influence of the
sympathetic nervous system is also significant, as its
prolonged activation has a pro-inflammatory effect
and is considered as one of the leading mechanisms of
chronic heart failure progression [14].

Based on these data, it was assumedthat the use
of adrenoblockers and substances that enhance NO
production may have a cardioprotective effect in in
SIRS conditions and have a unidirectional effect with
the use of PRK. The aim of the present study was to
determine the cardioprotective effect of a mixture
of probiotic strains Lactobacillus acidophilus (LA-
5) and Bifidobacterium animalis subsp. Lactis (BB-
12) in rats with SIRS in comparison to the use of
a- and B-adrenoblocker carvedilol and NO precursor
L-arginine.

MATERIALS AND METHODS

The experiments were performed on male Wistar
rats of improved conventional status weighing 322 +
25 g in accordance with the. The for the use of animals
was reviewed and approved by the Committee for the
Control of the Care and Use of Laboratory Animals of
the Almazov National Medical Research Center of the
of SIRS was described in detail earlier [3].

Animals were randomly assigned to one of five
groups (n =9 in each group): 1) control (CTR) group,
in which which rats received standard food and
drinking water ad [libitum; 2) systemic inflammatory
response syndrome (SIRS) group included animals
with primary visceral obesity induced by a high fat and
carbohydrate diet, under combined anesthesia (zoletil
20 mg/kg i/m, isoflurane 1.5%), 1 ml of a mixture of

3% acetic acid solution and 3% ethanol was injected
once rectally to induce acute colitis. Starting that day,
the same animals were intragastrically administered a
mixture of antimicrobial drugs (AMD) (amoxicillin,
metronidazole, and clarithromycin ) in 1 ml normal
saline solution (NS) at a daily dose of 15 mg of each
AMD per rat for 3 days and 1 ml of NS for 5 days; 3)
PRK group in which rats that underwent the procedures
described for the previous group were additionally
intragastrically administered 1 ml of a solution of a
mixture of probiotic strains Lactobacillus acidophilus
(LA-5) and Bifidobacterium animalis subsp. lactis
(BB-12) at a dose of 10® CFU per animal during
the last 8 days of the experiment; 4) ARG group —
during the last 8 days of the experiment, instead of
the probiotic mixture, 50 mg of L-arginine in 1 ml of
NS per animal administered intragastrically; 5) ADB
group — during the last 8 days of the experiment, 2 mg
of a- and B-adrenoreceptor blocker carvedilol orally
administered in 1 ml of NS per animal. The doses
and modes of administration to rats in the ARG
and ADB groups were selected on the basis of the
literature [15, 16].

One day before the end of the experiment, whole
blood (1.5 ml) was drawn from the large saphenous
vein for hematological and immunological analysis
in rats under short-term isoflurane anesthesia. The
number of erythrocytes, leukocytes, and platelets in
blood was determined on an automated veterinary
hematology 3-differential analyzer (URIT-3000
Vet Plus, URIT Medical Electronic, China). The
levels of TNF-a, IL-1B, IL-6 and transforming
growth factor-f (TGF-B) in blood plasma were
evaluated by immunoenzyme method (MR-96A,
Mindray, China).

Global ischemia-reperfusion of the isolated heart
was modeled on the Langendorff apparatus. For
this purpose, the animals were anesthetized with
isoflurane, fixed on the operating table, and a wide
bilateral transdiaphragmatic incision was made to
provide access to the heart. The heart was removed
and its through the aorta with a Krebs-Henseleit-
Henseleit buffer with a hydrostatic pressure of 80 mm
Hg at 37°C. Immediately after the start of perfusion, a
polyethylene balloon connected by a flexible cannula
to a pressure sensor and a software and hardware
complex for recording hemodynamics (PhysExp
Gold, Cardioprotekt, Russia) was placed into the left
ventricle through the mitral valve.

The duration of global ischemia was 30 min,
reperfusion — 90 min. After 15 minutes of stabilization
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at baseline, as well as at 15, 30, 45, 60, 75, and 90
minutes of reperfusion, the following values were
recorded: left ventricular systolic pressure (LVSP, mm
Hg), heart rate (HR, bpm), coronary flow (CF, ml/min).
After completion of reperfusion, the heart was cut into
into five 2-mm-thick transverse sections which were
incubated at 37°C in 1% triphenyltetrazolium chloride
(TTC) solution for 15 minutes. The sections were
then photographed with a digital camera connected to
a stereomicroscope, and the images were coded. The
researcher, who was not familiar with image coding
procedure, performed a planimetric assessment of
the nectrotic zone size zone size (NZS) using Image)
program. The NZS was expressed as the percentage of
the area area of TTC-negative areas averaged over five
slices.

Statistical processing of experimental data was
performed using the STATISTICA 12.0 software
package. The Kolmogorov—Smirnov test was used to
determine the distribution pattern. Due to the different
distribution pattern in the groups, preliminary
statistical analysis was performed on the basis of

the nonparametric Kruskal-Wallis (H test) to detect
statistically significant differences between samples,
followed by pairwise comparison using the Mann—
Whitney U test and appropriate adjustments in the
multiple comparison program. Differences determined
by the program for each dimension were considered
statistically significant. The tables show the the values
of the median (Me), as well as the lower and upper
quartiles (25%;75%).

RESULTS

Clinical blood counts showed a significant increase
in leukocytes, platelets, including large platelets in the
SIRS group compared to the CTR group (SSD, Table
1). There was a trend toward a decrease in leukocyte
count in the PRK group compared to the SIRS group,
and there was a significant decrease in large platelets
(SSD, Table 1). In the ARG group, there was a
significant decrease in the number of large platelets
(SSD, Table 1). The parameters of clinical blood
count in the ADB group did not differ from those in
the SIRS group.

Table 1
Hematologic Parameters, Me (25%:75%)
Grou,
Analyte CTR SIRS PII)IK ARG ADB

Leukocytes, x109 /L, p = 0.001 3.4# (3.1;3.8) 5.7* (4.8;6.5) 4.0 (3.5;4.2) 4.0 (3.8;5.5) 5.9% (4.8;8.3)
Erythrocytes, x10'2 /L, p = 0.2679 8.0 (7.1;8.7) 8.2(7.8,9.2) 7.4(7.1,9.2) 9.8 (8.0;10.1) 8.5(7.7,9.3)
Platelets, x10° /L, p = 0.0344 546# (515;596) 781* (693;925) | 582 (548;770) | 631 (608;806) | 752 (503;899)
Large platelets, x10° /L, p = 0.0008 39# (35;44) 67* (62;69) 45# (40;51) 47# (44;50) 55 (40;64)

Here and in Table 2: CTR — control; SIRS — systemic inflammatory response syndrome; PRK — SIRS and L4-5 and BB-12 mixture; ARG — SIRS

and L-arginine; ADB — SIRS and carvedilol; p — the level of significance.

* statistically significant difference (SSD) in relation to CTR group; # SSD in relation to SIRS group.

When analyzing the level of cytokines in the
blood plasma, it was found that the concentrations
of TNF-a were significantly higher and IL-1p, IL-6,
and TGF-B in the SIRS group were statistically
significantly higher (by 64, 41, 43, and 50%, re-
spectively) than in the control (Table 2). The admi-
nistration of probiotics to the animals was ac-

companied by a significant decrease in the levels of
IL-1pB and IL-6 compared to the SIRS group (by 50
and 36%, respectively, Table 2).

The IL-1B concentration was lower in the ARG
group than in the SIRS group (SSD, Table 2). No
statistically significant changes were observed in the
ADB group in relation to the SIRS group.

Table 2
Levels of Cytokines in Plasma, Me (25%;75%)
Group
Analyte CTR SIRS PRK ARG ADB
TNF-0, pg/mL, p = 0.0393 1.3 (1.0;1.6) 1.8 (1.5; 3.0) 1.2# (0.4; 1.5) 0.6 (0.5; 1.9) 1.0 (0.9; 3.1)
IL-1p, pg/mL, p = 0.0004 80# (70; 90) 120* (113; 150) 80# (62; 95) 77# (66; 78) 90 (80; 100)
IL-6, pg/mL, p = 0.0007 5.6# (4.7, 6.0) 8.0* (7.5; 8.6) 5.8#(4.9; 6.2) 6.2 (4.7, 7.0) 7.0 (5.3;7.3)
TGF-B, pg/mL, p =0.0013 26# (21; 30) 39* (39; 43) 30 (25;41) 31 (30; 49) 48%* (35; 54)
* SSD in relation to the CTR group; # SSD in relation to the SIRS group.
Bulletin of Siberian Medicine. 2025; 24 (2): 6-13 9
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Hemodynamic parameters (left ventricular systolic
pressure, heart rate, and coronary flow) at baseline,
15, 30, 45, 60, 90, and 120 minutes after 30 minutes
of global ischemia were not statistically different
between groups.

The myocardial SNZ in the SIRS modeling group
was significantly higher than in the control group (45

Size of necrosis zone, SNZ %
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DISCUSSION

The study confirmed the fact of an increased
myocardial infarction size in SIRS caused by primary
obesity in combination with chemically induced
colitis. The presence of SIRS was verified by increased
leukocyte and platelet counts and a significant increase
in the concentration of pro-inflammatory cytokines in
the blood. Recently, new experimental evidence has
been obtained that the presence of acute inflammation
with hypercytokinemia leads to a decreased myocardial
resistance to IRI. In particular, in the model of dextran
sulfate-induced inflammatory bowel disease in mice,
it was shown that the severity of myocardial IRI is
significantly increased in the presence of systemic
inflammation, with IL-6 being one of the mediators
of this effect [17]. It is hypercytokinemia that is
considered as the leading mechanism of myocardial
IRI resistance reduction in SIRS, since TNF-o and

(38; 48)% and 30 (26; 31)%, (SSD, Fig.). In the PRK
and ARG groups, the SNZ was 32 (28; 35)%, and 35
(26; 36)%, which was significantly lower compared
with the SIRS group (SSD, Fig.), whereas in the ADB
group, the SNZ was 40 (31; 48)%, which was not
significantly different from its value in the SIRS group

(Fig.).

Figure. Size of myocardial necrosis zone, Me (25%;75%):

CTR - control; SIRS — systemic inflammatory response

syndrome; PRK — SIRS and a mixture of LA-5 and BB-12;

ARG - SIRS and L-arginine; ADB — SIRS and carvedilol;

p —the level of significance. * SSD in relation to CTR group,
# SSD in relation to SIRS group

IL-1B provoke a number of cardionegative effects,
including initiation of cardiomyocyte apoptosis and
enhancement of cardiomyocyte oxidative damage.
The conducted experiments demonstrated the
infarct-limiting effect of probiotic therapy with
Lactobacillus acidophilus (LA-5) and Bifidobacterium
animalis subsp. Lactis (BB-12) in animals with
SIRS. However, the infarction size in the group of
animals receiving probiotics was not significantly
different from the corresponding value in the control.
On the other hand, probiotics administration was
accompanied by a decrease in the level of TNF-a
and IL-1pB, which allows us to associate the effect of
probiotic cardioprotection with the anti-inflammatory
effect of the introduced bacteria and/or the secondary
changes in the general microbial landscape of the
intestine induced by them. It is known that a number
of probiotic strains have the ability to normalize
the increased permeability of the intestinal mucosa
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by increasing mucus production, preventing the
degradation of tight junctions between enterocytes,
stimulation of anti-inflammatory mechanisms in the
form of activation of T-regulators, etc. [18].

Although these effects have been most fully studied
in relation to the manifestations of inflammation
directly in the intestinal wall in colitis, in the context of
this study, the reduction of manifestations of systemic
inflammation is equally important. Mechanisms
of probiotic cardioprotection may include other
signaling pathways associated with direct activation
of cardiomyocyte receptors by bioactive substances
produced by intestinal microflora and entering the
systemic bloodstream. This assumption is supported by
data showing that cardioprotection in SIRS is formed
only when live bacteria of Lactobacillus delbrueckii
D5 strain are used and is lost when pasteurized culture
is administered to animals [19]. Short-chain fatty
acids (acetic, propionic and butyric acids) interacting
with free fatty acid receptors 3 (FFAR3) found in
the mammalian heart [20], as well as bile acids and
their derivatives signaling through nuclear farnesoid
X receptor (FXR) and G-protein-coupled membrane
receptor of bile acids 1 (TGRS) [21] are claimed to
play the role of such cardioprotective signals.

Obviously, the study of the mechanisms of
probiotic-mediated cardioprotection is at the initial
stage and requires the use of both pharmacological
agents blocking certain targets and animal biomodels
not expressing or hyperexpressing the corresponding
proteins. At the same time, when using appropriate
pharmacological tools, it is necessary to evaluate
the presence of their own effect on myocardial IRI
and its targeting. In the present study, the effects
of two substances with anti-inflammatory and
cardioprotective effects, the NO precursor L-arginine
and the a- and B-adrenoreceptor blocker carvedilol,
were tested in a.

Unlike carvedilol, L-arginine was found to have
a significant cardioprotective effect in animals with
SIRS, which was associated with a decrease in in the
level of IL-1B in the blood plasma and the number
of large platelets. Exogenous administration of
L-arginine can lead to an increase in NO formation
in the body, although the presence of this effect
was not shown in all studies and seems to depend
on the mode of administration, dose, and other
factors [22]. This study did not measure the level
of NO metabolites in the blood, which is one of the
limitations. Nevertheless, there is reason to believe
that the observed cardioprotective effect of L-arginine

is associated with an increase in NO production
because previously a number of studies on healthy
animals showed the administration of L-arginine,
as well as NO donators sodium nitroprusside and
S-nitroso-N-acetylpenicillamine, was accompanied
by an improvement in postischemic recovery of left
ventricular contractility and a decrease in the size
of myocardial infarction [12, 23]. The mechanism
of cardioprotective effect of NO is associated with
stimulation of guanylate cyclase, increased production
of cGMP in cardiomyocytes and activation of protein
kinase G, which, in turn, provides opening of ATP-
sensitive mitochondrial potassium channels [24].

Activation of the sympathetic nervous system
is traditionally regarded as an important pro-
inflammatory mechanism, which is realized both by
direct activation of immune cells through stimulation
of adrenoreceptors and indirectly through activation
of the renin-angiotensin system. In this regard, the use
of B-adrenoblockers represents the basis of modern
therapy of chronic cardiac insufficiency, aimed at
blockade of maladaptive activation of neurohumoral
systems. The question about the presence and severity
of infarct-limiting effect of f-adrenoblockers is more
complicated because most studies have not shown
a significant effect of this group of drugs on the
infarction size and LV ejection fraction [25].

However, there is evidence that adenoblockers
acting on both B- and a-adrenoreceptors may have
advantages over selective [-adrenoblockers. For
example, the CAPRICORN study found that the a-
and B-adrenoreceptor blocker carvedilol improved
outcomes in patients with acute myocardial infarction
and LV dysfunction compared with a selective f3,
-adrenoreceptor blocker [26]. It is noteworthy that
carvedilol has a number of additional pleiotropic
properties that enhance its cardio- and vasoprotective
potential. Such properties include a pronounced
antioxidant effect of carvedilol, realized due to the
presence of carbazole group in its composition, and
endothelioprotective effect.

In particular, antihypertensive and antiremodeling
effects of carvedilol are eliminated by administration
of NO synthase blocker nitro-N-arginine, which
indicates the important role of NO in the mechanism
of action of the drug [27, 28]. These prerequisites
allowed us to consider carvedilol as a potential
cardioprotective agent having common mechanisms
of action with L-arginine. Nevertheless, carvedilol in
the used dosage did not have cardioprotective effect in
animals with SIRS.
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Effect of Probiotic Strains, L-Arginine and Carvedilol on Myocardial Infarction

CONCLUSION

Unlike carvedilol, the a- and B-adrenoreceptor

blocker, L-arginine, the precursor of NO, has a
cardioprotective effect in the presence of systemic

inflammation.

The infarct-limiting and anti-

inflammatory effect of probiotics based on lacto- and
bifidobacteria has a similar direction to L-arginine.
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Coronary Calcium Associated with Changes in Instrumental
and Humoral Markers of Sympathetic Activity in Patients
with Non-Obstructive Coronary Atherosclerosis
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Abstract

Aim. To study the associations between sequential factors of the 10-year coronary heart disease (CHD) risk index
MESA, heart rate variability (HRV), molecular markers of sympathetic activity and the presence or absence of
calcium in the coronary arteries (CA) in patients with non-occlusive coronary atherosclerosis.

Materials and methods. A total of 30 patients with suspected CHD, as a result of which at least one CA
stenosis < 70% with a left ventricular ejection fraction > 50% according to transthoracic echocardiography was
identified using coronary computed tomography angiography. HRV was studied by means of daily monitoring of
electrocardiograms, analyzing the parameters of time and spectral analysis. All patients had blood samples taken to
measure copeptin, catestatin, high-sensitivity C-reactive protein (hsCRP) and amino-terminal pro-brain natriuretic
peptide (NT-proBNP). Statistical analysis was performed after dividing the distribution into two subgroups
depending on the value of the coronary calcium index (coronary calcium Agatston score; CCI): group 1 (CCI 0,
n=11) and group 2 (CCI >0, n=19).

Results. Statistically significant (p < 0.05) correlations of CCI with lipid damage indices were established regarding
total cholesterol and low-density lipoprotein cholesterol (LDL-C) (» =—0.36 and » =—0.40, respectively), coronary
artery age (r =0.77), 10-year coronary heart disease risk index MESA (r = 0.78) and 10-year prognosis of adverse
cardiovascular events (» = 0.39). Multivariate regression analysis showed that the presence of coronary artery
indices (CCI > 0) in patients with non-obstructive coronary artery lesions is independently associated with a family
history of coronary heart disease [odds ratio (OR) 1.92, p = 0.0011]; HRV indices [NN (OR 1.75, p = 0.0001);
SDANN (OR 1.43, p = 0.0136); pNNS50 (OR 1.34; p = 0.0153); rMSSD (OR 1.88; p = 0.0793)] and high-density
lipoprotein cholesterol (OR 1.09; p = 0.0111) were determined. The study determined threshold values of LDL-C
(< 1.82 mmol/L; AUC = 0.72; p = 0.002) and copeptin (< 0.485 ngm/L; AUS = 0.672; p = 0.021) and hsCRP with
catestatin (hsCRP < 1.21 g/L and catestatin < 138.1 pg/ml; AUC = 0.674; sensitivity 56.2%; p = 0.021), which in
such patients can be used as markers associated with the presence of coronary calcium.

Conclusion. The presence of calcium in the coronary arteries in patients with non-obstructive lesions of the
coronary arteries associated with an aggravated family history of CHD, disintegration of the autonomic heart
regulation, which is expressed in the suppression of the activity of the parasympathetic division of the autonomic
nervous system and the levels of reduction of LDL-C.

Keywords: coronary calcium, non-obstructive coronary atherosclerosis, heart rate variability, markers of
sympathetic activity, myocardial blood flow reserve; microvascular dysfunction
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Hannune KOPOHaPHOro KajibLuna accoumnnpoBaHo C usmMmeHeHnem
MHCTPYMEHTAJIbHbIX U TYMOpPaJiIbHbIX MapKepoB cuMmnaTnyeckom
dKTUBHOCTN Y 60NbHbIX C HEOKKNMI3Npyrwnm KOpoHapHbIM
aTepocCK/eposom

F'pakoBa E.B.', KonbeBa K.B.', ManbueBa A.H.', laweeBa A.', 3aBagoBckun K.B.",

l'ycakoBa A.M.', CBapoBckas A.B.', Bopoxuosa U.H.', AHunduposa E.J1.% lLappuHa 10.J1.2
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PE3IOME

Hens. V3yunTs Hanmuaue acconuanuii MexXay TpaJuIHOHHBIME (akTopamu 10-TeTHEro MHAEKCA PHCKa HIIEMH-
yeckoit Ooneznu cepana (MBC) MESA, BapuabensHocThio putMa cepaua (BPC), MonexymsspHbIME MapKepaMu
CHMIATHYECKOH aKTHBHOCTH M HAJIMYUEM HJIM OTCYTCTBHEM KaJbIHs B KOpOHApHEIX apTepusix (KA) y manuentos
C HEOKKITIO3UPYIOMINM KOPOHAPHBIM aT€POCKIEPO30M.

Marepuajbl 1 MeTOAbl. B HacTosmee nccinenoBanue BkiaodeHsl 30 mamueHToB ¢ nogoszpenueMm Ha MBC, ko-
TOPBIM MOCPEACTBOM KOPOHAPHOW KOMITBIOTEPHON TOMOTrpaduyeckoil anruorpaduu OblT HACHTHGUIIMPOBAH KaK
MHHUMYM ozauH cTeHo3 KA menee 70% c ¢paxnueii BeiOpoca 1eBoro xemymodka > 50% Mo JaHHBIM TPAHCTO-
pakanbHOIl sXxokapauorpaduu. BapmabenbHOCTs pUTMa Cepila HCCIeIOBAIN MOCPEICTBOM CYTOYHOTO MOHH-
TOPUPOBAHHSA IEKTPOKAPANOTPAMMBI, aHATU3UPYS MOKA3aTeIM BPEMEHHOTO H CIIEKTPATbHOTO aHaIn3a. Y BCEX
MAUEHTOB OBIIN B3ATHI 00PA3Ibl KPOBH JJISI H3MEPEHNUS KOS THHA, KaTeCTaTHHA, BBICOKOTYBCTBUTEILHOTO C-pe-
akTuBHOTO Ocnka (B4CPB) n aMruHOKOHIIEBOTO ITpoMo3roBoro Harpuitypernueckoro nentuaa (NT-proBNP). Cra-
THUCTHUYECKUH aHATN3 TPOBOIUIICS TTOCIIE PA3AEICHHNS HCCIIETyeMOil Oy IAINN Ha IBE IO PYTIITHI B 3aBHCHMOCTH
OT BEJIMYMHBI HHJIEKCa KOPOHAPHOTO Kanblms (coronary calcium (Agatston) score; MKK): 1-a rpymma (MKK 0,
n=11)u 2-a rpynma (MKK >0, n =19).

Pe3yabTathl. YcTaHOBIEHBI cTaTUCTHYECKU 3HaYMMBIe (p < 0,05) xoppemsiuun MKK ¢ nokazaTtensiMu J1unugHoro
CreKTpa: OOIIMM XOJECTePUHOM U XOJIECTEPHHOM JIUMONPOTeH 0B Hu3Kol miotHoctu (XC JIITHIT) (r = —0,36
u r = —0,40 COOTBETCTBEHHO), BO3PACTOM KOPOHapHBIX apTepuil (» = 0,77), ungexcom 10-netnero pucka UBC
MESA (r=0,78) u ¢ 10-neTHeii BepOsITHOCTBIO HACTYIUICHUS] HEOJIAarONPHUATHBIX CEPACUHO-COCYANCTHIX COOBITHIA
(r = 0,39). MHOro(aKTOpPHBIN PErpecCHOHHBIN aHAIN3 TIO3BOJIMII YCTAHOBUTH, YTO HAINYUE KaJbLHs B KOPOHAp-
HbIX aprepusix (MKK > 0) y manueHToB ¢ HeOOCTPYKTHBHBIM ropaxkeHHeM KA He3aBHCHMO CBSI3aHO C OTSTOLICH-
HbIM ceMeliHbIM aHaMHe30M MBC [oTHOmenue mancos (OLI) 1,92, p = 0,0011]; nokazatensimu BPC [NN (OLLI
1,75,p=0,0001); SDANN (OLII 1,43, p =0,0136); pNN50 (OIlI 1,34; p = 0,0153); rMSSD (OLII 1,88; p = 0,0793)]
1 XOJIeCTepUHA JUIIONPOTEnA0B BbICOKOM muoTHocTH (OILI 1,09; p = 0,0111). OnpezneneHsl HOPOroBble 3HAYECHUS
XC JIITHIT (1,82 mmons/a; AUC = 0,72; p = 0,002) u xonentuna (<0,485 urm/1; AUC = 0,672; p = 0,021)
n xomounarmu BuCPB ¢ katecratnHom (BuCPB < 1,21 r/n u karecratun < 138,1 ur/mi; AUC = 0,674; 4yBcTBU-
TeIabHOCTh 56,2%; cnernduunocts 82,2%; p = 0,021), KOTOpble Y TaKMX MALMEHTOB MOTYT MCIIOJNL30BATHCS B
KauecTBE MapKepOB, aCCOLMMPOBAHHBIX ¢ HATMYUEM KOPOHAPHOTO KaJIbLIHs.
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3akaouenne. Hamudue Kanblsi B KOPOHAPHBIX apTepHsX y MAlMEHTOB ¢ HEOOCTPYKTHBHBIM MopakeHneMm KA
ACCOLIMUPOBAHO C OTATOILEHHBIM CEMEHHBIM aHaMHe30M npeskaeBpeMeHHoi UBC, nesunTerpanueii BereTaTuBHOM
perymsiuu paboThl cep/la, BhIpaKaroIecs B OIaBICHUH aKTHBHOCTH TTIapaCHMITaATHYECKOTO OT/Ie)Ia BereTaTHB-
HOH HEpBHOM cucTeMbl, U cHIKeHHeM yposHeit XC JITTHIIL.

KiroueBble cjioBa: KOPOHAPHBIA KaJbIHH, HEOKKIIO3UPYIOMNH KOPOHAPHBIA aTepOCKIEpO3, BapHabeIbHOCTh
pHUTMa cep/ia, MapKepbl CUMIIaTHUECKOH aKTUBHOCTH, PE3ePB MHOKapAHATbHOTO KPOBOTOKA, MUKPOBACKYIAPHAs
TUCYHKIHSA

KOHq).]'IPIKT HHTEPECOB. ABTOpI;I JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIBHBIX KOHq).IH/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6III/IKaIII/IeI71 HACTOSIICH CTaThH.

Hcrounuk ¢uuaHcupoBanms. VccrnenoBaHne BBINOJHEHO B paMKaxX MPHKIAJHOTO HAYYHOTO HCCIEAOBAHHS
«HoBbIe HHTErpaTHBHBIE BEICOKOTEXHOIOTHYHBIE METO/IbI THATHOCTHKHU W JICUCHUS IIEMUIECKOH O0one3Hn cepa-
ma» Ne 123051500131-6.

CooTBeTcTBHE NPUHIUIIAM dTHKH. Bce manueHTs! noamnucaiy 100poBoibHOe HHPOPMUPOBAHHOE COTIacHe Ha
ydacTtue B ucciieoBanuu. VceienoBanue 0/J00peHO KOMUTETOM 10 GuomeuuuHckoi atuke HUW kapanonorun
Tomckoro HUMII (mportokos Ne 177 ot 30.10.2018).

Jas uutupoBanus: I'pakosa E.B., Konbesa K.B., Mansuesa A.H., [lameeBa A., 3aBagosckuii K.B., I'ycako-
Ba A.M., CBaposckas A.B., Bopoxuosa U.H., Auuuduposa E.JI., agpuna FO.JI. Hannune xopoHapHOTO Kaib-
ILI1s1 ACCOLMMPOBAHO C M3MEHEHHEM HHCTPYMEHTAJILHBIX M I'YMOPAJIBHBIX MAPKEPOB CHUMITATHYECKOH aKTHBHOCTH
y OONBHBIX C HEOKKJIIO3UPYIOIIUM KOPOHAPHBIM aTE€POCKICPO30M. broiemens cubupckol Meouyutsi.
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INTRODUCTION

In the age of personalized medicine, the timely
detection of cardiovascular risk in people is the
decisive factor for ensuring adequate prevention of
cardiovascular pathology, which is the leading cause
of mortality and morbidity among the working-age
population. It is interesting that the absolute risk is
often significantly lower than the risk predicted, for
example, by the Framingham risk score for non-fatal
myocardial infarction or cardiac death in the next
10 years [1-4]. Undoubtedly, the problem of early
risk assessment and risk stratification tools is highly
relevant in the Russian Federation, since high mortality
among people of working age who do not have proven
cardiovascular diseases (CVD) remains quite high.

Certain progress has been made in this direction, in
particular, Boitsov et al. [1] provide information that
the National Medical Research Center for Therapy
and Preventive Medicine developed a Russian scale
to assess the risk of fatal cardiovascular complications
over the next 10 years, based on the SCORE system and
designed for the first time for the Russian population;
researchers from Saratov State Medical University
proposed an automated system for non-invasive
monitoring of the degree of risk of developing CVD
and its complications [5]. Researchers from Siberia
(Barnaul and Tyumen) also made certain advances in
this area [5, 6].

As one of the risk modifiers in assessing the risk
of CVD, according to the 2018 ESC guidelines for
the diagnosis and treatment of chronic coronary
syndromes with certain assumptions (no data on the
impact on prognosis, unreasonable costs for coronary
computed tomography angiography and functional
imaging tests to examine asymptomatic patients at
low risk, without diabetes mellitus, with no family
history of early coronary heart disease (CHD)
or smoking history), it was proposed to consider
the coronary calcium index (coronary calcium
index, CCI), since it provides a 66% improvement
in reclassification compared to traditional risk
factors [3, 7].

Thereis another pointof view onthe appropriateness
of using CCI [8]. Thus, in contrast to the 2018 ESC
and 2019/2018 AHA/ACC guidelines, experts from
the US Preventive Services Task Force (USPSTF)
provide data that, compared with non-traditional
CVD risk factors, taking into account CCI leads to an
unreliable increase in the quality of reclassification.
Despite this, it should not be denied that the assessment
of coronary calcium of the heart contributes greatly
to the reclassification of risk for a particular patient.
In particular, according to R.A. Groen et al. (2024),
patients’ knowledge of their calcium level correlates
with improved compliance with the treatment regimen
and more effective lifestyle modification [9].
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In recent years, there has been some evidence that
high atherosclerotic load is closely associated with
cardiac vegetative dysfunction through the innervation
of vascular walls (endothelial dysfunction), which is
mediated by the autonomic nervous system (ANS),
the activity of its sympathetic and parasympathetic
branches [10]. There is very little evidence of a dose-
dependent effect of statins on baroreceptor sensitivity,
sympathetic activity, and regulation of cardiovascular
reflexes [11]. However, the pathways that mediate the
effect of the autonomic nervous system on the structure
and function of blood vessels and are complex and
poorly understood, as evidenced by scarce data in the
scientific literature of recent years.

It is known that endothelial dysfunction, a
pathological vascular phenotype of all systemic
arteries characterized by the damaging effect of
vasoconstrictor, pro-inflammatory and prothrombotic
mediators, which can be assessed by the level of
humoral biomarkers, on the endothelial vascular
membrane and leads to a violation of the endothelium
ability to recover, is reasonably considered an
independent pathobiological driver of atherosclerosis
and related pathogenetic pathways of cardiovascular
diseases [12, 13]. Meanwhile, data on the presence
of integrative pathophysiological cross-interactions
of humoral biomarkers, branches of the autonomic
nervous system in relation to the state of myocardial
blood flow in the early stages of atherosclerosis
development depending on its severity, assessed
by the CCI, are clearly insufficient [2]. Interest in
studying this problem is also easily explained from the
point of view of its practical focus, bearing in mind
the search for therapeutic targets and opportunities for
effective lifestyle modification and patient adherence
to treatment.

A aim of the study was to evaluate the presence
of association between traditional factors of the 10-
year MESA coronary heart disease risk index, heart
rate variability (HRV), and humoral markers of
sympathetic activity depending on the presence or
absence of calcium in the coronary arteries (CA) in
patients with non-occlusive coronary atherosclerosis.

MATERIALS AND METHODS

The prospective, single-center, non-randomized,
clinically controlled study to assess the relationship
between traditional risk factors, heart rate variability,
and molecular and instrumental markers of
sympathetic activity and cardiovascular risk and their
contribution to the assessment of the 10-year MESA

coronary heart disease risk index. Data from patients
with suspected coronary heart disease (complaints
of pain in the heart and/or shortness of breath during
exercise) were collected and analyzed at Cardiology
Research Institute, Tomsk National Research Medical
Center, Russian Academy of Sciences (Tomsk,
Russia) over the period from 2022 to 2023. The study
was conducted in accordance with the principles of
Declaration of Helsinki and was approved by the
Ethics Committee, dated October 30, 2018. Written
informed consent was obtained from all patients at the
time of their inclusion in the study.

Exclusion criteria were as follows: age under
18 years, left ventricular ejection fraction (LVEF)
< 50%, inflammatory myocardial diseases, storage
diseases, the presence of congenital or acquired
valvular pathology — diagnosed moderate to severe
heart disease, history of myocardial revascularization,
active infection or serious hematological, metabolic or
endocrine dysfunction; chronic kidney disease stages
4-5 (glomerular filtration rate (CKD-EPI) < 30 ml/
min/1.73 m?), condition after pacemaker installation,
hypertrophic or dilated cardiomyopathy, ventricular
extrasystole grade III-1V (Lown grade), the presence
of chronic heart failure (CHF) with preserved LVEF
(symptoms and/or signs of CHF; LVEF > 50%; NT-
proBNP level more than 125 pg/ml; structural heart
change (LV hypertrophy and/or left atrial enlargement)
and/or diastolic dysfunction), stroke, transient
ischemic attack, history of pulmonary embolism of
any duration, acute condition at the time of the study
(acute coronary syndrome, acute cerebrovascular
accident, pulmonary embolism, acute myocarditis,
acute pericarditis, dissecting aortic aneurysm, acute
heart failure), obstructive atherosclerotic lesion of
the coronary arteries (> 70%), identified according
to multislice computed tomography coronary
angiography (MCTCA), poor quality of MCTCA, the
presence of objective signs of previous myocardial
infarction, pregnancy, and breastfeeding. . Exclusion
criteria from the study also included patient’s refusal
to further participate in the study.

All patients underwent a general examination,
determination of the level of coronary calcium
according to MCTCA, and assessment of markers of
autonomic dysfunction.

The study included patients (n = 30) aged 59.7
[54.1; 67.2] years (63.3% men) with suspected
coronary heart disease, with symptoms of stable angina
pectoris and/or dyspnea, who were identified with at
least one coronary artery stenosis <70% according to
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MCTCA data, LVEF > 50% according to transthoracic
echocardiography. Group 1 included patients with
CCI = 0, patients with CCI > 0 constituted group 2.
There were no statistically significant differences in
the number of individuals with cardiovascular risk
(SCORE2 scale) in the categories of “low, moderate,
high, and very high risk”: in group 1 — 18.2, 18.2, 36.4
and 27.3%, in group 2—5, 15, 35 and 45%, respectively.

Biochemical studies of markers of autonomic
dysfunction. Blood samples were collected, frozen and
stored for further analysis of sympathetic activity and
cardiovascular risk markers (natriuretic peptide, high-
sensitivity C-reactive protein, catestatin, and copeptin).

Blood samples were obtained in the morning on an
empty stomach after a 16-hour fast by venipuncture;
adequate centrifuged serum samples were stored at
-26 °C with one freeze-thaw cycle. Determination
of serum biomarkers in vitro was performed by
enzyme immunoassay (catestatin, RayBio, USA;
copeptin (human), Phoenix Pharmaceutical, Inc.,
USA; high-sensitivity C-reactive protein, Biomedica
immunoassays, Austria; NT-proBNP, Biomedica
immunoassays, Austria). Photometric detection of
the immunochemical reaction was performed on an
Infinite F50 microplate reader (Tecan, Australia).

Heart rate variability (HRV) was analyzed using
24-hour electrocardiogram monitoring (24-hour ECG).
At least 12 hours before and during 24-hour ECG,
patients were prohibited from drinking caffeinated
beverages, and 24 hours before 24-hour ECG, patients
who received B-blockers were discontinued. Temporal
(SDNN; SDANN; SDNNidx; RMSSD; NN50, 100,
200; pNNS50, 100, 200) and spectral parameters
of HRV (VLF; LF; HF; LF/HF) were assessed. A
detailed description of the HRV parameters and their
interpretation are presented in our other work [14].

Echocardiography (EchoCG) was performed in
all patients according to the standard protocol using
the EPIQ device (Philips Ultrasound, Inc., USA).
The cardiac structures were visualized using B- and
M-scanning according to the generally accepted
method. All studies were performed by a highly
qualified specialist.

MCTCA and quantitative assessment of coronary
artery calcification. All patients underwent MCTCA
on a 64-row tomograph Revolution Evo tomograph
(GE HealthCare, USA). The day before MCTCA of
the heart, patients were advised to exclude caffeinated
beverages, metformin, sildenafil, and painkillers
from their diet. To determine the CCI, non-contrast
computed tomography of the heart region was

performed with prospective ECG synchronization
and subsequent reconstruction in 75% of the R-R
phase of the cardiac cycle interval. Recording was
performed from the level of the tracheal bifurcation to
the diaphragm with breath holding (68 s) in a step-
by-step mode with a slice thickness of 2.5 mm and
a tube rotation time of 0.4 s. The voltage in the tube
was 120 kV, the current was 200-435 mA. The CI
analysis was performed using the Agatston method
on the Advantage Workstations 4.7 workstation (GE
Healthcare, Milwaukee, WI, USA) in the SmartScore
4.0 software (in Agatston units) [15].

As a result of processing, data were obtained on
coronary artery calcification by vascular regions (left
coronary artery trunk, anterior descending artery,
circumflex artery, and right coronary artery) and in
total for the coronary bed [16]. Additionally, based on
the MCTCA data, the 10-year risk of coronary heart
disease according to MESA and the age of the coronary
arteries were estimated using the corresponding
calculators developed, tested, and described by Robyn
et al. (2015) and Blaha et al. (2021) [17, 18].

To perform MCTCA, patients were administered
70-90 ml of non-ionized, low-osmolar radiopaque
contrast agent lopromide (Ultravis 370) at a rate of 5
ml/s, followed by the introduction of 40 ml of normal
saline at the same rate. The recording was made in a
spiral ECG (prospective or retrospective) synchronized
mode with an X-ray tube rotation speed of 0.35 m and
a slice thickness of 0.625 mm. The voltage in the tube
was 120 kV, the current was 450-550 mA. CardIQ
Xpress 2.0 software was used to plot and analyze the
coronary arteries. The analysis collected data on the
presence of atherosclerotic plaques and the degree of
coronary artery stenosis. The criterion for obstructive
lesion was a narrowing of > 70%.

Dynamic  single-photon  emission  computed
tomography (SPECT) of the heart and myocardial
perfusion scintigraphy (MPS). The study was
performed using a 2-day rest/exercise protocol
using 99mTc-methoxy-isobutyl-isonitrile; adenosine
triphosphate (160 pg/kg/min) was administered as
a stress agent during the exercise test. Myocardial
perfusion and blood flow parameters were analyzed
using 4DM Reserve v.2015 and Corridor 4DM
SPECT software (INVIA, Ann Arbor, USA). The
standard MPS data were used to assess global indices
(SSS, SRS, SDS), and the dynamic SPECT data were
used for quantitative global indices such as stress
and rest myocardial blood flow (sMBF, rMBF), and
myocardial blood flow reserve (MBFR).
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Statistical data processing, as in our previous work,
was performed using the Statistica 10.0 (StatSoft,
Inc., USA). The distribution of features was assessed
using the Shapiro—Wilk test, and the homogeneity
of general variances was assessed using Levene’s
test. Quantitative data were presented as median and
interquartile range Me [Q,; O,.]. The Mann—Whitney
U test was used to test statistical hypotheses when
comparing two independent groups. Correlation
analysis was used with the calculation of Spearman’s
rank correlation coefficients to measure association
between variables. When analyzing qualitative features,
we analyzed contingency tables using the Pearson’s
%2 test or Fisher’s exact test when the mathematical
expectation of values in any of the table cells with

the specified boundaries was below 10. To assess the
sensitivity and specificity of the models and select
the cutoff threshold, we used ROC analysis with the
construction of characteristic curves and calculation of
the area under the curve (AUC, area under curve). The
AUC value exceeding 0.70 was considered significant.
To identify factors that have a significant impact on
the course and prognosis of the disease, we calculated
the odds ratio (OR) with a 95% confidence interval
(CI). The critical significance level p for all statistical
analysis procedures used was 0.05.

RESULTS

The clinical baseline characteristics of the study
population are shown in Table 1.

Table 1
Basic Clinical and Laboratory Characteristics of Patients with Non-Obstructive Coronary Atherosclerosis
Parameters Grm(;]zj i,:no 11 Gr01(1:pC ?, >nO 19 »

Age, years, Me [Q,; O,/] 57.1 [40.9; 68.8] 62.9 [48.1; 76.5] 0.1853
Female, n (%) 4 (36.4) 7 (36.8) 0.7162
Diabetes mellitus, 7 (%) 0 (0) 2 (10.5%) 0.1379
Atrial fibrillation, n (%) 1(9.1) 5(26.3) 0.1577
Arterial hypertension, 1 (%) 11 (100.0) 19 (100.0) 1.0000
Current smoking, 7 (%) 1 (9.09) 8 (42.11) 0.0142
Family history of premature CHD, n (%) 11 (100) 12 (63.16) 0.0021
Systolic blood pressure, mm Hg, Me [0, O,.] 125.0[120.0; 130.0] 125.0[120.0; 130.0] 0.9178
Diastolic blood pressure, mm Hg, Me [0, O, ] 80.0 [72.0; 90.0] 80.0 [70.0; 85.0] 0.6623
Heart rate, beats per minute, Me [0, O, ] 73.0 [70.0; 77.0] 68.0 [65.0; 72.0] 0.0048
Glucose, mmol/L, Me [0, O..] 5.65[4.47; 6.54] 5.40 [4.12; 5.90] 0.6484
Cathestatin, pg/ml, Me [0, O..] 222.23[136.7;294.1] 172.40 [100.2; 210.4] 0.1467
Copeptin, ng/mL, Me [Q,.; O,.] 0.439 [0.334; 0.689] 0.441[0.374; 0.485] 0.5801
hsCRP, g/L, Me [0, O..] 2,50 [1,20; 4,70] 3,1 [1,70; 11,90] 0,0491
Total cholesterol, mmol/l, Me [Q,.; O,.] 5,18 [4.10; 6.12] 4.3[3.41;5.52] 0.0292
HDL-C, mmol/L, Me [O,; O..] 1.3 [1.02; 1.59] 1.20[1.03; 1.59] 0.4910
LDL-C, mmol/L, Me [0, O..] 2.81[2.11;3.9] 1.82[1.49; 2.50] 0.0014
Achievement of target LDL-C levels, n (%) 1 (9.09%) 4 (21.05%) 0.2760
Therapy, n (%)

Statins 7 (63.64%) 15 (78.94%) 0.1116
Beta-blockers 5 (45.45%) 10 (52.63%) 04114
ACE inhibitors 2 (18.18%) 8 (42.11%) 0.1063
Angiotensin II receptor blockers 3(27.27%) 4 (21.05%) 0.4175
Calcium channel antagonists 2 (18.18%) 6 (31.58%) 0.3784
Diuretic 3(27.27%) 4 (21.05%) 0.4175

Note. Here and in Table 5:NT-proBNP — N-terminal propeptide of natriuretic hormone (B-type); ACE — angiotensin-converting enzyme; hsCRP
— high-sensitivity C-reactive protein; CCI — coronary calcium index; CHD — coronary heart disease; HDL-C — high-density lipoprotein cholesterol;

LDL-C — low-density lipoprotein cholesterol.

A total of 30 patients with an average age of 59.7
years [54.1; 67.2] were included in the cohort. Two-
thirds of the examined patients were men (men 63.3%,
n = 19). All patients were taking antihypertensive

drugs and had a history of arterial hypertension, and
dyslipidemia was diagnosed in 100% of cases, for
which three out of four patients were taking statins.
At the same time, judging by the number of patients
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who achieved target LDL-C levels, the drug doses
were clearly not optimal. Another predominant
cardiovascular risk factor (76.7%, n = 23) was a
family history of premature coronary heart disease.
Significantly less common among other risk factors
were smoking (30%), atrial fibrillation (20%), and
type 2 diabetes mellitus (6.7%). According to MSCT-
CAG data, all patients were found to have stenosis of
up to 70% of the vessel lumen in at least one coronary
artery, with stenosis of 50—70% in almost half of those
examined (46.7%, n = 14).

The patients were divided into groups depending
on the CCI value: group 1 (CCI 0, n =11) and group 2
(CCI>0,n=19). Family history of premature coronary
heart disease was found in all patients of group 1 and
significantly less frequently (63.2%, p = 0.0021) in group
2. Moreover, among patients with CCI > 0 there were
more (p = 0.0142) smokers, they were diagnosed with
50-70% coronary artery stenosis and damage to more
than one epicardial artery twice more often (p = 0.0077).

-

p=0.002

20

10-year risk of
developing
coronary heart
disease (CC+), %

10-year risk of
developing
coronary heart
disease (CC-), %

(CC+), years

® Group 1 ®Group 2

The analysis of global myocardial SPECT data is
presented in Table 2. Standard parameters of SCF,
myocardial blood flow reserve, and myocardial blood
flow parameters at rest and under stress test conditions
did not differ between the groups. At the same time,
statistically significant (p < 0.05) differences were
observed in the number of coronary arteries with
atherosclerotic plaques and the number of patients
with 50-70% stenosis.

Table 3 presents the temporal parameters of HRV,
but the spectral indicators did not have significant
differences and are not presented in the table.

When analyzing the results of the HRV study,

difference from
chronological age

The catestatin level in patients with CCI > 0 was 22.4%
(p =0.1467) lower than in individuals with CCI = 0, but
the hsCRP content, on the contrary, was higher in those
examined in group 2 (2.50 vs. 3.1; p = 0.049).

The levels of cholesterol and LDL-C in patients
with CCI = 0 were higher than similar indicators in
individuals with CCI > 0, while the frequency of
achieving the target level of LDL-C in group 1 was
clearly lower than in group 2, despite a comparable
number of patients taking statins.

The MESA 10-year coronary heart disease
risk index, taking into account coronary calcium
in patients of group 2, was 2.5 (p < 0.0343) times
higher than the same indicator in group 1 (Fig. 1).
Statistically significant differences also concerned
such an indicator as the difference between coronary
age and chronological age taking into account the
CClI, in particular, such in the group of patients with
CCI > 0 was 2.5 times higher than the same indicator
in patients of group 1 (CCI =0).

Fig. 1. The risk index for developing
coronary heart disease over 10 years
and the difference between coronary
age and chronological age in groups
of patients with non-occlusive
coronary atherosclerosis depending
on the presence or absence of
coronary calcium

difference from
chronological age
(CC-), years

signs of disintegration of the autonomic regulation
of cardiac function were revealed, expressed in the
suppression of the activity of the parasympathetic
division of the autonomic nervous system, which
reflects one of the HRV indicators — rtMSSD [19]. In
particular, compared with group 1, in patients with
CCI> 0, tMSSD was 1.6 times lower (p = 0.044).

Analysis of the ROC curve characteristics showed
that copeptin levels <0.485 ng/ml allow identification
of patients whose CCI exceeds zero, although they
showed low but statistically significant discriminatory
ability of the model (AUC = 0.672; sensitivity 88%,
specificity 60%; p = 0.021) (Fig. 2, a).
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Table 2
Data of MCTCA and Dynamic SPECT in Patients with Non-Obstructive Coronary Atherosclerosis
Group 1, n=11 Group 2, n=19
Parameters CpCl -0 CpCl -0 p
Calcium index, Agatston units, Me [Q,; O, ] 0[0.0; 0.0] 191.00 [68.0; 367.0] 0.000
CA stenosis 50-70%, n (%) 3(27.27) 11 (57.90) 0.008
Number of CA with plaques, n (%) 1.0 [1.0; 2.0] 3.0[2.0; 3.0] 0.000
Standard semiquantitative indices of myocardial perfusion impairment, Me [Q,.; O,/]
SSS 2.0 [0.0; 3,0] 2.0 [0.0; 3.0] 0.450
SRS 0.0 [0.0; 0.0] 0.0 [0.0; 0.0] 0.568
SDS 2.0 [0.0; 3.0] 2.0 [0.0; 2.0] 0.217
Dynamic SPECT parameters, Me [Q,; O,.]
sMBF, ml/min/g 1.3310.81; 1.79] 1.2910.98; 1.75] 0.840
rMBE, ml/min/g 0.94 [0.59; 1.23] 0.76 [0.56; 1.08] 0.367
MBFR 1.41[1.22; 1.61] 1.47[1.23;2.09] 0.429

Note. Here and in Table 4: SDS — stress-rest difference; SRS — rest score; SSS — stress score; CA — coronary artery; MCTCA — multislice
computed tomography coronary angiography; SPECT — single photon emission computed tomography; rMBF — rest myocardial blood flow; MBFR
— myocardial blood flow reserve; sMBF — stress myocardial blood flow.

Table 3
Data from Daily Holter ECG Monitoring (Indicators of Heart Rate Variability in Patient Groups), Me [Q,_; O_]
Parameters Group 1,n =11 Group 2, n=19 )4
CCI=0 CCI>0
SDNN, ms 123.5[90.0; 169.0] 115.00 [99.0; 130.0] 0.5946
SDANN, ms 92.5[70.0; 118.0] 93.00 [79.0; 102.0] 0.8801
SDNNidx, ms 63 [53.0; 73.0] 59 [53.0; 72.0] 0.3948
NNS50, ms 4,132.5[1,731.0; 12,890.0] 6,189.00 [3578.0; 16,397.0] 0.2049
NN100, ms 885.5[369.0; 1,499.0] 438.00 [269.0; 6,363.0] 0.2049
pNN50, % 7.9 [4.0; 22.7] 5.75 [4.5; 18.0] 0.5946
rMSSD, % 57.0 [30.0; 72.0] 35.00 [27.0; 59.0] 0.0438

Note. Here and in Table 5: SDNN is the standard deviation of the full array of RR cardiointervals; SDANN is the standard deviation of the
averaged normal R-R sinus intervals of all 5S-minute periods for the entire observation period; SDNNidx is the average value of standard deviations
of NN intervals calculated for 5-minute intervals in the specified recording period; tMSSD is the square root of the average sum of squares of
differences between adjacent NN intervals; NN50 (100, 200) is the number of pairs of adjacent NN intervals that differ by more than 50 (100, 200)
ms; pNNS50 (100, 200)% is the NN50 (100, 200) value divided by the total number of NN intervals in the analyzed monitoring period (norm = 6.3
+0.8%); p is the statistical significance of intergroup differences.
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Fig. 2. ROC curve characteristics of humoral biomarkers for optimal binary classification of the presence or absence of coronary
calcium in patients with suspected CHD (ROC analysis): a) copeptin; b) LDL-C; ¢) hsCRP+catestatin. Note. The ordinate axis
shows sensitivity (%), the abscissa axis shows 100 minus specificity (%). The rectangles show the sensitivity (Sensitivity) and
specificity (Specificity) estimates for the corresponding decision rule threshold (Criterion), as well as the area under curve (AUC)

values together with the significance level (p) estimates.
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The best characteristics of the binary classification
of the presence or absence of coronary calcium in
patients with suspected coronary heart disease among
humoral markers were shown by LDL-C <1.82 mmol/L
(AUC = 0.72; sensitivity 52%, specificity 89%;
p =0.002) (Fig. 2B) and a combination of hsCRP with
catestatin (hsCRP < 1.21 g/L and catestatin < 138.1
pg/ml; AUC=0.674; sensitivity 56.2%; specificity
82.2%; p = 0.021) (Fig. 2, ¢).

According to the correlation analysis, statistically
significant (the p parameters for this analysis ranged
from 0.001 to 0.02) relationships were established
between the 10-year risk of developing coronary
heart disease (taking into account the CCI) and the
difference between coronary and chronological
age with humoral biomarkers characterizing
neurohumoral activation and reflecting the severity
of endogenous neurohormonal stress, indices of

myocardial perfusion impairment and indicators
of myocardial blood flow and reserve (Table 4). In
particular, the 10-year risk of developing coronary
heart disease (taking into account the CCI) was
directly associated with the volume of myocardial
perfusion impairment at rest (SRS) (r = 0.60),
and the myocardial blood flow indices at rest and
under stress (» = —0.45 and » = —0.35, respectively)
and the copeptin level (r = —0.31) were inversely
associated. The difference between the coronary
and chronological ages was negatively correlated
with the levels of both biomarkers (copeptin —
r=-0.36 and catestatin — » = -0.44) and was directly
associated with SRS (7 = 0.66). In turn, there was a
moderate degree of association between the 10-year
risk of developing coronary heart disease (taking
into account the CCI) and the difference between the
coronary and chronological ages (r = 0.69).

Table 4
“Heat Map” of Correlations between the Analyzed Biomarkers
Parameter Copeptin | Cate-statin |  sMBF rMBF | MBFR 10-year risk Ifiﬁ‘iré‘;f:
Copeptin *
Catestatin -
sMBF
rMBF
CFR

10-year risk

Difference from
ChA

Note. ChA — chronological age. * p for this correlation analysis were between 0.001 and 0.05.

Multivariate  regression  analysis  revealed
that the presence of coronary artery calcification
(CCI = 0) in patients with non-obstructive coronary
atherosclerosis was independently associated with the
levels of lipid spectrum parameters, catestatin, and

copeptin, a family history of coronary heart disease,
smoking, diabetes mellitus, and the HRV parameter
associated with the regulation of parasympathetic
activity of the autonomic nervous system (rMSSD)
(Table 5).

Table 5

Multivariable Linear Regression Model to Assess the Association between the Presence of Coronary
Calcium and Clinical Characteristics, Heart Rate Variability Parameters, and Laboratory Biomarkers

Parameter OR 95% CI
LDL-C decrease < 1.82 mmol/L 10.83 2.13-23.12
Copeptin level decrease < 0.485 ng/mL 2.67 1.09-5.89
Early heredity of coronary heart disease 1.15 1.01-2.98
rMSSD <42, ms 1.11 0.99-2.17
HDL-C increase > 1.12 mmol/L 6.73 4.87-11.65
Total cholesterol, mmol/L 4.27 2.19-6.12
Type 2 diabetes mellitus 3.59 1.98-7.18
Catestatin concentration decrease < 138.1 pg/mL 2.12 1.98-3.19
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End of table 5

Parameter OR 95% CI
Statin use 2.10 1.16-5.98
SDNNidx < 60, ms 1.97 1.13-5.14
Smoking 1.10 0.98-3.09

Note. OR — odds ratio; CI — 95% confidence interval; p < 0.0001.

Other clinical, instrumental, including myocardial
blood flow indicators, and laboratory parameters did
not show statistical significance.

DISCUSSION

An increasing number of evidence has shown
that the coronary calcium index is more useful as
a predictor of cardiovascular disease and a tool for
cardiovascular risk stratification than the conventional
Framingham risk score, C-reactive protein, or carotid
intima-media thickness, especially in intermediate-
risk cohort [2; 4, 20]. In a prospective cohort study of
6,814 people followed up for 3.8 years, compared with
patients with a CCI of 0 (p < 0.001), the hazard ratios
for developing a coronary event were 7.73 (CCI 101-
300) and 9.67 (CCI > 300), and the AUC of the model
was significantly higher (0.82 vs 0.77; p <0.001) when
CCI was added to standard risk factors [21].

Vonder et al. (2020) presented data that coronary
calcium assessment may be of additional value in
patients with stable chest pain to exclude CHD in case
of a zero score or to stratify patients with increased
risk who may require more intensive treatment [3].
Gottlieb et al. (2010) showed that in symptomatic
patients referred for traditional coronary angiography,
the absence of coronary calcification does not exclude
obstructive CHD or the need for revascularization.
[22]. Detection and characterization of coronary
atherosclerosis using imaging tools are key key to
determining the management of patients with known
or suspected CHD [23].

According to the Consensus of the Quantitative
Cardiovascular Imaging Study Group, among non-
invasive diagnostic methods, MCTCA is the leading
method for analyzing coronary atherosclerosis [24]. It
has been demonstrated that the absence of coronary
calcification is not a reliable indicator of the absence
of functionally significant narrowing of the lumen of
the coronary artery [21, 25]; in particular, in 3.5% of
symptomatic patients, according to the CONFIRM
study (n = 10,037), 50-70% coronary artery stenosis
is detected [26].

In our study in patients with non-occlusive coronary
atherosclerosis, depending on the presence or absence

of calcium in the coronary arteries, we examined the
presence of associations between traditional factors
of the 10-year MESA coronary heart disease risk
index, heart rate variability, and humoral markers
of sympathetic activity. We showed that in patients
with CCI > 0, the 10-year risk of developing coronary
heart disease is 2.5 times higher (p = 0.034) compared
to patients without coronary artery calcification.
The coronary age in individuals of group 2 is also
2.5 times (p = 0.02) higher than the corresponding
indicator in group 1. At the same time, the 10-year risk
of developing coronary heart disease was associated
with the sum of points at rest according to myocardial
SPECT data and inversely correlated with myocardial
blood flow indices at rest and under stress conditions.
It is possible that the weak strength of the relationship
is caused by both the small number of observations
and the influence of a combination of clinical risk
factors for CVD on the dynamics of myocardial blood
flow and reserve indicators, which does not contradict
the opinion of other researchers [27].

It was established that stenosis in at least one
coronary artery of 50-70% was found in 27.3
and 57.9% of patients with CCI = 0 and CCI > 0,
respectively, and all of them had moderate, high, or
very high risk. At the same time, according to the
data on the assessment of myocardial blood flow and
perfusion, we did not obtain statistically significant
differences. However, it is noteworthy that in the
group of patients without coronary atherosclerosis,
there was a tendency to decrease myocardial blood
flow at rest, although stress MBF was practically at
the same level. This caused a tendency to decrease
the reserve of myocardial blood flow in this group
compared to group 2. It should be noted that there
is clearly insufficient data in the scientific literature
on the assessment of myocardial ischemia in
myocardial perfusion studies in patients with CCI =
0. Neves et al. (2017) presented the summary results
of 8 studies (n = 3,717) that performed myocardial
perfusion imaging under stress test conditions: on
average, myocardial ischemia was detected in 7% of
patients with CCI = 0 and in 13% of patients with
CCI> 0 [25].
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According to the correlation analysis of the
associations of heart rate variability parameters with
clinical and laboratory parameters and parameters
of dynamic SPECT of the heart and MCTCA, no
associations were found, but at the same time, a
decrease in the rMSSD level was noted in patients
with CCI > 0, which indicates the disintegration of
the autonomic regulation of the heart, manifested in
the suppression of the parasympathetic activity of
the HRV, and is confirmed by the data of Hoshi et
al. (2023), from which it follows that the presence of
coronary artery calcification is associated with a worse
cardiac vegetative profile [10; 28]. It should also be
noted that, according to multivariate analysis, several
HRV parameters characterizing the parameters of
sympathetic activity in patients with non-occlusive
atherosclerosis were associated with coronary
calcification: rtMSSD OR 1.105 (95% CI 0.99-2.17;
p<0.000) and SDNNidx OR 2.52 (95% CI 1.13-3.94;
p <0.000).

In addition to the listed indicators, the following
clinical factors acted as independent markers of
coronary calcification: the presence of diabetes mellitus
OR 3.59 (95% CI 1.98-7.18; p < 0.000), a history of
smoking OR 1.1 (95% CI 0.98-3.09; p < 0.000), and
a family history of premature coronary heart disease
OR 1.15 (95% CI 1.01-2.98; p < 0.000), the fact of
taking statins OR 2.10 (95% CI 1.16-5.98; p < 0.000),
as well as humoral biomarkers of sympathetic activity
and CVD risk — catestatin OR 2.12 (95% CI 1.98-3.19;
p <0.000) and copeptin OR 2.67 (95% CI 1.09-5.89;
p < 0.000), and lipid spectrum parameters — LDL-C
OR 10.83 (95% CI 2.13-23.12; p < 0.000), HDL-C
OR 6.73 (95% CI 4.87-11.65; p < 0.000), total
cholesterol OR 4.27 (95% CI 2.19-6.12; p < 0.000).

When assessing the levels of lipid spectrum
parameters, it was noted that in patients with CCI 0,
the content of total cholesterol and LDL-C is clearly
higher than in individuals with CCI > 0. However, the
number of patients taking statins and, particularly,
achieving target levels of LDL-C, in group 1 is lower
(63.6 vs. 78.9% and 9.1 vs. 21.1%) compared to group
2. We did not obtain statistical significance for these
parameters, but we should note a clear trend. This is
not contradicted by the results of studies indicating that
statin therapy increases coronary plaque calcification,
and therefore researchers pay attention to the fact that
when preventive therapy and effective treatment of
risk factors begin, the degree of coronary calcification
can increase, and the risk of cardiovascular events can
decrease [9].

The data from the multicenter PARADIGM
study also indicate an increase in the total calcium
content in the structure of atherosclerotic plaques,
as well as the absence of an effect on the degree of
coronary artery stenosis. In particular, it was found
that patients who were prescribed statin therapy
(rosuvastatin and atorvastatin) showed a statistically
significant slowdown in the progression of the total
plaque volume (1.76 = 2.40% versus 2.04 + 2.37%
per year) and no increase in the volume of the soft
tissue component (0.49 £ 2.39% versus 1.06 + 2.42%
per year) was observed according to MSCT-CG data
compared to individuals who did not receive these
drugs [29; 30]. The NOTIFY-1 study (n = 173) found
that patients who started statin prophylaxis earlier
and were more adherent to treatment had significantly
lower LDL-C levels compared with the standard
treatment group (97.2 vs 115.3 mg/dL; p = 0.005,
respectively) [31].

Thus, at this research stage, it is scientifically
abd practically important to focus to focus on the
use of CCI to assess its potential as a personal risk
stratification tool and to determine its contribution
to individual patient treatment decisions. However,
the lack of randomized controlled trials on the cost-
intensive use of coronary calcium remains a pressing
issue, but the number of new studies in this area and
their apparent usefulness mean that integration of
coronary calcium into cardiovascular imaging and
risk stratification is likely a matter of time rather than
opportunity.

CONCLUSION

The presence of calcium in the coronary
arteries in patients with non-obstructive coronary
atherosclerosis is associated with a family history of
premature coronary heart disease, disintegration of the
autonomic regulation of cardiac function, expressed in
the suppression of the activity of the parasympathetic
division of the autonomic nervous system, and the
absence of significant levels of humoral markers of
sympathetic activity. Threshold values of LDL-C and
copeptin have been determined, which in such patients
can be used as markers of the presence or absence
of coronary calcium. Independent predictors of the
absence of coronary artery calcification (CCI = 0) in
patients with non-obstructive coronary atherosclerosis
are lipid spectrum parameters (total cholesterol,
LDL-C, HDL-C) and copeptin levels, the presence of
a family history of coronary heart disease, smoking,
and HRV parameters associated with the regulation
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of parasympathetic activity of the autonomic nervous
system (SDANN, SDNNidx, rMSSD).

The limitations of this study included: 1) a small

sample size of patients; 2) the absence of a control
group of conditionally healthy individuals; 3) this
study, did not evaluate the prognostic value of CCIL.
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ABSTRACT

Aim. To analyze the structure of deaths from sporadic metachronous primary multiple malignant neoplasms in
2017-2023 in a multidisciplinary inpatient facility.

Materials and methods. The study included 2,394 fatal cases of patients hospitalized in a multidisciplinary inpatient
facility for emergency medical care. In 2017-2023, 29 metachronous primary multiple malignant neoplasms were
identified, which was 1.3% of the total number of fatal outcomes and 11% of malignant neoplasms. The median
age of patients was 72.0 (69.0-82.0) years. We examined the protocols of pathological studies of autopsy material
of patients hospitalized in the inpatient facility of multidisciplinary clinics of Siberian State Medical University. In
patients with metachronous primary multiple malignant neoplasms, the nosological structure, stage of the process,
histological form of the neoplasm, the period between the diagnosis of the first and second malignant tumor, and
the immediate cause of death were analyzed. Statistical processing of the results was carried out using the Statistica
10.0 software package.

Results. The first tumor was most often caused by squamous cell skin cancer (21%) or invasive ductal carcinoma of
the breast (17.5%). The interval between the diagnosis of the first and second tumor was 72.0 (48.0-96.0) months.
All patients received definitive treatment for the first tumor without progression. The second metachronous tumors
were verified in an advanced stage in 72% of cases and caused the death of patients. Most often (17.5%) these were
diffuse gastric cancer.

Conclusion. Metachronous primary multiple malignant tumors can occur long after the first ones (about 6 years),
often in advanced forms (in this case, tumors verified exclusively postmortem — 69%), being the cause of death
of patients. The most common first tumors in sporadic metachronous primary multiple malignant neoplasms are
recurrent squamous cell skin cancer and ductal carcinoma of the mammary gland. The main target organ for the
development of oncopathology is the stomach.
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AHanus CTPYKTYPbI NiIeTaJIbHbIX NCXOA0B OT cnopagnvYecKnX meTaxpoHHbIX

nepBNYHO-MHOXeCTBEHHDbIX 3/IOKa4YeCTBeHHbIX HOBOOGpaSOBaHMﬁI

B CTalMoOHape obwero npopuns

3aBbanosa M.B." %, 3aBbanos A.B.%, MucbmenHbin 4.C." 2, Mukanosa J1.B." 3,

Kynkosa J1..", Napepos 10.M.?, lpuweHko M.10.%3, BropywuH C.B."?, JintBakos H.B.’,

MNepenbmyTtep B.M.'

! Hayuno-uccreoosamenvckuil uncmumym (HHUH) onxonozuu, ToMcKull HAYUOHATbHBLIL UCCIe008AMeNbCKULL

meouyunckuil yenmp (HUMI]) Poccutickoii akademuu Hayk
Poccus, 634009, e. Tomck, nep. Koonepamugnvwiii, 5

2 Cubupcruil 2ocydapemeennviii meouyunckuil yuueepcumem (Cuol’ MY)
Poccus, 634050, 2. Tomck, Mockoeckuii mpaxm, 2

3 Tomckuil obracmmnoil onkonozuueckuil oucnamncep (TOOZH)
Poccus, 634009, 2. Tomck, np. Jlenuna, 115

PE3IOME

ean. ITpoBecTH aHANU3 CTPYKTYPHI JICTAIbHBIX HCXOJOB OT CHOPAJUYECKUX METAXPOHHBIX IEPBHYHO-MHOXKE-
CTBEHHBIX 3JI0Ka4eCTBeHHBIX HOBooOpa3osanuii (IIM3HO) 3a mepuox ¢ 2017 mo 2023 r. Ha mpuMepe CTaloHapa
o0mero nmpogus.

MarepuaJibl 1 MeTOAbI. VccenoBanuch ciiyyan JeTaTbHBIX UCX010B 2 394 OONBHBIX, MOCTYNUBIINX B TOPSIJIKE
CKOpOIi IOMOIIX B cTarmoHap oomrero nmpodmis. B 2017-2023 rr. BeiseieHo 29 meraxponubix [IM3HO, uto co-
ctaBuio 1,3% oT o0rero uncia jgetalbHbIX UCX00B U 11% — OT 3710Ka4eCTBEHHBIX HOBOOOpa3oBaHuii. MeanaHa
BO3pacta 00JbHBIX cooTBeTcTBOBaia 72,0 (69,0-82,0) romam. M3yuyanuck mpoTOKOJIBI MATOJIOT0AHATOMHYECKUX
HCCIIETIOBAHUI ayTOMCHITHOTO MaTepralia MalueHTOB, MOCTYUBIINX B CTAIMOHAPHOE OT/ICIICHUE KIIMHUK OOIIEro
npopuist Cu6I'MYVY. B cnyuasix ¢ meraxpornsivu [IM3HO ananusupoBaiyics HO3010rHUeCKasi CTPYKTypa, CTaus
mpoiiecca, TUCTOIOTHYEeCKast popma HOBOOOpPA30BaHUS, CPOK MEKIY TUATHOCTUKOW MEPBOW U BTOPOW 370KaUe-
CTBCHHOU OIMYXOJIH, HETIOCPEICTBEHHAsI MpuUnHa cMepTh. CTaTHCTHUeCKass 00paboTKa pe3yIbTaToOB MPOBOANIACH
¢ MPUMEHECHUEM MakeTa mporpamm Statistica 10.0.

Pe3yasTatsl. [lepBast omyxosns Jarme OblIa MpeACTaBIeHa INIOCKOKIETOYHBIM pakoM Koxu (21%) uin nHBa3uB-
HOH ITPOTOKOBOH KapIIMHOMOIT MoTouHOM eness! (17,5%). BpeMeHHON TpoMekyTOK MexX Ty ANarHOCTHKOH mep-
BOH 1 BTOpOI omryxoiu coctaisit 72,0 (48,0-96,0) mec. Bee manmenTs! ObIUIH paiKaIbHO MPOJICYEHBI MO ITOBOJLY
HepBOif omyxoiu 6e3 mporpeccupoBanust. Bropbie MeTaxpoHHBIC OITyXO0JH B 72% ObLIN BepUHIPOBAHEI B 3aITy-
IIEHHON CTaJU¥ W SBJIUINCH NPUINHOM cMepTu GonbHEIX. Yame (17,5%) onn ObutH npencTaBiaeHs! AudQy3HbEIM
PaKoM >KeJry/IKa.

3axiouenne. Metaxpornusie [IM3HO MoryT BO3HHKATh yepe3 UINTEIbHBI BPEMEHHOH MPOMEXYTOK (OKOJIO
6 11eT) mocIe NepBhIX, YacTO B 3allyHICHHBIX (popMax (B JaHHOM HCCIICAOBAHUY MPEUMYIIECTBEHHO IIOCMEPTHO —
69%), ABIAACH MPUYMHON cMepTH OonbHBIX. Hambonee 4acTBIMH NEPBBIMH OIYXOJISIMH IPH CHOpPaJHYECKUX
MeTaxpoHHBIX [IM3HO sBASIOTCS MIIOCKOKJIECTOYHBIH paK KOKH H IIPOTOKOBAsT KapLUUHOMa MOJIOYHOM KeJe3bl,
a OCHOBHBIM OPTaHOM-MHIIEHBIO IJISI HOBTOPHOTO Pa3BUTHUSI OHKOMATOIOTHH — JKEITYHOK.

KnaroueBrbie ci1oBa: CIIOpaguvYeCKue, METaXPOHHBIC, NIEPBUIHO-MHOKECTBEHHBIC, 3JIOKa4YC€CTBECHHBIC HOB006p2130-
BaHUA

KondaukT mHTEpecoB. ABTOPHI 3asBJSIFOT 00 OTCYTCTBUHM KOH(IUKTA HHTEPECOB, CBSI3AHHBIX C MyOJIHKAIMCH
HACTOSIIEH CTAThH.
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UcTtounnk puHaHcHpoBaHMsI. ABTOPBI 3asBIISIOT 00 OTCYTCTBUH (MHAHCHPOBAHUS MPU MIPOBEACHUU HCCIIEI0-

BaHMU.

CooTBeTcTBHE MPUHIIUNIAM 3THKH. VccnenoBanue 000peHO HE3aBUCHMBIM 3THUECKHM KoMmuTetoM Cudbl' MY

(mpotoxou Ne 5600 ot 23.10.2017).

Jas uurupoBanusi: 3aBbsuioBa M.B., 3aBbsioB A.B., Ilucemennsiii [1.C., Iluxanosa JI.B., XKyiikosa JI.JI.,
[Magepos I0.M., I'pumenko M.IO., Bropymun C.B., JlutBakos H.B., Ilepensmyrep B.M. Ananus cTpyKTypbl
JICTAJIBHBIX HCXOHAOB OT CIIOPAAWYCCKHUX METAaXPOHHBIX IMEPBUYHO-MHOXKCCTBEHHBIX 3JIOKAQYECTBCHHBIX HOBO-
00pa3oBaHUil B cTaloOHape obmiero npoduis. broatemens cubupckoii meduyunsvl. 2025;24(2):28-35. https://doi.

org/10.20538/1682-0363-2025-2-28-35.

INTRODUCTION

One of the relevant problems of modern oncology
is the steady increase in multiple primary malignant
neoplasms (MPMN). The prevalence of primary
multiple malignant tumors in the world ranges from
2 to 17% [1]. In 2015-2023 in Russia, the number
of MPMN diagnosed in the reporting year increased
from 39,195 to 77,433, the percentage of MPMN from
the number of newly diagnosed malignant neoplasms
is from 6.7 to 11.5%, and the MPMN rate per 100,000
people ranges from 26.8 to 52.8. As of the end of
2023, 288,345 patients who were under follow-up
monitoring had MPMN, which amounted to 6.9%
of the total number of patients registered in cancer
institutions [2].

MPMN may be hereditary and non-hereditary [3—
7]. Detection of genetic disorders possibly associated
with hereditary syndromes is an effective tool for
early diagnosis of MPMN and selection of optimal
treatment tactics [8]. However, about 70% of MPMN
are cases of sporadic metachronous malignant tumors
diagnosed after six or more months from the moment
of verification of the first neoplasm [8, 9]. The steady
increase in their number is explained by the improved
methods of early diagnosis and therapy of malignant
neoplasms and, as a consequence, an increase in the
survival rate of cancer patients, environmental and
biological factors, and an increase in the overall life
expectancy of the population [10-12]. However,
there is still no unified concept in understanding
the key mechanisms of development of sporadic
metachronous MPMN, and the nosological structure
and mortality from sporadic metachronous MPMN
are yet to be properly analyzed.

The study of clinical morphological and molecular
genetic structures with the aim of implementing these
principles, as well as the analysis of the structure of
fatal outcomes from sporadic metachronous MPMN
can become a platform for the development of a

system for early detection of the second tumor with
subsequent modern definitive treatment, which will
lead to an improvement in the quality of life, overall
survival increase and a decrease in mortality in patients
with widespread metachronous MPMN.

The aim of the study was to analyze the mortality
structure from sporadic metachronous multiple
primary malignant neoplasms in 2017-2023 using the
example of a multidisciplinary inpatient facility.

MATERIALS AND METHODS

The study included 2,394 fatal cases of patients
hospitalized for emergency care in multidisciplinary
inpatient facility of Tomsk in the period from
01.01.2017 to 31.12.2023, including 264 cases of
malignant neoplasms. We examined the protocols of
pathological studies of autopsy material. Histological
preparations stained with hematoxylin and eosin
were examined by light microscopy using an Axio
Lab.A1 microscope (Carl Zeiss, Germany). In cases
with metachronous MPMN, the following parameters
were analyzed the nosological structure, stage of
the process, histological form of the neoplasm, the
period between the diagnosis of the first and second
malignant tumor, and the immediate cause of death.

Statistical processing was carried out using the
Statistica 10.0 software package. Basic statistical
data and nonparametric criteria were used. The
frequency of detection of features was determined
by the descriptive statistics method. Comparison of
the frequency of detection of features was carried out
using the Student’s t-test. Differences were considered
statistically significant at p < 0.05.

The study complies with the standards of the
Declaration of Helsinki and was approved by an
independent Ethics Committee of Siberian State
Medical University of the Ministry of Healthcare
of the Russian Federation, protocol No. 5600 dated
23.10.2017.
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RESULTS

In 2017-2023, 29 sporadic metachronous MPMN
were identified, accounting for 1.3% of all deaths
and 11% of deaths from malignant neoplasms. The
median age of patients with MPMN was 72.0 (69.0-
82.0) years. The most common type was squamous
cell carcinoma of the skin (21.0%) or invasive ductal
breast cancer (17.5%). Other localizations were less
common (Table 1).

Table 1

Localization and Morphological Type of the First Tumors

of Deceased Patients with Multiple Primary Malignant
Neoplasms, n =29

End of table 2

L . Number of pa-

Localization and histotype of the second tumor tients abs. (%)
Skin, squamous cell carcinoma of moderate o
differentiation 13:5%)
Rectum, low grade adenocarcinoma 2 (6.5%)
L}ver, cholangiocarcinoma of the intrahepatic 1(3.5%)
bile ducts
Colon, moderately differentiated adenocarcinoma 2 (6.5%)
Prostate gland, acinar adenocarcinoma 2 (6.5%)
Uterine body, high grade serous carcinoma 3 (11%)
Oropharynx, low grade squamous cell carcinoma 1(3.5%)
Ovary, high grade serous carcinoma 2 (6.5%)

Combinations of the first and second tumors were

Localization and histotype of the | ¢ o patients abs. (%) varied. Of the 29 cases of metachronous MPMN
first tumor . . o . .

- . examined, 27 different combinations were identified.
Skin, squamous cell carcinoma of 6 (21.0%), p, , 5 1o = 0.017, .
moderate differentiation Peori= 0.047 Only two sequences occurred more than once: skin —

.=0.
9 stomach and mammary gland — ovary (Table 3).
Breast, invasive ductal carcinoma 3 (17'E %), ye Ty ( )
Piy 1017_0'037 Table 3
St h, moderately differentiated
. dzrt?:ccar’crirllgnza cly diflerentiate 1(3.5%) Combinations of Localization of the First and Second Tumors
Thvroid gland i 1 3.5% in Deceased Patients with Multiple Primary Malignant

yroid gland, papi a.ry canc.er (3.5%) Neoplasms, n = 29
Rectum, n}oderately differentiated 1(3.5%) Combinations of localization of the first Number of patients
adenocarcinoma

- and second tumor abs. (%)
{:;Zflt(?zzriliil(l)(ri;l:cmar 4 (14%) Skin — mammary gland 1 (3.5 %)
- - - Mammary gland — mammary gland 1 (3.5 %)
Lung, invasive adenocarcinoma 3 (10.5%)
Colon, moderately differentiated Stomach — lung 13.5%)
> y 2 (6.5%) Thyroid gland — stomach 1 (3.5 %)
adenocarcinoma -
Kidney, clear cell renal cell o Mammary glanc.l — bancreas 1 3.5 %)
carcinoma 2(6.5%) Rectum — thyroid gland 1(3.5%)
Uterine body, endometrioid 1 (3.5% Skin — skin 13.5%)
adenocarcinoma (3:5%) Prostate gland - rectum 1(3.5 %)
Bladder, high-grade urothelial 2 (6%) Prostate gland — liver 1(3.5%)
carcinoma o Skin — colon 1 (3.5 %)
Salivary glands, adenoid cystic 1 (3.5%) Lung — prostate gland 1 (3.5 %)
cancer e Colon — prostate gland 1(3.5%)
Total 29 (100%) Lung — uterine body 1 (3.5 %)
Skin — stomach 2 (6.25%)
Note. Here and in Tables 2, 3: abs. — absolute number. Lung — colon 13.5%)
Sigmoid colon — uterine body 1 (3.5 %)
. . Right kidney — lun 1(3.5%
Diffuse gastric cancer was most often detected as = e ( P 0)
; o Prostate gland — stomach 1 (3.5 %)
the second tumor in metachronous MPMN (17.5%) Kidneys — oropharynx 135 %)
(Table 2). Uterine body — mammary gland 1 (3.5 %)
Table 2 Bladder — rectum 1 (3.5 %)
Localization and Morphological Type of the Second Tumor Salivary gland — pancreas 1(3.5 %)
in Deceased Patients with Multiple Primary Malignant Mammary gland — ovary 2 (6.25%)
Neoplasms, n =29 The prostate gland — lung 1(3.5 %)
Mammary gland — uterine bod 1 (3.5 %)
. . Number of pa- 1y e Y
Localization and histotype of the second tumor tients abs. (%) Bladder — stomach 1(3.5%)
Breast, invasive lobular carcinoma 3 (11%) Skin — lung 1(3.5%)
Lung, small cell carcinoma 4 (14%)
. 5(17.5%) The period between diagnosis of the first and second
Stomach, diffuse cancer ~0.031 .
Psgsn= Y tumors was 72.0 (48-96) months (approximately 6
1 0, . . .o, .
Pancreas, low grade ductal adenocarcinoma 2(6.5%) years). All patients received definitive treatment for
Thyroid gland, papillary cancer 1 (3.5 %)

the first tumor, and no progression was observed.
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The second tumor was first detected when patients
were admitted to the emergency care unit in a
serious condition, often met the T4 criterion (48%)
and was accompanied by distant metastases (72%)
(Fig. 1). In 69% of cases, sporadic metachronous
MPMN were histologically verified only postmortem.
Certain difficulties arose when patients had a second

35

30

(86%)

25

(a5 145%) (48%)

17%1 14%
5 {7%} {
0

M First tumor

Cayuanu, abc.
[ury
o

(metachronous) tumor in the liver or lung. It was
possible to differentiate it from possible progression
of the first tumor with distant metastases to the lung
or liver using conventional light microscopy on
preparations stained with hematoxylin and eosin
due to the different histotypes of the first and second
tumors.

(100%)

(72%)
(45%)
(24%) a7 [ (28%
(?%}I 1) {?%i I
o N = ’
N1 N2 N3 MO M1

W Second tumor

Fig. 1. TNM criteria for the first and second tumor in primary multiple malignant neoplasms, n = 29

In other cases, immunohistochemical examination
would be necessary to differentiate between metastatic
lesions and MPMN. A study of the localization of
second tumor distant metastases showed that isolated
massive metastatic lesions of the liver were observed
more often (39%), isolated massive metastatic lesions

Liver, bones

Liver, bones, adrenal glands, lungs

=1

—

Brain, liver, bones, adrenal glands, kidneys
Bones mmm

Lungs, liver, heart S

Brain

Adrenal glands, kidneys s

of the lungs were observed less often (20%), and
even less often — of the brain (4.5%), bones (4.5%)
or generalized lesions with the involvement of
several organs in the metastatic process in various
combinations: lungs and liver (9.5%) and other variants
of multiple metastasis — one case each (4.5%) (Fig. 2).

4.5%
4.5%
4.5%
4.5%
4.5%
4.5%

Lungs, liver I 9 5%

Lungs I 2 0%

*Liver I 309

Fig. 2. Localization of distant metastases in primary multiple malignant neoplasms, n = 21:

Cases (a.n)

=0.003, p,=0.011
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In metachronous MPMN, the most common
causes of death are acute liver failure associated
with massive metastatic liver disease (31%), acute
terminal failure due to massive metastatic lung
disease (21%), and peritonitis complicated by
mechanical failure due to tumor stenosis (18%). In

Acute liver and kidney failure pu——u 3%
Brain edema and dislocation g 30/
Acute renal failure 39

Hemorrhagic shock

Acute liver and respiratory failure

***Peritonitis

I /)
ST REREETSERENEN 149,

addition, in some cases, the following signs of death
were diagnosed: a combination of acute liver and
left ventricular failure (21%); acute renal failure;
edema and dislocation of the brain; a combination
of acute liver and renal failure; hemorrhagic
shock (Fig. 3).

R e e e T 18%

** Acute respiratory failure GG 2 1%

T Acute liver failure TR e 0 1%

4 5 6 7 8 9 10

Fig 3. Causes of death in primary multiple malignant neoplasms, n =29: * p . = 0.002, p,=0.009; ** p, . =0.017; *** p, . = 0.031

DISCUSSION

The problem of multiple neoplasm development is
comprehensive and highly complicated. The literature
mainly describes cases of multiple neoplasms of
certain localizations [13, 14]. Issues of studying
the multiple neoplasm development patterns in the
population aspect are becoming more and more
relevant. In addition to the accumulated hereditary
burden, risk factors of the urbanized environment,
habitual intoxications (alcohol, smoking), radio-
chemotherapy of the first neoplasms, the increase in
the incidence of multiple neoplasms is associated with
the improvement of medical and diagnostic care, in
particular oncological [6], which contributes to an
increase in the life expectancy of cancer patients,
and, consequently, the risk of tumor recurrence. The
incidence of multiple neoplasms, in addition to the
territorial features of the diversity of oncopathology, is
affected by the quality of diagnostics and monitoring
of oncopathology in the region [2].

This study, in which cases of fatal outcomes
of patients hospitalized for emergency care were
examined, demonstrates the problems of cancer
patient follow-up: in 72% of cases, the second tumor

was diagnosed in an advanced form with distant
metastases, in 69% — postmortem. The high level of
neglect [2] is alarming in the case of a newly diagnosed
cancer and twice as alarming in the case of recurrent
tumors. Under the existing federal rules for lifelong
follow-up monitoring at special medical facilities with
at least annual medical checkup of cancer patients,
the detection of recurrent malignant tumors in an
advanced form should be an exception.

The analysis showed that in the absence of
topomorphological associations in most cases of
MPMN, squamous cell skin cancer and ductal breast
cancer should be considered as the most common
first malignant neoplasm. Skin cancer was associated
with the development of metachronous tumors of the
mammary gland, skin, colon, lung and in two cases
— stomach; breast cancer was associated with the
development of tumors of the other mammary gland,
pancreas, ovary and tumor of the uterine body.

This finding is close to the conclusions of some
authors [5] based on follow-up examinations of
patients who received definitive treatment, indicating
the organs in which metachronous tumors most often
occur: in skin cancer, these are the mammary gland,
body of the uterus, stomach, and colon; in breast

Bulletin of Siberian Medicine. 2025; 24 (2): 28-35 33



Zavyalova M.V., Zavyalov A.V., Pismenny D.S. et al.

Analysis of the Structure of Deaths from Sporadic Metachronous Primary Multiple

cancer, these are the second mammary gland, body of
the uterus, stomach, skin, and ovaries. The literature
data [5] also correspond to the obtained data on the
more frequent metachronous stage of malignant
tumor in the stomach (17.5%). This circumstance
identifies the importance studying gastric cancer as
the second tumor in sporadic metachronous MPMN:
its associative connections with certain cancer types.

The question of the approximate time frame for
the development of the second tumor depending on
the topomorphological characteristics of the first
tumor and other risk factors remains open. In our
study, it is about 6 years, but it is worth considering
the manifestation of these events in an advanced form
with multiple, mainly distant metastases.

CONCLUSION

Metachronous primary multiple malignant tumors
can occur after a long period of time (about 6 years)
after the first ones, often in advanced forms (in this
study, they were diagnosed mainly postmortem —
69%), causing the death of patients. The most common
first tumors in sporadic metachronous MPMN are
squamous cell skin cancer and ductal breast cancer,
and the main target organ for cancer relapse is the
stomach.

It seems relevant to continue research into the
patterns of MPMN development with the search for
solutions aimed at developing methods for predicting
second malignant tumors based on a combination
of clinical, morphological and molecular genetic
factors, as well as a monitoring system for this group
of patients to early diagnose the second tumor and
increase the effectiveness of antitumor treatment.
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DNA-Containing Extracellular Structures of Tumor Cells Inhibit the
Formation of Neutrophil Extracellular Traps in Vitro
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ABSTRACT

Aim. To study the parameters of formed DNA-containing extracellular structures during co-cultivation of
neutrophils from healthy donors, HCT116 adenocarcinoma cells and K562 myeloblastoma.

Materials and methods. Erythrocyte sedimentation in EDTA-treated blood was carried out using Dextran 500.
The neutrophil-enriched layer of blood plasma was collected. The admixture of mononuclear cells was less than
1%. Platelets were removed using differential centrifugation. Isolated neutrophils in RPMI-1640 medium were used
in short-term culture experiments. HCT116 adenocarcinoma and K562 myeloblastoma cells were obtained from the
American Type Culture Collection. In the experiments, donor neutrophils and tumor cells were co-cultivated for
3 hours. SYBR Green fluorescence microscopy was used to visualize the DNA-containing extracellular structures
formation by cells cultured in RPMI-1640 medium.

Results. Neutrophils recognize tumor cells and respond to contact interactions, forming neutrophil extracellular
traps in the form of neutrophil networks. Contacts with HCT116 adenocarcinoma cells cause rapid formation of
neutrophil web-like structures — within 1 hour. The opening of neutrophil web-like structures induced by contacts
with K562 myeloblastoma cells requires a longer incubation (2 hours). HCT116 cells form large bundles of DNA-
containing fibers, which completely inhibit the formation of neutrophil networks. K562 cells suppress neutrophil
defense responses by reducing the number and size of neutrophil networks. The effect of inhibition of neutrophil
networks by K562 cells is probably due to the action of a soluble factor that suppresses neutrophil functions
described earlier.

Conclusion. The study shows that both tumor cell lines are capable of suppressing innate immune cell responses
through different mechanisms. Adenocarcinoma cells inhibit neutrophil network formation upon direct contact
due to the large size DNA-containing fibers they produce. Myeloblastoma cells produce the same effect, probably
acting by secreting humoral factors.
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AH K-conep)l(au.wle JKCTPaKJ/IeTOUYHDbIE CTPYKTYPbI ONyXO0Ji€BbIX KJIETOK
nogasnamoT (I)OpMI/IpOBaHIlIe HEI?ITpO(I)I/IﬂbeIX IKCTPAKIIETOUYHDbIX NOBYLIEK

in vitro

Kasumupckun A.H., Canmacu XK.M., Mopapux I'.B., MNannHa M.U., Kum A.3,,
YaxanaH A.l'., Typuwesa 0.0.

Poccutickuti HayuonanbHvlll ucciedosamenbckull meouyurckull yrusepcumem (PHUMY)
um. HU. ITupozosa
Poccus, 117997, e. Mockea, ynr. Ocmposumsanosa, 1

PE3IOME

Henaw. Nccnenosanue napamerpos popmupyembix JHK-comepxarinx sKCTpakIeTOUHBIX CTPYKTYpP MPU COBMECT-
HOM KyJIbTUBHPOBAHUH HEHTPO(UIOB 310POBBIX JOHOPOB, KieTok aaeHokapunHombl HCT116 u Mueno0iactoMsl
K562.

Martepuaiabl U MeToabl. OcaxkJIeHHE DPUTPOLUTOB B KpoBH, oOpaboranHoi DJITA, mpoBoIMIM, MCHONB3YS
nexcrpan 500. Croi m1a3MBl KpOBH, 00OTAIIeHHBIH HeHTpodiIamu, oTonpain. [Ipumecr MOHOHYKIIEAPHBIX Kile-
TOK cocTaBisuil MeHee 1%. C nomomnrsio andGepeHnnaabHOro NeHTPUGYTHpOBaHUS 0CBOOOXKIAINCH OT TPOMOO-
uToB. Beienennsie Helirpodmisl B cpene RPMI-1640 ncrnonbs3oBany B SKCIIEpUMEHTaX MO KPAaTKOBPEMEHHOMY
kynsTuBHpoBanuo. Kierku anenokapruHomsl HCT116 n mueno6mactomsr K562 6bin moydeHsl 13 American
Type Culture Collection. B skcriepumMeHTax MpOBOIUIN COBMECTHOE KYJIBTUBUPOBAHUE HEHTPO(DUIIOB TOHOPOB U
OITyXOJIEBBIX KJIETOK B TeueHue 3 4. st Bu3yanusanuu popmupyemsix JJHK-comepkaiix BHEKIETOYHBIX CTPYK-
Typ KJIETKaMH, KyJIbTHBUpOBaHHBIMH Ha cpene RPMI-1640, rcnons3oBanu (iyopeciueHTHYI0 MHKPOCKOIHUIO C
kpacuteneM SYBR Green.

Pesyabtarsl. HeliTpouiibl pacro3HalOT ONMyXOJeBble KJICTKH M PEarHpyrOT Ha KOHTAKTHbBIC B3aMMOJCHCTBHS,
(bopmupyst HeUTPOGUIIbHBIC IKCTPAKICTOYHBIC JIOBYIIKH B (hopMe HEHTPOGuIbHBIX ceTeil. KOHTaKThI ¢ KiIeTKaMu
aneHokapuuHoMbl HCT116 BbI3BIBatOT OBICTpOE hoOpMHpOBaHHE HEUTPODUIBHBIX ceTeil — B TeueHue 1 4. Packprbi-
THE HEHTPOQUIIBHBIX CeTeil, MHIYLIMPOBAaHHOE KOHTAKTaMH C KJIeTKamu Muenodiaacrombl K562, Tpedyer Oosee
MIPOIOJDKUTENBHOM MHKyOanuu — B TedeHue 2 4. Knerku HCT116 dopmupyror myuku JJHK-conepxammx Boo-
KOH 3HaYUTENIBHOIO Pa3Mepa, KOTOPbIE MOJIHOCThI0 MHIHOUPYIOT (opMUpOBaHKEe HEUTpOoMIbHBIX ceTeil. KileTku
K562 nopmapisoT HeHTPO(UIBHBIC 3AIUTHBIC PEAKLIUH, YMCHBIAsT KOJIUYECTBO U pa3sMepbl HEUTPOPUIIbHBIX ce-
Teil. DPPeKT MHrHONPOBaHNS HEUTPOPHIBHBIX CETEH CO CTOPOHBI KIIeTOK K562 00ycioBiieH, BEpOsSTHO, ACHCTBH-
€M pacTBOPUMOro (hakTopa, MOaBIISIONIEro (GyHKIMH HEHTPO(DHIOB, ONIMCAHHOTO paHee.

3akuiouenue. VceieoBanue MoKa3bIBaeT, 4TO 00€ KICTOYHBIE JIMHUHU OITyXOJIEBBIX KJIETOK CHOCOOHBI O/IaBIIATh
PEaKIUK KJIETOK BPOXKAECHHOIO MMMYHHTETA C TOMOLIBIO PA3JIMYHBIX MEXaHU3MOB. KiIeTkn a/leHOKapIIMHOMBI HH-
rudupyrot HopMupOBaHHE HEHTPODHUIBHBIX CETEil MPU HEMOCPEICTBEHHBIX KOHTAKTAX 3a CUET MPOJLYLHPYEMbIX
JIHK-coneprkaiyx BOJIOKOH 3HAYUTENHHOTO pa3Mepa. KieTkun Mueno6aacToMbl BBI3BIBAIOT TOT ke 3 GeKT nei-
CTBYSI, BEPOSITHO, ITyTEM CEKPELIMH TyMOPaIbHbIX (haKTOPOB.

Kawuessie cioBa: HCT116, K562, HOJI, IHK-conepkamie BOIOKHA, OHKOJIOTHUS, TATO(PH3HOIOTHS

Kondaukt nHTEpecoB. ABTOPHI 3asBJISIFOT 00 OTCYTCTBHUHM KOH(IUKTa HHTEPECOB, CBSI3aHHBIX C MyOJIMKAIMCH
HACTOSIIICH CTATHH.

Hcrounnk puHaHCHPOBAHUS. ABTOPHI 3asBISIOT 00 OTCYTCTBUM (PMHAHCHPOBAHMS MPHU MPOBEICHUH HCCIE0-
BaHMSI.

CooTBercTBHE NPUHIMIIAM 3TUKH. VccnenoBanue onobpeno stnyeckuM komuterom PHUMY um. H.W. ITupo-
rosa (mpotokoia Ne 239 ot 15.04.2024).

s uurupoBanus: Kasummpckuii A.H., Canmmacu X.M., Ilopsaun I'.B., [Tanmra M.U., Kum A.D., Yaxa-
nsH A., Typumesa O.0. JHK-comepxamime 3KCTpakJIeTOYHBIE CTPYKTYpPBI OMYXOJIEBBIX KIETOK ITOJIABIIS-
0T (OPMHUPOBAHNE HEUTPOPIIBHBIX dKCTPAKICTOYHBIX JIOBYIIEK i1 Vitro. broanemenb cubupckoll mMeouyumbl.
2025;24(2):36-43. https://doi.org/10.20538/1682-0363-2025-2-36-43.
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DNA-containing extracellular structures of tumor cells inhibit the formation

INTRODUCTION

One of the basic positions of the modern oncological
and immunological concept describing the interaction
of tumor cells and neutrophils is that neutrophils
forming neutrophil extracellular traps (NETs) are
capable of causing tumor recurrence and metastasis
[1,2]. Itis suggested that NETs can capture circulating
cancer cells and promote their spread. In addition, it
has been reported that NETs awaken dormant cancer
cells, triggering tumor recurrence and metastasis.
Therefore, it is quite natural that researchers propose
to inhibit the formation of neutrophil extracellular
traps to prevent tumor growth [3].

They also see the reason for the activation of tumor
cell growth in the adverse effect of tumor-associated
fibroblasts, which are able to support carcinogenesis.
The authors acknowledge that the lack of knowledge
about the tumor microenvironment (TME) is an
obstacle to the introduction of innovative methods of
treating tumor diseases.

Many researchers note that both neutrophil
extracellular traps and tumor-associated fibroblasts
as cellular factors of the tumor microenvironment
have not been sufficiently studied [4, 5]. The
complex composition of the components of the tumor
microenvironment (humoral and cellular components)
creates an environment necessary for the growth,
proliferation, phenotypic flexibility and variability
of tumor cells, which is at the same time rigid and
immunosuppressive for the body, with a deficiency of
nutrients [6]. NETs may be involved in the process
of carcinogenesis and cancer progression. However,
it is still difficult to decide whether netosis plays a
pro- or antitumor role [7]. At the same time, some
researchers have recently noted the dual nature of the
effects of NETs regarding antitumor therapy, studying
their potential to either neutralize or even improve
treatment results [8]. It is also believed that NETs
play a key role in the formation of a positive response
to chemotherapy and have significant potential to
increase the effectiveness of treatment [9].

It is possible to clarify the role of neutrophils
and neutrophil extracellular traps formed by them
in carcinogenesis only with direct studies of the
interaction of tumor cells and cells of the innate
immune system. It should be noted that such works are
rare, and this circumstance determines the relevance
of this study.

Aim. To study the parameters of the formed
DNA-containing extracellular structures during the

co-cultivation of neutrophils from healthy donors,
adenocarcinoma cells HST116 and myeloblastoma
K562.

MATERIALS AND METHODS

Obtaining Neutrophil Cell Fractions from Healthy
Donors, as well as Adenocarcinoma Cells and
Myeloblastoma K562 Cells

The isolation of neutrophils, in order to study the
cellular reactions developing in the patient’s body,
requires the exclusion of exposure to chemical or
mechanical stimuli on these cells in vitro, therefore,
standard methods of isolation in the ficoll density
gradient are of little use.

Neutrophils were isolated from the venous blood
of volunteers treated with EDTA using Dextran 500.
To do this, 1 ml of a 10% Dextran 500 solution (Fluka)
prepared in a sodium phosphate buffer solution (50
mM, pH 7.4) was added to 10 ml of peripheral blood
and gently mixed. After precipitation of erythrocytes
for 30 minutes at +37°C, a layer of blood plasma (200
ul) was taken, closely adjacent (at a distance of 1 mm)
to the layer of erythrocytes.

The blood plasma from this layer contains only
neutrophils, platelets and a small number of red
blood cells. The impurities of mononuclear cells are
less than 1%. To get rid of platelets, 10 ml of 50 mM
sodium phosphate buffer solution, pH 7.4, was added
to 200 pl of blood plasma containing neutrophils and
precipitated by centrifugation at 1,200 rpm (400 g),
15 min. The supernatant fluid was removed and the
precipitate was resuspended in 1 ml of RPMI-1640
medium. Isolated neutrophils in RPMI-1640 medium
were used in short-term cultivation experiments. The
viability of the isolated neutrophils was at least 95%
(test with 0.1% trypan blue solution).

The human colon adenocarcinoma HCT116 cell
line was obtained from the American Type Culture
Collection (Manassas, Virginia). Myeloblastoma
cells K562 were obtained from the Laboratory of
Mechanisms of tumor Cell Death of Blokhin National
Medical Research Center of Oncology.

Cell Culture

All the studied cells in RPMI-1640 medium were
incubated in an atmosphere of 5% CO, at 37°C in all
experiments for 3 hours. The final concentration of
cells in the culture medium was 2 x 10° cells/ml.

Lipopolysaccharides (LPS) (Klebsiella
pneumoniae, Sigma, Japan), 25 mcg/ml, were added
to some of the samples to activate neutrophils from
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healthy donors and acquire the ability to form neutrophil
extracellular traps. This technique makes it possible to
obtain NETs in a characteristic morphological form —
neutrophil networks. Of the four main morphological
structures of neutrophil extracellular traps (web-like
structures, single filaments, fibers and veils) [10], only
the web-like structures have functional activity [11].

Immunofluorescence Staining of Cells Forming
Extracellular DNA-Containing Structures

Fluorescence microscopy was used to visualize
and determine the parameters (number and size) of
extracellular DNA-containing structures of the studied
cells (neutrophils of healthy donors, adenocarcinoma
cells HST116 and myeloblastoma K562) [12]. The
results were expressed as a percentage, as the ratio of
the number of DNA-containing extracellular structures
to the total number of cells in the field of view. An
eyepiece micrometer was used to determine the size of
DNA-containing extracellular structures. Extracellular
DNA-containing structures were detected using the
fluorescent dye SYBR Green (Evrogen; Russia),
which specifically interacts with double-stranded
DNA. Microscopy, counting and photo registration of
cells and extracellular structures were performed at a
%1000 magnification.

The results were processed using Statistica 12.0
software (StatSoft Inc., USA). The data are presented
as a mean and the standard error of the mean (M+m).
Quantitative characteristics were compared based
on the results of the Student’s #-test and analysis of
variance. The differences were considered statistically
significant at p < 0.05.

RESULTS AND DISCUSSION

Observations of the behavior of neutrophil cells
from healthy donors, adenocarcinoma HSTI116
and myeloblastoma K562 cells during their short-
term co-cultivation in various combinations for 3
hours demonstrate the active formation of DNA-
containing extracellular structures by these cells. The
determination of the parameters (number and size) of
these DNA-containing extracellular structures makes
it possible to identify characteristic dynamic changes
in the extracellular structures formed during the entire
observation period.

Cells were cultures in the following sample
variants: 1) intact neutrophils of healthy donors;
2) neutrophils of donors with the addition of LPS;
3) neutrophils of donors and adenocarcinoma cells
HCT116; 4) neutrophils of donors with the addition

of LPS and adenocarcinoma cells HCT116; 5)
neutrophils of donors and myeloblastoma cells K562;
5) neutrophils of donors with the addition of LPS and
myeloblastoma cells K562.

The results of co-cultivation in different
combinations for 1 hour (Table 1) indicate that
neutrophils of healthy donors quickly respond to
contact interactions with adenocarcinoma cells and
form neutrophilic networks. However, the reaction of
neutrophils to contacts with cells of myeloblastoma
K562 in the form of the formation of neutrophilic
networks during 1 hour of cultivation is practically
absent. A characteristic feature of the studied tumor
cells (HCT116 and K562) is the formation of DNA-
containing extracellular structures of a considerable
size. HCT116 cells form single filaments with a
length of 54.92+6.82 microns, and K562 cells form
99.00+8.41 microns. The revealed differences
between HCT116 and K562 cells in their contacts
with neutrophils from healthy donors consist in the
fact that the reaction of neutrophils and K562 cells is
clearly slowed down. During 1 hour of co-cultivation
of K562 cells with neutrophils, the formation of
neutrophil networks does not occur, this reaction
manifests itself later.

Cultivation of HCT116 cells with neutrophils in
the presence of LPS does not significantly change the
parameters of cellular reactions (Table 1). Neither the
number of DNA-containing extracellular structures
(8.87 = 1.20% and 7.41 £ 0.39%, respectively) nor
their sizes (54.92 = 6.82 um and 53.92 + 6.06 pum,
respectively) change.

Cultivation of K562 cells with neutrophils in the
presence of LPS shows a sharp increase in the number
of DNA-containing extracellular structures (Table
1). The presence of LPS in samples with K562 cells
and neutrophils causes an increase in the number of
neutrophil networks (from 2.97 + 0.32% to 10.70 +
1.81%), i.e. almost 3 times. At the same time, the sizes
of DNA-containing single strands from K562 cells are
significantly (twofold) reduced (from 99.00 = 8.41
microns to 57.00 £ 9.34 microns). The decrease in
the size of single strands from K562 cells is probably
due to spontaneous enzymatic degradation of DNA
under the action of DNAases localized on chromatin
itself, which can be activated during chromatin
despiralization.

After 2 hours of cultivation (Table 2) the number
of cells producing DNA-containing structures during
the co-cultivation of neutrophils and HCT116 cells is
6.47 + 0.46%.

Bulletin of Siberian Medicine. 2025; 24 (2): 3643 39



Kazimirskii A.N., Salmasi J.M., Poryadin G.V. et al.

DNA-containing extracellular structures of tumor cells inhibit the formation

Table 1

Parameters of Extracellular Structures during Co-Cultivation in Various Combinations of Neutrophils from Healthy Donors,
Adenocarcinoma Cells HCT116 and Myeloblastoma K562 for 1 hour, M + m

. Number of extracellular | Dimensions of extracellular Description of emerging
Cells studied
structures, % structures, pm extracellular structures
Neutrophils (N) 0.00 0.00 Do not form extracellular structures, retain a segmented
structure
N+ HCT116 .87 + 1.20 54.92 4 6.82 Neutrophils form networks,.and HCT116 adenocarcinoma cells
form single filaments
N+ LPS 4.69 £0.29 32.25+2.60 Neutrophils form networks
N + LPS + HCTI16 74140239 53.92 4 6.06 Combination of neutrophil getworks with single fibers of
adenocarcinoma cells
There are no neutrophil networks. Only single filaments of
N+ K562 2.97+0.32 99.00+8.41 K562 myeloblastoma cells are observed
N+ LPS + K562 10.70+1 81 57.00 4 9 34% Neutrophil networks in combination with single filaments of
K562 myeloblastoma cells

* p <0.05 compared to samples without LPS — here and in Tables 2, 3.

Table 2

Parameters of Extracellular Structures during Co-Cultivation in Various Combinations of Neutrophils from Healthy Donors,
Adenocarcinoma Cells HCT116 and Myeloblastoma K562 for 2 Hours, M + M

Number of extracellular

Cells studied
structures, %

Dimensions of extracellular
structures, um

Description of emerging
extracellular structures

Do not form extracellular structures, retain a segmented

Neutrophils (N) 0.00 0.00 structure
N+ HCTI116 6.47 +£0.46 4425 +2.47 HCT116 adenocarcinoma cells form fiber bundles
N+ LPS 23.65+2.35 39.67 £2.81 Neutrophils form networks

Combination of neutrophil networks with bundles of

N+ LPS +HCT116 10.75 £ 0.84* 46.67 +5.54 ;
adenocarcinoma cell fibers

N + K562 8.25+0.59 21.58£2.80 Small neutrophil networks

N+ LPS + K562 9.64 +£0.97 18.08 = 1.08 Small neutrophil networks

Moreover, there is a clear change in the
morphology of DNA-containing extracellular
structures that form HCT116 cells. Bundles of single
fibers are formed, and the number of NETs for-
ming networks decreases sharply (it does not
exceed 10% of the total number of DNA-containing
extracellular structures). Under the LPS influence,
the total number of DNA-containing extracellular
structuresincreasesto 10.75+0.84%, duetoanincrease
in structures produced by neutrophils (neutrophil
networks).

Co-incubation of neutrophils with HCT116 cells in
the presence of LPS leads to the detection of neutrophil
networks in the samples together with bundles of
DNA-containing fibers of adenocarcinoma cells. The
presence of LPS in the samples causes the activation
of neutrophils and the formation of NETs. The sizes
of fiber bundles produced by HCT116 cells practically
do not change with the addition of LPS (44.25 + 2.47
microns and 46.67 + 5.54 microns, respectively,
without LPS and in the presence of LPS).

Neutrophils cultured with K562 cells for 2 hours
form exclusively neutrophil networks (NETSs)
numbering 8.25 + 0.59%; in the presence of LPS,
their number is 9.64 £ 0.97%, so it practically does
not change (Table 2). K562 cells do not form any
DNA-containing extracellular structures during this
observation period. A characteristic feature of K562
cells is their ability to suppress the activating effect
of LPS on neutrophils, which these cells must receive
through innate immunity receptors (TLRs). Probably,
the K562cells line inhibit the activity of neutrophils
through humoral factors. The sizes of neutrophilic
networks in the presence of K562 cells are small
and amount to 21.58 + 2.80 um. In the presence of
LPS, even a slight decrease in the size of neutrophilic
networks to 18.08 + 1.08 um was noted. This
circumstance confirms the inhibitory effect of K562
cells on activated neutrophils.

The results of co-cultivation of tumor cells with
neutrophils from healthy donors for 3 hours are shown
in Table 3.
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Table 3

Parameters of Extracellular Structures during Co-Cultivation in Various Combinations of Neutrophils from Healthy Donors,
Adenocarcinoma Cells HCT116 and Myeloblastoma K562 for 3 Hours, M + M

. Number of extracellular | Dimensions of extracellular Description of emerging
Cells studied
structures, % structures, pm extracellular structures
Neutrophils (N) 0.00 0.00 Do not form extracellular structures, retain a segmented
structuree
N + HCT116 2013+ 171 135.92 + 12.43 HCT116 adenocarcinoma cells fgrm bundles of fibers. There
are no neutrophil networks
N+ LPS 21.92+1.41 30.33 £3.57 Neutrophils form networks
N + LPS + HCTI16 29.46 + 5.09 - 350 Bundles of adenocarcinoma cell fibers. There are no neutrophil
networks
N + K562 8.26+0.32 28.00 £ 2.56 Small neutrophil networks
N+ LPS + K562 14.82 £ 1.27% 25.08 £2.62 Small neutrophil networks

During this period, the number of cells producing
DNA-containing structures during co-cultivation of
neutrophils and HCT116 cells is 20.13 + 1.71%, and
these are exclusively DNA-containing extracellular
structures that produce adenocarcinoma cells (Fig.).
They are represented by bundles of DNA-containing
fibers, and neutrophil networks (NETs) are completely
absent. The number of DNA-containing extracellular
structures in the presence of LPS increases to 29.46 +
5.09%. Neutrophils of healthy donors cultured for 3
hours together with HCT116 cells practically do not
respond to the activating effects of LPS. The addition
of LPS to the samples does not cause an increase in the
formation of neutrophilic networks. The fiber bundles
originating from HCT116 adenocarcinoma cells
during this period are long, exceeding 100 pm (135.92
+ 12.43). Under the influence of LPS, the length of
fibers from HCT116 cells increases even more (it
becomes more than 350 um), which lies outside the
measuring range.

Fig. Adenocarcinoma HCT116 cells spontaneously form

bundles of single DNA-containing strands. Neutrophils of a

healthy donor present in the preparation do not form neutrophil

networks. Incubation time is 3 hours. Staining with CYBR
Green. The magnification is x1000.

In studies on experimental animals, data were
obtained on the ability of NETs to change the
metabolic program of cancer cells and, due to the
release of neutrophilic networks, promote the growth
of cancer cells [13]. The relationship between the
formation of NETs, the frequency of metastasis, and
survival rates was also revealed [14]. It should be
noted that these results [13, 14] were obtained by
indirect methods. These studies did not determine
the number of NETs, but only obtained signs of the
presence of NETs in the body of experimental animals
and patients in the form of soluble factors (neutrophil
elastase, myeloperoxidase, citrullinated histone H3).
These cited results are in some contradiction with the
results of our in vitro study. However, it should be
noted that the true morphological structure of NETs in
cancer patients has not been determined and this issue
has not been comprehensively investigated.

Neutrophils cultured with K562 cells form only 8.26
+ 0.32% NETSs, and under the influence of LPS their
number increases to 14.82 + 1.27, while filamentous
structures from K562 cells are no longer recorded
after 3 hours of incubation (Table 3). Possibly single
DNA-containing strands, myeloblastomas originating
from cells, which we observed during incubation for 1
hour, underwent spontaneous enzymatic degradation
and therefore are not detected in later samples. The
sizes of neutrophilic networks are small and do not
depend on the presence of LPS in the samples. So,
without LPS, the sizes of neutrophilic networks
are 28.00 + 2.56 pum, and in the presence of LPS —
25.08 +£2.62 pm.

The results of the study of co-cultivation of
K562 cells with neutrophils from healthy donors
for 3 hours indicate a possible inhibitory effect of
myeloblastoma cells on the formation of neutrophil
networks by neutrophils, which has a protective
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DNA-containing extracellular structures of tumor cells inhibit the formation

nature. Our assumption is confirmed by other data
from researchers, where it was determined that K562,
a chronic myeloid leukemia cell line, secretes a soluble
factor (K562-1F) with a low molecular weight (6-8
kDa), which suppresses the functions of neutrophils
during inflammation [15].

CONCLUSION

The results of the study indicate the ability of
neutrophils to recognize tumor cells (HCT116 and
K562) and respond to interaction with them, forming
neutrophil extracellular traps in the morphological
form of neutrophil networks. The rate of development
of the neutrophil reaction that opens the neutrophil
networks  varies. Interaction with HCT116
adenocarcinoma cells causes very rapid formation of
neutrophil networks — within 1 hour. The opening of
neutrophil networks induced by contacts with K562
myeloblastoma cells requires a longer incubation — for
2 hours. The cultivation of tumor cells (HCT116 and
K562) for 3 hours demonstrates the ability of these
cells to form DNA-containing extracellular structures.

HCT116 adenocarcinoma cells form bundles
of DNA-containing fibers of a considerable size.
These DNA-containing fibers completely inhibit the
development of neutrophilic reactions in the form
of the formation of neutrophilic networks. These
observations allow us to conclude that the cells of the
HCT116 tumor line turn off the protective reactions of
the innate immune system in the form of the opening
of neutrophil networks.

K562 myeloblastoma cells suppress neutrophil
defense responses, reducing the number and size of
emerging neutrophil networks. The effect of inhibition
of neutrophil networks by K562 cells is probably
due to the action of a soluble factor that suppresses
neutrophil functions, described earlier.

Our study shows that both types of tumor cell
lines are capable of suppressing the reactions of
innate immune cells using various mechanisms.
Adenocarcinoma cells inhibit the formation of
neutrophilic networks in direct contact due to the
production of DNA-containing fibers of a considerable
size. Myeloblastoma cells cause the same effect,
probably by secreting humoral factors.
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Association of Metabolic and Inflammatory Molecule Levels
and Post-COVID Syndrome of Varying Severity

Karaseva A.A., Afanaseva A.D., Garbuzova E.V., Kashtanova E.V., Polonskaya Ya.V.,
Stakhneva E.M., Shramko V.S., Shcherbakova L.V., Logvinenko I.l., Ragino Yu.l.

Research Institute of Internal and Preventive Medicine, Branch of the Institute of Cytology and Genetics,
Siberian Branch of Russian Academy of Sciences
175/1 Boris Bogatkov St., 630089 Novosibirsk, Russian Federation

ABSTRACT

Aim. To study the associations of the levels of metabolic and inflammatory molecules and the severity of post-
COVID syndrome (PCS) in COVID-19 convalescents.

Materials and methods. The observational cross-sectional study included 270 individuals aged 18-84 who
were COVID-19 convalescents, including 191 patients with PCS of whom 97 patients had mild PCS and 94 had
moderate PCS. Serum concentrations of metabolic and inflammatory molecules were determined using enzyme-
linked immunosorbent assay (ELISA), including: alpha interferon (IFN-a), interleukin 1 beta (IL-1p), interleukin 6
(IL-6), interleukin 8 (IL-8), monocyte chemoattractant protein 1 (MCP-1), insulin, C-peptide, and high-sensitivity
C-reactive protein (hs-CRP).

Results. In COVID-19 convalescents with PCS of varying severity, the level of IL-6 was 1.3 times higher than in
individuals without PCS. Among men with PCS, the levels of IL-6, MCP-1, and hs-CRP were 1.5, 1.2 and 1.9 times
higher, respectively, compared with men without PCS. In men with moderate PCS, the level of IL-6 was 1.9 times
higher and hs-CRP was 1.7 times higher than in men without PCS. The risk of having moderate PCS in COVID-19
convalescents was directly associated with the concentration of C-peptide in the blood. In men, the risk of having
PCS was directly associated with the concentration of hs-CRP in the blood.

Conclusion. In COVID-19 convalescents, the risk of having moderate PCS is directly associated with the level of
C-peptide in the blood. In men, the risk of having PCS is directly associated with the level of hs-CRP in the blood.

Keywords: post-COVID syndrome, interleukin-6, C-peptide, high-sensitivity C-reactive protein
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Accoumauuv ypoBHel MeTabonnyecknx v BOCNannTeNbHbIX MONEKYJ
M NOCTKOBUAHOIO CUHAPOMA Pa3HOW CTENeHM TAXKeCTH

KapaceBa A.A., ApanacbeBa A.[l., FTap6y3oBa E.B., KawutaHoBa E.B., MonoHckan A.B.,
CraxHéBa E.M., LLipamko B.C,, Lllep6akoBa J1.B., JlorBuHeHko U.WU., ParnHo 10.U.

Hayuno-uccneoosamenvcruii uncmumym mepanuu u npoguiakmuyeckoi meouyunst — punuanr Pedepanvhoeo

UCCIe008AMENCKO20 yenmpa «HHcmumym yumoaocuu u ceHemuKu Cu6upc;<020 omoenenus Poccutickoti akademuu

nayxy (HUHUTIIM — ¢unuan UlJul” CO PAH)
Poccus, 630089, 2. Hosocubupck, yi. bopuca boeamxosa, 175/1

PE3IOME

Hens. V3yunTs acconnanny ypoBHEH METaO0IHMIECKUX U BOCTIAIIMTEIBHBIX MOJICKYIT M TOCTKOBH/HOTO CHHAPOMA
(ITKC) pa3Hoii cTeNeHN TSHKECTH Yy PeKOHBAIECIIEHTOB KopoHaBupycHol nHekun (COVID-19).

Marepuajbl 1 MeTObI. B 00cepBaimoHHOE 0JJHOMOMEHTHOE HCCIIeI0OBaHNE OBUTH BKITIOUEHHB! 270 4emoBeK, BO3-
pact 18-84 roxa, sBisrommxcs pexonBanecueHTaMa COVID-19, B Tom yncie ¢ Hanmmauem [TKC — 191 mamuent, 3
KOTOPBIX ¢ JIeTKoii crereHbio TshkecTr [IKC — 97 genosek, a co cpenneii crenensio Tsoxect [IKC — 94 yenoseka.
YV Bcex ManyeHTOB B CBIBOPOTKE KPOBU METOOM UMMyHO(pepMeHTHOro aHanu3a (UMDA) onpenensinm KOHIEHTpa-
UM METa0OINYECKUX U BOCIIAIUTENFHBIX MOJIEKY: mHTepdepoHa anbda (MDPH-a), naTepneiiknna 16era (MJ1-
1B), unrepneiikuna 6 (UJI1-6), uarepneiikuna § (MJI-8), MmoHommmTapHoro xemorakcudeckoro ¢akropa 1 (MCP-1),
nHCynuHa, C-enTraa, BRICOKOUYBCTBUTENbHOTO C-peakTuBHOTO Oenka (BuCPB).

PesyabTatbl. Y pexonBanecrentoB COVID-19 ¢ IIKC pa3noii ctenenu Tspkectu ypoBeHb MJI-6 Obln Bblme
B 1,3 pasza, uem y mun 6e3 [IKC. Cpeau myxunn ¢ IIKC yposens MJI-6 6bu1 BoiIe B 1,5 paza, MCP-1 — B 1,2,
BYCPb — B 1,9 paza, uem y myxuun 6e3 I[IKC. Cpeau myxuun ¢ [IKC cpenneit crenenu tsbxkectu yposens MJI-6
Obu1 BeILIe B 1,9 pasa, yposenb BUCPB — B 1,7 paza, uem y my>xunn 6e3 [1IKC. [llanc nannuus IIKC cpenneii cre-
[ICHU TsKeCTH Y pekoHBasiecueHToB COVID-19 npsimo acconuupoBas ¢ KoHIeHTpanueil B kposu C-nentuaa. Y
My>kuuH manc Hannuus IIKC npsimo accoruupoBan ¢ koHeHTpanueii B kposu BuCPB.

3aximodenne. Y pexonsanecteHToB COVID-19 manc nanuuus IIKC cpenseil creneHu TsKecTH IPsIMO aCCOLIU-
HpOBaH ¢ ypoBHeM B kposu C-nentuja. Y myxuut manc Hannuus IIKC npsmo accounuuposal ¢ yposHeM BuCPb
B KPOBHU.

KuaroueBble c10Ba: MOCTKOBUAHBIN CHHAPOM, HHTEPICHKHH-6, C-MIENTH]], BBICOKOTYBCTBUTEIbHBIN C-peakThB-
HEI 0€II0K

KonpaukT unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIMAIBHBIX KOHMOIUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJIMKAIMe TaHHOW CTaThH.

Hcrounuk puHancupoBanus. VccienoBanue BBIMOTHEHO B paMKax OKOKETHOU TeMbl «DOPMUPOBAHUE KOTOPT
JIETCKOTO, TIOIPOCTKOBOT0, MOJIOZIOr0 HACEICHUS TSl M3YUCHHS MEXaHU3MOB M 0COOCHHOCTEH KU3HEHHOTO IHKIIa
yenoBeka B poccuiickoit momyssiun» Ne FWNR-2025-0001, npu nopaepxke crunenauu Ipesunenta PO NeCll-
2974.2022.4 u rpanTa mpaButenbctBa HoBocubupckoii oomactu I'P-24 ot 18.06.2024.

CooTBeTcTBHE MPUHIMIAM ITHKH. Bce manueHTs! moanucamn HHGOPMHPOBAHHOE COTJIACHE HA yYacTHE B HC-
cienoBanuu. Vccnenopanue oo0peHo ToKaabHBIM 3TH4ecKuM KomuteroM HUUTIIM — punmuan ULul” CO PAH
(mporokoin Ne 10 ot 10.11.2020).

Jns nurupoBanmsi: Kapacea A.A., AdanacreBa A.Jl., ['apOy3osa E.B., Kamranosa E.B., [Tononckas f1.B.,
Craxuésa E.M., lllpamko B.C., Illepbakosa JI.B., Jlorsunenko M.U., Paruno FO.U. Acconmanuu ypoBHel me-
Ta0OJIMYECKUX U BOCTIATUTEIBHBIX MOJICKYJI M MIOCTKOBHIHOTO CHHIPOMA Pa3HOI CTEIICHU TSDKECTU. Broiiemens
cubupckou meduyunvt. 2025;24(2):44-51. https://doi.org/10.20538/1682-0363-2025-2-44-51.
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Association of Metabolic and Inflammatory Molecule Levels and Post-COVID

INTRODUCTION

After an acute period of novel coronavirus
infection (COVID-19), 41.7% of patients [1] develop
various symptoms. In October 2021, the World
Health Organization (WHO) developed a definition
characterizing this condition, known as post-COVID
condition or post-COVID syndrome (PCS): a
condition after COVID-19 that occurs in individuals
with a history of suspected or confirmed SARS-
CoV-2 infection, usually starting 3 months after the
initial COVID-19 infection, with symptoms that last
at least 2 months that cannot be explained by another
diagnosis [2]. PCS is characterized by multiple organ
damage of varying severity and can lead to serious
complications. In clinical practice, this category
of patients is increasingly experiencing both the
development of new diseases and the progression of
existing chronic diseases after infection.

Chronic inflammation is a hallmark of PCS and
is believed to contribute to many symptoms. The
study of the exact mechanisms that cause long-term
inflammation after COVID-19 is a matter of scientific
interest. Currently, it is believed that several factors
play arole in the development of chronic inflammation
in PCS: immune dysregulation, impaired hemostasis,
prolonged persistence of the virus after convalescence,
and autoimmune reactions.

Existing data indicate the high prognostic value of
certain cytokines, inflammatory and metabolic markers
in the acute phase of COVID-19 determining the risk
of severe disease and death in patients. It is likely that
the mechanisms underlying the development of long-
term manifestations of the post-COVID period lead to
chronic inflammation due to a long-term increase in
the level of pro-inflammatory molecules with aberrant
immunity.

Studies of metabolic and inflammatory molecules in
the context of PCS are relevant and important, since it is
necessary to understand whether they retain their high
predictive significance regarding both the development
of PCS and the severity of its course. The study of
changes in the levels of metabolic and inflammatory
molecules and their associations with PCS opens up
opportunities for the development of new methods for
the prevention and treatment of patients with long-term
symptoms in the post-COVID period.

The aim of this study was to investigate the
associations of levels of metabolic and inflammatory
molecules and PCS of varying severity in COVID-19
convalescents.

MATERIALS AND METHODS

The single-stage observational study was conducted
at the Research Institute of Internal and Preventive
Medicine in 2020-2021. The study included 270
people (48.1% men, average age 53.2+13.2 years)
who were convalescents of COVID-19. Inclusion
criteria were as follows: the presence of COVID-19,
confirmed by a positive analysis of SARS-CoV-2
coronavirus RNA by polymerase chain reaction
(PCR) during the disease and/or the presence of IgG
antibodies to SARS-CoV-2 coronavirus; two months
after convalescence.

The study was conducted in accordance with the
Declaration of Helsinki and approved by the local
Ethics Committee of the Research Institute of Internal
and Preventive Medicine, a branch of the Institute
of Cytology and Genetics (Minutes No. 10 dated
November 10, 2020). All patients gave their informed
consent to participate in the study.

All patients were divided into four groups based on
the presence or absence of PCS and its severity (mild
or moderate), which were determined according to the
criteria published earlier in a systematic review [3].

Group 1 included 79 people without PCS, group
2 included 191 people with PCS, group 3 included
97 people with mild PCS, and group 4 included 94
people with moderate PCS. The enzyme-linked
immunosorbent assay (ELISA) with Vector-Best kits
(Russia) was used to determine the levels of metabolic
and inflammatory molecules, interferon alpha (IFN-a),
interleukin Ibeta (IL-1beta), interleukin 6 (IL-6), and
interleukin 8 (IL-8), monocyte chemotactic factor
1 (MCP-1), insulin, C-peptide, high-sensitivity
C-reactive protein (hs-CRP) in blood serum.

Statistical processing of the obtained results was
performed using the SPSS software package. The
normality of the distribution of continuous features
was checked using the Kolmogorov—Smirnov test.
Due to the nonparametric distribution of quantitative
data, the median interquartile range Me [Q,; O, ] was
used. The statistical significance of the differences
in quantitative indicators in the two groups was
assessed using the nonparametric Mann—Whitney
test. In cases where the number of groups was more
than two, the Kruskal-Wallis test and Dunn’s test,
a nonparametric multiple-comparison procedure,
were used. Associative relationships were studied
using univariate and multifactorial logistic regression
models. The results are presented as the odds ratio
(OR) and the 95% confidence interval (CI) for OR.
When testing statistical hypotheses, the critical level
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of significance was at p < 0.05.

RESULTS

A comparative analysis of the concentrations of
the studied metabolic and inflammatory molecules
in patients of four groups is presented in Table 1. In
patients with both mild and moderate PCS, the blood
level of IL-6 was 1.3 times higher than in people
without PCS.

Among men with PCS, the blood level of IL-6
was 1.5 times higher, MCP-1 was 1.2 times higher,

and hs-CRP was 1.9 times higher than in men without
PCS (Table 2). In men with moderate PCS, the blood
levels of IL-6 and hs-CRP were 1.9 and 1.7 times
higher than in men without PCS, respectively. The
level of hs-CRP was also statistically significantly
2.1 times higher in men with mild PCS compared
with men without PCS.

A similar analysis in women showed no statistically
significant differences in the levels of the studied
metabolic and inflammatory molecules in these
subgroups.

Table 1

Variability of the Levels of Studied Metabolic and Inflammatory Molecules in COVID-19 Convalescents Depending
on the PCS Presence and Severity, Me [Q,; O]

Parameter Group 1, no PCS Group 2, with PCS Group 3, mild PCS | Group 4, moderate PCS »
n=179 n=191 n=97 n=94

p,,=0.312

[FN-a, pg/mL 0.82 [0.34:4.06] 1.05 [0.27:4.80] 1.09 [0.27:4.08] 1.05 [0.41:5.03] pr.=0.383
b= 0333

.= 0507

IL-1b, pg/mL 2.06 [1.28:3.27] 242 [1.41:3.51] 2.56 [1.38:3.76] 2.11[1.51:3.26] p.=0273
. =0.977

p., 0016

IL-6, pg/mL 2.10 [1.35:3.08] 2.76 [1.73:4.43] 2.80 [1.79:4.87] 2.72 [1.66:4.24] o= 0.027
.= 0.032

.= 0.180

IL-8, pg/ml 7.19 [5.26:11.45] 8.81 [5.84:12.15] 8.55[5.29:12.22] |  9.06 [6.44:12.11] .= 0452
.= 0.080

.= 0085

MCP-1, pg/mL [211.32072;45052. o | 3426825842:43330] | 63'31359;‘47185.90] 35324 [256.48:441.55] | p. ji 0.134
.= 0.101

= 0.136

Tnsulin, mME/L 3.34[0.76:8.25] 3.71[1.31:9.83] 4.14[1.34:10.19] 3.62[1.11:9.10] po=0.138
p.=0.230

. 128.85 Py, = 0294
C-peptide, pmol/L 98.21 [50.27:280.17] | 143.27 [50.80:377.14] 172.97 [45.75:411.88] | p .=0417

[54.46:312.57] E

b= 0.264

.= 0.138

hs-CRP, mg/L 2.70 [1.36:8.93] 3.76 [1.90:9.31] 3.60 [1.71:9.31] 3.80 [2.42:9.27] P .=0238
.= 0.105

Table 2

Variability of the Levels of the Studied Metabolic and Inflammatory Molecules in Men, Convalescents of COVID-19, Depending

on the PCS Presence and Severity, Me [0, ;; O

75 ]

Parameter Group 1, no PCS Group 2, with PCS Group 3, mild PCS Group 4, moderate PCS »
n=29 n="75 n =46 n=29
p,,=0.178
IFN-a, pg/mL 0.54 [0.00;4.68] 1.28 [0.51;5.03] 2.30[0.51;5.05] 1.09 [0.14;5.93] p,;=0.140
p,,=0.432
p,,=0.679
IL-1b, pg/mL 2.63 [1.35;4.15] 2.47[1.11;3.79] 2.4910.99;4.03] 2.31[1.71;3.58] p,,=0.840
p,,=0.549
p,,.0.018
1L-6, pg/mL 1,82 [1,35;2,90] 2,77 [1,64;4,59] 2,36 [1,59;4,80] 3,52 [1,98;4.34] 2,,=0.089
p,=0.008
p,,=0.413
IL-8, pg/ml 7.02 [5.01;10.59] 8.03 [5.57;11.98] 7.67 [5.31;11.66] 8.54[6.13;12.01] p,;=0.652
p,.,=0.266
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End of table 2

Parameter Group 1, no PCS Group 2, with PCS Group 3, mild PCS Group 4, moderate PCS »
n=29 n=75 n =46 n=29
MCP-1, pg/mL 310.19 [215.85;392.50] 36111 35114 376.39 [288.29;436.45] §1_2=g.g;§
’ ’ T [281.48;420.83] [254.65;415.39] ’ T e
p,,=0.047
p,,=0.087
Insulin, mME/L 4.77[0.88;8.26] 7.19 [1.86;11.86] 7.38 [1.91;11.18] 6.39[1.70;12.54] p,,=0.105
p,~0.176
. 189.42 p,;70.140
C-peptide, pmol/L |  123.08 [29.58;335.04] 198.08 [67.57;434.57] 198.08 [66.57;536.64] p,,=0.213
[66.89;425.78] 3
p,,=0.166
p,,=0.011
hs-CRP, mg/L 2.32[1.36;7.44] 4.41[2.59;10.68] 4.78 [2.43;10.65] 4.03 [2.74;11.43] P,;=0.028
p,..=0.020

At the next stage of statistical processing, the PCS in COVID-19 convalescents is directly associated
metabolic and inflammatory molecules we studied were with the concentration of C-peptide in the blood.
sequentially included in a univariate logistic regression Univariate logistic regression analysis in men
analysis model with standardization by gender and age shows that the chance of PCS and mild PCS is directly
(Table 3). It was found that the chance of moderate associated with the hs-CRP level (Table 4).

Table 3

Univariate Logistic Regression Analysis of the Chance of Moderate-Grade
PCS in COVID-19 Convalescents (with Standardization by Gender

and Age)
Parameter Univariate analysis
Exp B 95% CI P

IFN-a, pg/mL 1.004 0.928-1.086 0.921

IL-1b, pg/mL 0.780 0.901-1.081 0.780

IL-6, pg/mL 1.162 0.936 —1.442 0.173

IL-8, pg/ml 1.015 0.942 —1.094 0.701

MCP-1, pg/mL 1.001 0.998 —1.003 0.695

Insulin, mME/L 1.027 0.972 —1.085 0.339

C-peptide, pmol/L 1.001 1.000 —1.003 0.048

hs-CRP, mg/L 1.015 0.979 —1.052 0.425

Table 4
Univariate Logistic Regression Analysis of the Chance of Having PCS and Mild PCS in Men
with Standardization by Age)
Parameter Univariate analysis of the chance of PCS Univariate analysis of the chance of mild PCS
Exp B 95% CI p Exp B 95% CI P

IFN-a, pg/mL 1.002 0.901-1.114 0.970 1.012 0.907-1.129 0.834
IL-1b, pg/mL 0.973 0.804-1,178 0.781 1.000 0.822-1.216 0.996
IL-6, pg/mL 1.309 0.982-1.745 0.067 1.257 0.943-1.676 0.118
IL-8, pg/ml 1.020 0.929-1.120 0.679 1.025 0.935-1.123 0.598
MCP-1, pg/mL 1.002 0.998-1.006 0.308 1.001 0.997-1.006 0.511
Insulin, mME/L 1.050 0.971-1.136 0.219 1.051 0.963-1.148 0.262
C-peptide, pmol/L 1.001 0.999-1.003 0.217 1.001 0.999-1.003 0.316
hs-CRP, mg/L 1.113 1.005-1.223 0.040 1.127 1.008-1.260 0.036

When the metabolic and inflammatory molecules C-peptide, hsCRP), simultaneously, in COVID-19
were included in the multivariate logistic regression convalescents and, separately, in men and women,
analysis, which showed a statistically significant there were no associative links with the chance of
difference between the subgroups (IL-6, MCP-1, having PCS and its severity.
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DISCUSSION

The study of pathophysiological changes and the
mechanisms that cause the occurrence of both ongoing
and de novo PCS symptoms continues. Considering
the existing data on the presence of higher levels of
metabolic and inflammatory molecules (in particular,
IL-1b, IL-6, IL-8, MCP-1, insulin, C-peptide, and hs-
CRP) in patients infected with SARS-CoV-2 in the acute
period and their associations with the risk of severe
coronavirus infection course [4—6], we evaluated this
profile in the blood serum of COVID-19 convalescents.

In study of Schultheil} et al., it was shown that there
were significantly higher serum levels of IL-1b and
IL-6 in the group of patients with PCS compared with
those without PCS. The authors also demonstrated
data reflecting the positive correlation of the molecules
both with each other and with the presence of PCS
[7]. Zhdanova et al. provided similar data revealing
that the median levels of IL-1b and IL-6 were 1.3 and
4.5 times higher, respectively, in the group of patients
with PCS compared with healthy individuals [8]. The
PHOSP-COVID study demonstrated elevated IL-6
level 5 months after hospitalization for COVID-19
in a group of convalescents with mild cognitive
impairments [9]. Our findings are consistent with the
literature data: the level of IL-6 was 1.3 times higher
in COVID-19 convalescents with PCS compared with
those without PCS. We also found an increased IL-6
content in the blood serum of individuals with PCS
of varying severity. It is reported that IL-6 is a key
inflammatory factor in the immunopathogenesis of the
new coronavirus infection, which is reflected in its use
as a marker of severity in COVID-19 [10]. Taking into
account the hypothesis of long-term persistence of the
virus in the post-COVID period [11], an increase in
the level of pro-inflammatory molecules, in particular
IL-6, may be explained by ongoing immune reactions
against viral antigens.

According to research data, MCP-1 (proin-
flammatory chemokine) is a key mediator involved in
the pathogenesis of COVID-19, its level was higher
in critically ill patients and correlated with respiratory
failure, acute renal failure and death from COVID-19
[5, 12, 13]. In our study, the median MCP-1 level
was significantly higher in men only in the group of
patients with PCS compared with those without PCS.
This may probably be due to the fact that male sex is a
risk factor for severe COVID-19 [14, 15].

Ofparticular interest are the results that demonstrate
the Dbidirectional relationship of carbohydrate

metabolism disorders and COVID-19. According to
some data, diabetes mellitus was found to be associated
with the severity of COVID-19 and mortality [17]. Man
et al. study reported that PCS is the main risk factor for
changes in the metabolic status of patients, leading to
insulin resistance [18]. According to the results of a
subanalysis of the joint registers ACTIV and ACTIV
2, it was found that one year after the infection, patients
with type 2 diabetes mellitus and newly diagnosed
hyperglycemia are more likely to have symptoms
characteristic of post-COVID syndrome [19]. Several
mechanisms underlie the pathological interaction of
the SARS-CoV-2 virus and carbohydrate metabolism
disorders. Since diabetes mellitus is characterized
by chronic inflammation, this could contribute both
to the development of a more severe course of the
disease in the acute period and to increased systemic
inflammation observed during follow-up. On the other
hand, exposure to an acute inflammatory process leads
to insulin resistance in the body. Probably, these data
altogether can determine our findings regarding the
direct association of the chance of moderate severity
PCD with the blood level of C-peptide.

The study of the level of hs-CRP has acquired
additional significance in the post-COVID period.
Monitoring of hs-CRP as one of the inflammatory
markers is included in the guidelines “Features of Long-
COVID Infection Clinical Course. Therapeutic and
Rehabilitation Measures” [20]. Castro et al. compared
patients (n =277) who were hospitalized in 2020 during
the first wave of COVID-19 in Brazil, depending on the
absence or presence of advanced PCS. An extensive
profile of biomolecules in the blood serum was
examined 6-12 months after discharge, and a higher
level of hs-CRP was noted in the group of patients with
PCS compared with those without PCS [16].

The study of Maamar et al. reported that men
with hs-CRP levels in the range of low intense
inflammation (>0.3 mg/dl and <1.0 mg/dl) had a
10—17-fold increased risk of developing post-COVID
syndrome [21]. The results obtained regarding the
direct association of the chance of the presence of PCS
with the hs-CRP level are consistent with the literature
data. The advantage of this inflammatory marker over
others (for example, ferritin and IL-6) is that it is
readily available and widely used in clinical practice.

CONCLUSION

In COVID-19 convalescents, the chance of
moderate PCS is directly associated with the blood
level of C-peptide. In men, the chance of having
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PCS is directly associated with the level of hs-CRP
in the blood. The data obtained during the study
demonstrate specific changes in the cytokine profile
in patients with PCS. It indicates the need for further
in-depth research, enabling to develop methods for
personalized management of this patients category.
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Prognostic Value of Acute Kidney Injury in Patients Hospitalized
with Acute Decompensation of Chronic Heart Failure

Kobalava Zh.D., Kontareva N.l., Tolkacheva V.V., Karapetyan L.V.
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8 Miklouho-Maclay St., 117198 Moscow, Russian Federation

ABSTRACT

Aim. To study the effect of acute kidney injury in patients hospitalized with acute decompensation of chronic heart
failure (ADCHF) in relation to combined renal and cardiovascular outcomes during 1 year of follow-up.

Materials and methods. A total of 108 patients hospitalized with ADCHF (mean age 68.3 + 10.0 years, 60% men)
were included in a single-center prospective study. All patients included in the study underwent a standard physical
and laboratory instrumental examination, including an assessment of the clinical condition according to the Rating
Scale of Clinical State (RSCS) and laboratory tests (including serum creatinine level, glomerular filtration rate
(GFR) using the CKD-EPI 2021 equation, albumin to creatinine ratio in urine, natriuretic peptide (NT-proBNP)
upon admission and discharge. Acute kidney injury (AKI) was diagnosed based on the KDIGO guidelines (Kidney
Disease: Improving Global Outcomes). The total rate of all-cause mortality and repeated hospitalizations from
ADCHF was evaluated as cardiovascular outcomes. Renal outcomes included deterioration of renal function in
the form of a decrease in GFR >15% of baseline and a decrease in GFR < 30 ml/min/1.73 m?. Combined renal and
cardiovascular outcomes were assessed during outpatient visits 3, 6, 12 months after discharge.

Results. The incidence of AKI during hospitalization in patients with ADCHF was 14% (n = 15). The groups with
and without AKI were comparable in terms of clinical and demographic parameters and clinical assessment scale
parameters. However, patients in the AKI group had higher baseline values of NT-proBNP and more pronounced
impaired renal function, which persisted for 6-12 months of follow-up. There were no differences in clinical and
laboratory data during the follow-up period. In patients with ADCHF, the presence of AKI during hospitalization
significantly increases the risk of combined renal and cardiovascular outcomes during 1 year of follow-up
(HR =7.6; 95%CI = 2-29; p = 0.003).

Conclusion. The development of AKI during hospitalization in patients with ADCHF is a predictor of an
unfavorable prognosis for combined renal and cardiovascular outcomes during 1 year of follow-up.

Keywords: acute decompensation of chronic heart failure, acute kidney injury, prognostic value
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MporHocTnyeckoe 3HaYeHNEe OCTPOro NOBPEXAEHA NoYeK y NnauneHTos,
rocnuTasan3npoBaHHbIX C OCTPON AieKOMMNEeHcauen XpoHN4YeCcKon
ceppevYHON HeJOCTaTOYHOCTMN

Ko6anaga ».[l., Kontapesa H.U., TonkaueBa B.B., KapanetsaH J1.B.

Poccutickuii yrusepcumem opyoicovt Hapooos (PYIIH) um. Ilampuca Jlymymou
Poccus, 117198, 2. Mockea, yr. Muknyxo-Maxknas, 8

PE3IOME

Hennb: u3yunts BiusgHUE 0cTpOro nospesxaeHus noyex (OIIT) Ha mpOrHoO3 y NanueHToB, NePEeHECIINX FOCITHTa -
3aLUIO 110 TIOBOAY OCTPOH JAEKOMIICHCALMH XpOHUUECcKol cepaeunoi HenoctarouHocTu (OIXCH), B oTHOLIEHHN
KOMOMHHPOBAHHBIX ITOYEYHBIX M CEPACUHO-COCYNUCTBIX HCXOJIOB B TeueHue 1 roaa.

Marepuaibsl 1 MeToabl. Bkimtouens! 108 nanuentos, rocnuranusupoBanHbix 1o nosogy OJIXCH. MyxuuHbl
cocraBnsuin 60%, cpenuuii Bo3pact 68 + 11 mer. [IpoBommiiock craHmapTHOE (GU3MYECKOe OOCIEAOBAHUE IO
mKkane oneHkn kimHu4Ieckoro coctostHus (ILIOKC), naGopaTopHble McciienoBaHus (ONPEAeIsUICS YPOBEHb Kpe-
ATWHHMHA CBIBOPOTKH, CKOPOCTh KiryooukoBod ¢uibrpammu (CK®) CKD-EPI 2021, narpuitypernuecknii mentun
(NTproBNP), ans0ymMun/kpeaTHHHHYpUST) TPU NOCTYTUIeHNH, Bbinucke. [{naruo3 OIII ycraHaBimBaics corjiacHO
kputepusim KDIGO (Kidney Disease: Improving Global Outcomes, Bosie3ns nouex: yiydrieHne riiodanbHbIX pe-
3yIbTaToB). B KauecTBe cepAeuHO-COCYIMCTHIX HCXO/I0B OLICHUBAIN CYMMAapHbIi MOKa3aTelb CMEPTHOCTH OT BCEX
MpUYHH ¥ MOBTOPHBIX rociutanu3anuii ¢ OJIXCH. [ToueuHbie MCXObI BKIOYATH YXy/IIeHHE QYHKIIUH MOYECK B
Bujie cumwkenuss CK® > 15% ot ucxounoro, camkerne CK® < 30 mu/mun/1,73m2, TloueuHble U CEpAEYHO-COCY-
JIUCTBIE MCXO/IbI OLIEHUBAIUCH BO BpeMs aMOyJIaTOPHBIX BU3UTOB 4epe3 3, 6, 12 Mec mociie BBITICKY.

PesyasTatel. Yacrora passutust OINIl Bo Bpemst rocmmrammsanuu y mnanueHtoB ¢ OJIXCH cocraBuma 14%
(n = 15). I'pynnst ¢ Hammauem u 6e3 OINII Ob1IM cOmOCTaBUMBI 1O KITMHHKO-AEMOTpaUIeCKUM MOKA3aTeIIsIM,
KIMHIYECKOMY COCTOSTHHIO.

[Mamments! B rpynme OIIIl Ha MOMEHT rocnuTanu3anuy UMenu 6onee BeIcOKui ypoBeHb NT-proBNP, Gonee BbI-
pakeHHbIE HapyIIeHNs PYHKIIMOHAILHOTO COCTOSHUS MOUEK, KOTOPBIE COXPAHSITHCH B TeueHue | roga. B teuenue
NepHo/ia HaOIIOACHNS HE BBIBICHO PA3INIMil MO KIMHUYECKAM U 1a0OPaTOPHBIM JTAaHHBIM.

Hamuuue OIIII B nepuoa rocrimtanuzanuu y naipentoB ¢ OJIXCH 1ocToBepHO MOBBIIIAET PUCK BOZHUKHOBEHUS
KOMOWHHMPOBAHHBIX MOYCYHBIX U CEPACYHO-COCYIUCTHIX UCXOJOB B TeUeHHE | roja HaOmoaeHus (OTHOILICHUE
puckoB 7,6; 95%-it noBeputenbHbIi HHTEpBaAL: 2-29; p = 0,003).

3axmaouenne. Passurne OIII y marmentoB ¢ OJAIXCH sBiisieTcst mpeIMKTOpoM HeOIaronpHsTHOTO IIPOTHO3a B
OTHOIICHNH KOMOMHHUPOBAHHBIX MOYEUHBIX M CEPJICUHO-COCYIUCTBIX HCXO/I0B B TeUeHHe 1 roxa.

KuroueBrble ciioBa: ocTpas ACKOMIICHCalus cepzte'moﬁ HEAOCTATOYHOCTHU, OCTPOC MOBPEKACHUC ITOYEK, ITPOTHO3

KonpaukT unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX M MOTEHIMAIBHBIX KOH(OINKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJUKaNKeil HACTOSIIECH CTaThH.

HUctouHuk q)PlHchl/IpOBaHPlﬂ. ABTOpI:I 3asIBIISIIOT 00 OTCYTCTBUU (bI/IHaHCI/IpOBaHI/IH TpU MPOBEACHUUN UCCIIEN0-
BaHUA.

CooTBeTcTBHE MPUHIMINAM ITHKH. Bece mannenTs! noamucany MHGOPMUPOBAHHOE COTJIacHe Ha y4acTHE B HC-
cienoBannu. MccienoBanne o106peHo IokanbHbIM dTideckuM kKomureroM PYJIH nwm. Tatpuca JlymyMOBL.

Jns uutupoBanus: Kobanasa XK.J[., Konrapesa H.U., TonkaueBa B.B., Kapanetsiun JI.B. IIpornocriueckoe
3HAYEHUE OCTPOrO MOBPEXKIECHHS MOYEK Y MAMEHTOB, FOCIUTAIM3UPOBAHHBIX C OCTPON JIEKOMIICHCAIUENW XPO-
HUYCCKOW CEpJIeYHOU HEIOCTATOYHOCTU. bromtemens cubupckoti meouyunsl. 2025;24(2):52-58. https://doi.
org/10.20538/1682-0363-2025-2-52-58.
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INTRODUCTION

Acute kidney injury (AKI) is a sudden decline
in kidney function, which is a common problem
in people admitted to hospital. The incidence is
estimated between 7 and 18% amongst in-patients
with the incidence reaching 70% in intensive care
units [1], making AKI one of the most common
complications following hospital discharge. AKI is a
common concomitant syndrome in patients with heart
failure (HF), with an average incidence of 13—-20% [2,
3]. According to the meta-analysis, which included 37
studies, it was found that the overall incidence of AKI
in patients with HF is even higher and amounts to 33%
[4]. The high incidence of AKI in patients with HF
may be due to multiple reasons. First, patients with
HF are more likely to have reduced renal perfusion
due to systolic or diastolic dysfunction. Second,
a considerable number of patients may have had
underlying chronic HF, a condition associated with
chronic renal impairment [4].

A number of studies have shown that AKI is a robust
independent predictor of both in-hospital and one-year
mortality for HF patients [2, 5]. AKI is independently
associated with a higher risk of cardiovascular
complications and recurrent hospitalizations due to
ADCHEF after hospital discharge [6—8]. Thisrelationship
is also associated with a higher likelihood of chronic
kidney disease (CKD), expedited progression to end-
stage renal disease, and a decline in health-related
quality of life [3, 9]. Thus, early detection of patients
at risk of AKI is essential for improving outcomes [5].
However, most of these studies were conducted mainly
in patients with stable HF.

Thus, it is important to determine the prognostic
value of AKI in relation to combined renal and
cardiovascular outcomes during one year follow-up in
patients who were hospitalized for ADCHF.

MATERIALS AND METHODS

The study included 108 patients hospitalized with
ADCHF in Vinogradov Clinical Hospital in Moscow.
The study did not include patients with chronic kidney
disease (CKD) stage 5 receiving renal replacement
therapy, acute coronary syndrome, malignant
neoplasms receiving active antitumor treatment, and
mobility impairment with serious medical state, which
makes it impossible to discharge a patient.

The study was performed in accordance with the
standards of Good Clinical Practice and the principles
of the Helsinki Declaration. The research protocol was

approved by the local ethics committee. All patients
signed an informed consent prior to the examination
procedures.

All patients underwent a standard physical
examination and laboratory and instrumental
examinations. The clinical condition of the RSCS was
assessed, the serum creatinine level was determined
with the calculation of GFR according to the formula
CKD-EPI 2021, the level of natriuretic peptide
(NTproBNP), and the ratio of albumin to creatinine in
urine at admission and discharge.

AKI was diagnosed according to the KDIGO
criteria (Kidney Disease: Improving Global Outcomes)
when serum creatinine increased by 0.3 mg/dl (26.5
mcmol/l) for 2 days or by 50% for 7 days.

Renal and cardiovascular outcomes were assessed
during outpatient follow-up 3, 6, and 12 months
after discharge. The total mortality and repeated
hospitalizations for ADCHF were determined by the
combined cardiovascular outcome. Renal outcomes
included deterioration of renal function in the form of
a decrease in GFR > 15% of baseline and a decrease
in GFR < 30 ml/min/1.73 m? The clinical and
demographic characteristics of the patients who were
included in the study are presented in Table 1.

Table 1

Clinical and Demographic Characteristics of Patients
Included in the Study, » = 108

Parameter Value
Gender (male), 7 (%) 64 (60%)
Age, years M+SD 68+11
BMI, kg/m?, M+SD 30+£6
Left ventricular ejection fraction, %, M+SD 43 £12
Left ventricular ejection fraction <40%, n (%) 44 (41%)
Arterial hypertension, n (%) 99 (92%)
Obesity, n (%) 44 (41%)
Coronary heart disease, 7 (%) 55 (51%)
Atrial fibrillation or flutter, n (%) 64 (59%)
Chronic kidney disease before hospitalization, 7 (%) | 28 (26%)
Diabetes mellitus, 7 (%) 38 (35%)
Anemia, n (%) 20 (19%)
Chronic ol?structive pulmqnary disease or bronchial 16 (15%)
asthma (without exacerbation), n (%)

The statistical analysis was carried out using the
StatTech v. 3.1.8 software (developed by Stattech
LLC, Russia). Quantitative variables with a normal
distribution were described using arithmetic mean and
standard deviations M+SD. In case of an asymmetric
distribution, they were described using the median and
the interquartile range Me (Q1, Q3). Categorical data
were described as absolute values and percentages
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(n (%). In case of a normal distribution of data, the
statistical significance of the differences was assessed
using the Student’s #-test, and the Mann—Whitney
test was used for a distribution other than normal.
Pearson’s y2 test was used to compare groups by
frequency of qualitative variables. Differences were
considered statistically significant at p < 0.05.

When constructing Kaplan-Meier curves, the
frequency of reaching the combined endpoint was
estimated. Differences in reaching the primary
endpoint were assessed using the likelihood-ratio
test. To assess the prognostic significance of AKI
in relation to the onset of the combined endpoint,
univariate Cox regression analysis models were used,
the hazard ratio (HR) and 95% confidence interval
(CI) were calculated. Differences were considered
statistically significant at p < 0.05.

RESULTS

The incidence of AKI during hospitalization
in patients with ADCHF was 14% (n = 15). Then,
clinical, demographic, and laboratory parameters
were analyzed depending on the presence of AKI
(Table 2). The groups were comparable in terms of
the main clinical and demographic characteristics, as
well as clinical profile (RSCS). Patients from the AKI
group had higher serum creatinine and NT-proBNP
levels, as well as albumin/creatinuria.

Table 2

Clinical, Demographic and Laboratory Parameters of Patients
with ADCHF Depending on the Presence of AKI at Admission

End of table 2

Patients with Patients
Parameter AKI without AKI
(n=15) (n=93)
Anemia, n (%) 5(33.3) 15 (16.1)
Chronic obstructive pulmonary
disease or bronchial asthma 4(26.7) 12 (12.9)
(without exacerbation), n (%)
Laboratory parameters
.. 99.45 +
Creatinine, mcmol/l 186.73 £34.02 23 70*
. 29.00 [25.5; 63.00 [45.4;
- 2 s >
GFR-EPI, ml/min/1.73 m 33.5] 65.6]%**
Albumin/creatinine in urine, 49[3.5:128.5] | 17 [4: 64]*
mg/g
1,370.5 [996; 1,042 [288;
NT-proBNP, pg/ml 1.975] 1.675]*

*p <0.05, **¥p <0.01, ***p <0.001 when comparing groups.

The dynamics of laboratory parameters during
one-year follow-up is shown in Table 3. In the group
of patients who developed AKI during hospitalization,
significantly higher creatinine values were noted
after 3, 6, and 12 months, lower GFR values after 3
months, higher values of the albumin/creatinine ratio
in urine after 3 and 6 months of follow-up. There were
no significant differences in the clinical condition
assessed on the RSCS and the level of NT-proBNP
during follow-up. After 3 months of follow-up, 43.5%
(n = 47) of patients were diagnosed with CKD, while
17.5% (n = 19) of patients were diagnosed with de
novo CKD. After 6 and 12 months of follow-up, no
new cases of CKD were detected.

Patients with Patients Table 3
Parameter A}? w1tho:1t AKI Changes in Laboratory Parameters during
(=15 (n=93) One-Year Follow-Up, Me (Q,; Q,)
Clinical and demographic parameters . . s .
Gender (male), n (%) 11 (786) 53 (570) Parameter Patlel’ltS_VVllth AKI Patients vzlthout AKI
Age, years, M + SD 67.0+10.0 68.0+11.0 (n= :5). (n=93)
Left ventricular ejection fraction, 4024131 43.1412.1 Creatinine, memol/l
%, M + SD ’ : : : 3 months 121 [102; 132.5] 91 [77; 109]**
i iecti i 6 months 117 [89; 139 91,5 [77; 114.03]*

I;th 0/ventr})cular ejection fraction 6 (40.0) 38 (40.8) [ 4 1 [ . **]

0, 1 (%) 12 months 122 [94; 142] 94 [79; 166]

— - ;

RSCS score uRon admission, 6.5 [6: 8] 7.01[5: 9] GFR, ml/min/1.73 m
points, Me (Q,; O.) 3 months 59 [41; 71] 70 [54; 89]*
RSCS .score at discharge, points, 4011: 5] 40102: 5] 6 months 61 [38.5;76.5] 69 [52; 90]
Me (Q; Q) 12 months 52 [36.5; 70] 66 [48; 86]
Arterial hypertension, n (%) 15 (100) 84 (90.3) Albumin/creatinine in urine, mg/g
Obesity, n (%) 8(53.3) 36 (38.7) 3 months 38 [19; 118] 13 [4; 33]**
BMI, kg/m?, M + SD 33.2+7.3 30.0+6.1 6 months 26 [13; 87.5] 11 [4.25; 30]*
Coronary heart disease, n (%) 10 (66.7) 45 (48.4) 12 months 22 [4.5; 51.5] 12 [3; 31]
Atrial fibrillation or flutter, n (%) 6 (40.0) 58 (61.14) NT-proBNP, pg/ml
Chronic kidney disease before 2(133) 26 (28) 3 months 425 [85; 933.3] 601 [296.7; 942.2]
hospitalization, n (%) ) 6 months 1,067 [510; 1,486] 716 [349.8; 1,440.5]
Diabetes mellitus, 7 (%) 8(53.3) 30(32.3) 12 months 1,290 [781.8; 1,400] 1,133 [466.5; 2,400]
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End of table 3

Parameter Patients with AKI Patients without AKI
(n=15) (n=93)
RSCS score, points
3 months 2.5[2;4.75] 3.5[2;5]
6 months 2[2;3.75] 3[2;4]
12 months 2.5[1;4.25] 3[2;4]

*p <0.05, **p <0.01, ***p < 0.001 when comparing groups.

The incidence of adverse cardiovascular outcomes
for one-year follow-up was 38% (n = 41), including 5
deaths and 36 hospitalizations for ADCHF, and 30.5%

(n=33) had an unfavorable renal outcome in the form
of a decrease in GFR by more than 15% per year. At
the same time, 14% (n = 15) of patients had both renal
and cardiovascular outcomes.

To identify the main predictors of combined renal
and cardiovascular outcomes, Cox regression analysis
was performed during one-year follow-up. It revealed
that the development of AKI during hospitalization
was significantly associated with a higher probability
of developing combined renal and cardiovascular
outcomes during one-year follow-up (HR = 7.6; 95%
CI: 2-29; p = 0.003).

=~ Control

100 4 —— AKI
R0 1
=X
Eﬂ 60 |
: 1
3 [ — J[ ...........................
g .
B
20 —‘
0 T T T T T T T
0.00 50.00  100.00 150.00 200.00 250.00  300.00  350.00
Time before the outcome (combined renal and cardiovascular)
Control
Obsge‘;fé‘;:ds = 2 7 " o s e = Fig. Kaplan-Meier curves (renal and
Events 0 4 16 19 24 28 29 30 cardiovascular outcomes) depending on the
o t{*KI development of AKI during hospitalization
servations | § 15 9 ¥ 5 4 3 . . .
Censored () i 0 0 0 0 0 0 in patients with ADCHF, n = 108
Events 1] [} 6 7 111} 1} 12 12
DISCUSSION Venous hypertension leads to a decrease in perfusion,

AKI is characterized by a sudden decrease in renal
function, which is manifested by an increase in serum
creatinine or a decrease in the level of diuresis [10].
The presence of AKI is highly common among patients
admitted to the hospital for ADCHF. In a cohort of
30,529 patients with acute and chronic HF, the incidence
of AKI was 10.4% [2]. In this study, the incidence of
AKI in patients hospitalized for ADCHF was consistent
with literature data and amounted to 14%.

Congestive phenomena in ADCHF affect
pathophysiological regulation of kidney function.

an increase in interstitial pressure in the kidneys, a
decrease in the gradient of arterial and venous renal
pressure, a decrease in GFR, inadequate autoregulatory
reactions, and other neurohumoral imbalances. Higher
renal pressure weakens glomerular filtration, causes
tubular collapse and tubulointerstitial fibrosis [11].

A number of studies have shown that AKI is
associated with serious long-term problems in patients,
including the development or progression of CKD
[12, 13], renal failure, cardiovascular complications
[14, 15], and decreased survival [16].
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AKI is generally associated with the development
of CKD in the future [13], although the long-term
prognosis after AKI in HF requires clarification.
In the cohort of patients admitted with ADCHF,
deterioration of renal function was associated with
a significant increase in hospital mortality, more
frequent complications, and an increase in the duration
of hospitalization [17]. The transition of AKI to acute
kidney disease is associated with mortality within 1
year and the development of de novo CKD [18]. In this
study, de novo CKD was diagnosed in 18% (n = 19)
patients after 3 months of follow-up. The association
of acute kidney disease with short-term (90 days)
[19] and long-term (5 years) [20] adverse prognosis
(risk of mortality and adverse renal events) has been
demonstrated.

This study showed that the development of AKI
during hospitalization in patients with ADCHF was
associated with a higher probability of developing
combined renal and cardiovascular outcomes during
one-year follow-up (HR = 7.6; 95% CI = 2-29; p =
0.003), which is consistent with the literature data.
A meta-analysis of 11 studies showed that hospital
mortality is higher in patients with AKI than in
patients without AKI (HR = 3.65; 95% CI: 3.04-4.39,
p < 0.001). Mortality was assessed in five studies,
and it was found that the mortality rate remained
high during one-year follow-up after AKI (HR =
1.85; 95% CI: 1.54-2.22, p < 0.001) [4]. AKI was
associated with a higher mortality rate within 30
days after hospitalization for HF (HR = 5.3; 95% CI:
2.2-13.2) [21]. In patients with HF and normal initial
renal function admitted with acute renal failure who
developed AKI, increased hospital mortality was
observed: 4.9% vs. 1.6%, adjusted odds ratio (OR)
3.21; p<0.001 [3].

CONCLUSION

The development of AKI during hospitalization in
patients with ADCHF is a predictor of an unfavorable
prognosis for combined renal and cardiovascular
outcomes during one-year follow-up.
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ABSTRACT

Aim. To study the relationship of serum fT,, fT,; and TSH levels with cognitive impairment in patients with
schizophrenia.

Materials and methods. The study included 74 patients with schizophrenia. Socio-demographic and clinical
data were collected, the severity of psychopathological symptoms was assessed using PANSS, and cognitive
functions were evaluated using BACS. Serum levels of fT,, fT, and TSH in patients were determined using enzyme
immunoassay Kits.

Results. In the group of men with schizophrenia, a negative correlation was found between the concentration of
fT, and verbal fluency (= —0.325; p = 0.033), whereas in women, a positive correlation was found between the
concentration of T, and motor skills (», = 0.372; p = 0.039).

Conclusion. The study revealed a linear relationship between thyroid hormones and cognitive impairment in
patients with schizophrenia, but the nature of the relationship found differed in men and women. The results of the
study confirm the need for regular dynamic monitoring of thyroid hormone levels in patients with schizophrenia in
order to prevent the progression of cognitive impairment.
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CBA3b ropMOHOB runoTasamo-runopusapHoO-TUPEONJHON OCU
C KOTHUTUBHbIMU HapYLIEeHNAMM Yy 60/1bHbIX W30 peHnen

KopHertoBa E.l'., FTankun C.A., Jlo6aueBa O.A., TuryHues B.B., MegHoBa U.A., KopHeToB A.H.

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

PE3IOME

Ienb. M3yunts cBa3b nokasateneit TupeorponHoro ropmona (TTI) u ceoboanbix dpakmumii T,, T, B chiBopoTke
KPOBH C KOTHUTHBHBIMH HapyIICHUSIMH Y OOJIBHBIX IIH30(QpEeHUEH.

MatepuaJjibl M MeTobl. B ncceioBanue BKitoueHs! 74 nanueHra ¢ musodperneid. CoGpaHbl COLHANBHO-1EMO-
rpaduyecKue U KIMHUYECKHE JaHHBIC, IIPOBOJIHMIACH OLICHKA TSHKECTH MCHXOIATONIOINYECKON CHMIITOMATUHKH C
ucrnosnb3oBanreM PANSS, a Takke KOrHUTHBHBIX QyHKIMI ¢ momomisio BACS. Yposens cBo6oaHbIX Gpakmmii T,
T, u TTI B CEIBOPOTKE KPOBH y HALMEHTOB ONPECIIANH C IOMOIIBI0 HAGOPOB I KMMYHO(EPMEHTHOTO aHAIH3A.

Pesyabrarel. B rpynme MyX4uH OOJIbHBIX MINM30(PEHHEH BBISBICHA OTPHUIATENbHAS KOPPEISLUS MEKIY
konuenTpauei T, cB. n peueBoii 6ernocteio (7, = —0,325; p = 0,033), Torna kax y »eHIUH 0OHapyKeHa ITOJ0KH-
TeNbHAs KOPPENALUs MKy KoHuenTpauuei T, cB. u MOTOpHBIMK HaBblkamu (1, = 0,372; p = 0,039).

3aksoueHue. I/ICCHGHOBaHI/Ie IMoKasajio, 4TO CyHmeCTBYET JINHEWHasl CBS3b MEXAY rOpMOHaAMU ITUTOBUTHOM JKe-
JIE3bl U KOTHUTUBHBIMU HAPYIICHUSAMU Y MATUCHTOB C mmod)pemdef?{, OTHAKO XapaKTep BBISIBIICHHOM CBSI3M OTJIM-
HacTCA y MYXKYHH U )KCHIIUH. PesynLTaTm JaHHOI'O UCCJIENOBAHUS OATBEPKIAAOT H606XOI[I/IMOCTL PETYJIIAPHOTO
JUHAMUYECKOI'O MOHUTOPUHIA nokazatenen TTT u TUPCOUTHBIX TOPMOHOB Y NALIUEHTOB C quodopeHHeﬁ C LICJIBIO
peaoTBpallCHus MPOTrPECCUPOBAHNA KOTHUTUBHBIX Hapymel—mﬁ.

KonrodeBble cjioBa: mu30(peHust, THPEOUAHbIE TOPMOHBI, HEHPOKOTHUTHBHBIC HAPYLICHHs, peueBast OeriocTh,
MOTOpPHBIE HABBIKN.

KOHq)JIPlKT HHTEPECOB. ABTOpBI JCKIApUPYIOT OTCYTCTBUE SIBHBIX U MNOTCHIIUAJIBHBIX KOHq)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6HI/IKaHI/Ieﬁ HaCTOHH_Ief/’I CTaTbHU.

Hcrounuk punancuposanus. lccnenosanue npoBeieHO B paMKax BbIIOJHEHUS FOCYAapCTBEHHOI0 3a1aHus No
075-01392-23-00 «Ilepconanm3upoBaHHast AMArHOCTHKA U Teparusi 00IbHBIX MOIUMOPOUIHBIMH PACCTPOHCTBAMH
mM30()PEHHIECKOro U adPeKTHBHOTO CHEKTPA», PErUCTpaoHHbIi Homep 123041900006-4.

CooTBeTCTBHE NPUHIMIAM 3THKH. Bce MalMeHThl MOANMMCAIN HHGOPMHUPOBAHHOE COTJIACHE HA YYacTHE B
uccnenoBaHuy. MccienoBanue 0J00pEHO JIOKAIbHBIM ATHYECKMM KoMuTeToM W HUM mCHXH4eckoro 310pOBbs
Tomckxoro HUMII (mportokon Ne 157 ot 18.11.2022).

Jas nuruposanusi: Kopuerosa E.I'., I'ankun C.A., JlobaueBa O.A., Turynues B.B., Mennosa U.A., Kopne-
ToB A.H. CBsI3b FOPMOHOB TUIIOTAIAMO-THITO(PHU3APHO-TUPEOUTHONU OCH C KOTHUTHBHBIMU HAPYIICHUSIMHU Y OOJTb-
HBIX m30hpeHuc. bromtemens cubupckoi meduyunsl. 2025;24(2):59-65. https://doi.org/10.20538/1682-0363-
2025-2-59-65.

The Relationship of Hormones of the Hypothalamic — Pituitary — Thyroid Axis

INTRODUCTION

Schizophrenia is a mental disorder characterized
by the presence of positive and negative symptoms
and cognitive impairment, a chronic course, and a
functional decline resulting in reduced quality of
life and disability [1, 2]. Studies show that cognitive
impairment manifests before the onset ofthe illness and
is present in approximately 75-84% of patients with
schizophrenia [3, 4]. The etiology and pathogenesis
of neurocognitive deficits in schizophrenia are not
fully understood, but some studies have shown that

neuroendocrine disorders may be associated with
cognitive symptoms [4-6].

The thyroid hormones thyroxine (T4) and
triitodothyronine (T3) play an important role in brain
differentiation and growth and, consequently, in
cognitive function. In addition, thyroid hormones
maintain normal glucose metabolism, which is essential
for brain function [7]. A number of researchers have
shown that people with hypothyroidism have troubles
in many cognitive functions, such as attention,
memory, language, visual perception, and executive
functions [8, 9]. Additionally, there are studies
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confirming that patients with even mild or subclinical
hypothyroidism have reversible cognitive impairment
[8, 10]. Moreover, people with thyrotoxicosis have
been found to have impaired concentration and
executive function [11]. Both increased and decreased
thyroid-stimulating hormone (TSH) levels are
associated with cognitive impairment [12].

Neurohormonal imbalance plays an essential role
in the pathogenesis of many mental disorders. Several
previous studies in patients with schizophrenia have
reported abnormalities in the hypothalamic—pitui-
tary—thyroid axis in the form of decreased T, and T, and
increased thyroid autoantibody production [13, 14].
Relatively recent studies show that in female patients
with schizophrenia, free T, (T, )and T, (T, ) levels
are decreased, and TSH levels are elevated [14]. Few
studies have also investigated the relationship between
thyroid hormones and cognitive processes in different
groups of diseases due to the critical role of thyroid
dysfunction in neurodegeneration and development
of the nervous system [15, 16]. For example, Kapaki
et al. [16] found that the direct effect of thyroxine on
cholinergic neurons increases the risk of developing
Alzheimer’s disease. In a study of patients with early
psychosis, higherlevelsof T, _(butnot TSH or thyroid
autoantibodies) were associated with better cognitive
performance, such as attention and thinking [15,
17]. Another study of 93 patients with schizophrenia
found that T, . levels were associated with better
performance on the Mini-Mental State Examination
(MMSE), but not with positive, negative, or general
psychopathological symptoms [18].

The aim of the study was to investigate the
association of serum fT,, fT,, and TSH levels with
cognitive impairment in patients with schizophrenia.

MATERIALS AND METHODS

The study was conducted according to the protocol
approved by the local Ethics Committee at Mental
Health Research Institute of Tomsk NRMC (Minutes
No.157 dated November 18, 2022). The study
included 74 patients with an established diagnosis of
schizophrenia receiving treatment at Mental Health
Research Institute clinics. Inclusion criteria: age 18-55
years, verified diagnosis of schizophrenia according
to ICD-10 criteria, patient’s consent to participate
in the study. Non-inclusion criteria: dependence on
psychoactive substances other than tobacco, mental
retardation, or dementia, neurologic history (brain
injury, stroke). After obtaining patients consent,
socio-demographic and clinical data were collected,

the severity of psychopathological symptoms was
assessed using the Positive and Negative Syndrome
Scale (PANSS) [19], and cognitive functions were
assessed by the Brief Assessment of Cognition in
Schizophrenia (BACS) using normative indicators
calculated for the Tomsk population [20]. Data
collection and psychometric assessment of patients’
condition were performed by psychiatrists.

Blood samples to determine the hypothalamic—
pituitary—thyroid axis hormone levels were collected
in the morning on an empty stomach from the ulnar
vein into vacuum Vascette tubes. Blood serum
was obtained by centrifugation at 2,000 rpm for 30
minutes. Concentrations of TSH, T, free and T, in
patients’ serum were determined by the solid-phase
enzyme-linked immunosorbent assay using reagent
kits from Vector-Best JSC (Novosibirsk, Russia).

Statistical analysis was performed using Statistica
software, version 12.0 for Windows (StatSoft, Inc.).
Descriptive statistics were presented as the median and
the interquartile range Me [Q,. 0,], and the normality
of variable distribution was assessed using the
Shapiro—Wilk test. The Mann—Whitney U test and the
factorial ANOVA were used to compare independent
samples. The correlation analysis with the Spearman’s
rank correlation coefficient (r) was used to determine
the linear relationship between the variables. Multiple
linear regression was used to assess the effect of
variables on cognitive function scores. The critical
significance level p was 0.05.

RESULTS

The study included 74 patients with schizophrenia:
31 women and 43 men. The mean age of the patients
was 34 [26; 43] years. Twenty-five (33.8%) patients
had higher education, 8 (10.8%) — incomplete higher
education, 28 (37.8%) — vocational secondary
education, and 13 (17.6%) — secondary education. The
duration of the disease was 9 [5; 21] years, and the age
of onset was 22 [19; 27] years. The PANSS total score
was 96 [88; 105], the positive symptom subscale
score — 18 [16; 23], the negative symptom subscale
score —24[22; 28], and the general psychopathological
symptom subscale score — 51 [46; 56].

All patients included in the study received baseline
antipsychotic therapy with atypical antipsychotics
(risperidone, quetiapine, olanzapine, clozapine) —
58 (78.4%) people and conventional antipsychotics
(haloperidol, chlorprothixene, trifluoperazine) —
16 (21.6%) individuals in therapeutic doses approved
by the Ministry of Health of the Russian Federation.
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The median total antipsychotic exposure (expressed
as chlorpromazine equivalent (CPZeq)) was 360 [199;
500] mg/day, and the duration of baseline therapy was
8 [3; 20] years.

Serum T,  and T, concentrations in patients
were 5.51 [4.75; 6.65] pmol/l and 17.05 [14.67;
18.9] pmol/l, respectively, and TSH level was 2.15
[1.38;3.16] mIUL T, , T, free and TSH concentrations
were comparable in men and women (p > 0.05), whereas
men and women were also comparable in age and
clinical, therapeutic, and neuropsychological parameters
(p>0.05). A negative correlation was found between the
PANSS positive symptom score and T, . (r, = —0.335;
p = 0.005) and T4 _ (r, = —0.444; p < 0.001). A
correlation was also revealed between the PANSS total
score and the TSH concentration (= 0.245; p = 0.045).

Scores on the verbal and working memory subscales
were 37 [32; 43] and 18 [16; 21], respectively. The
scores on the motor skill, verbal fluency, attention,
and executive function subscales were 54 [44; 64], 39
[32; 49], 41 [34; 47], and 17 [15; 19], respectively.
Based on the BACS [20] conducted earlier, a
significant decrease in performance was observed for

all subtests (p <0.001) in the studied group of patients
with schizophrenia. Gender had a significant effect
on all cognitive domains examined (F (6.67) = 3.237;
p = 0.007). In addition, a statistically significant
relationship was found in men between working
memory and PANSS positive symptom scores
(r, = —0.326; p = 0.048), and between verbal fluency
and PANSS negative symptom scores (r, = —0.547;
p <0.001). In women, however, the only association
found was between the duration of baseline therapy
and motor skills (» = 0.434; p = 0.023).

We did not find statistically significant correlations
between cognitive tests and the functioning of the
hypothalamic—pituitary—thyroid axis in the total
sample of patients with schizophrenia (p > 0.05).
However, taking into account the patients gender,
we obtained significant relationships: in the group of
male patients with schizophrenia, we found a negative
correlation between T, . concentration and verbal
fluency (r =-0.325; p = 0.033), while in the group of
females, we found a positive correlation between T, .
concentration and motor skills (», = 0.372; p = 0.039)
(Table 1).

Table 1
Correlations between TSH, Thyroid Hormones, and Cognitive Function in Patients with Schizophrenia, R
Parameter | I | 11 | 111 | v v VI
Total sample of patients with schizophrenia, n = 74

TSH r -0.033 —-0.032 0.029 —0.138 0.027 0.026
p 0.777 0.788 0.808 0.242 0.817 0.826

T r —0.036 —0.024 —0.013 —0.228 —0.167 0.064
3 fiee )4 0.763 0.841 0.911 0.051 0.156 0.589
r. 0.035 0.148 0.148 —0.004 0.009 0.099

4 free P 0.764 0.209 0.209 0.974 0.936 0.401

Men with schizophrenia, n = 43

TSH r —0.122 0.143 —0.084 —0.199 0.062 —0.127
)4 0.434 0.360 0.592 0.200 0.692 0.419

r —0.075 —0.108 —0.158 —-0.325% —0.266 0.029

3 free p 0.633 0.492 0.310 0.033* 0.085 0.852
r -0.080 0.219 —0.046 —0.126 —0.117 0.044

4 free )4 0.609 0.158 0.772 0.420 0.456 0.781

‘Women with schizophrenia, n = 31

TSH r 0.148 —-0.254 0.143 —0.034 —0.028 0.152
p 0.426 0.168 0.442 0.854 0.883 0.413
T r 0.058 0.134 0.124 0.018 0.011 —0.058
3 free )4 0.755 0.472 0.505 0.921 0.954 0.757
r. 0.147 0.040 0.372% 0.150 0.210 0.194

Toiee )4 0.429 0.830 0.039* 0.421 0.258 0.295

Note: I — memorization of a list of words, II — a sequence of numbers, I1I —a motor test with chips, IV — verbal fluency, V — “Cipher”, VI - “Tower

of London”. * — statistically significant differences.

Based on the correlation analysis data, in order to
determine the influence of clinical and biochemical
parameters on cognitive function in male and female

patients with schizophrenia, a series of separate
regressions were additionally conducted, where the
following were used as independent variables: scores
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on the PANSS positive (1) and negative (2) symptom
subscales,and T, concentration (3) for men; duration
of baseline therapy (1) and T, . = concentration (2)
for women. In the male group, the predictive model
for the verbal fluency parameter was statistically
significant (F (3.33) = 4.714; p = 0.007). The R’
value was 0.301, indicating that scores on the PANSS
positive and negative symptom subscales and serum
T, ... concentration explained approximately 30% of
the variability in verbal fluency in male patients with
schizophrenia. Statistically significant predictors were
the scores on the PANSS negative symptom subscale
(t=-2.515;p=0.016) and the T, . _concentration (¢ =
—2.985; p=0.011) (Table 2).

Table 2
Coefficients of the Multiple Linear Regression Model

for the Relationship of Verbal Fluency with Clinical
and Biochemical Parameters in Men with Schizophrenia

Parameter Coeffi- Standard | Signifi- Signifi-
cient B Error cance () | cance (p)

Constant 75.997 12.539 6.061 0.001
PANSS _ (score) -0.104 0.428 —-0.243 0.808
PANSS_ (score) —-1.118 0.444 -2.515 0.016
T, ..(omol /1) —1.348 0.369 —2.985 0.011
R=0.547;

R’=0.301

Note: PANSS - scores on the positive symptom subscale, PANSS
— scores on the negative symptom subscale.

In the female group, the model for predicting
the motor skill scores was statistically significant
(F(2.34)=3.545; p=0.039). R’ was 0.272, indicating
that the duration of therapy and the concentration of T,
e in the blood serum explain approximately 27% of the
variability in the motor skill scores in female patients
with schizophrenia. Both predictors were statistically
significant: the duration of baseline therapy (¢ =2.038;
p = 0.049) and the T, . concentration (¢ = 2.816;

p=0.032) (Table 3).
Table 3
Coefficients of the Multiple Linear Regression Model for the

Relationship of Motor Skills with Clinical and Biochemical
Parameters in Women with Schizophrenia

Parameter Coeffi- | Standard | Signifi- Signifi-
cient B Error cance (f) | cance (p)

Constant 24.281 11.038 2.199 0.034
Duration of therapy | 534 | 0262 | 2038 | 0.049
(years)

T,...(pmol /1) 1.164 0.641 2.816 0.032
R=0.415;

R’=0.272

DISCUSSION

The present study investigated the relationship
between indices of cognitive function and hormones
of the hypothalamic—pituitary—thyroid axis, as well as
some clinical and dynamic parameters in patients with
schizophrenia. The results of the study revealed a linear
relationship between thyroid hormones and cognitive
functions, but the direction of this relationship differed
between male and female patients.. In males, high
levels of T, . in the blood serum were associated with
lower indices of verbal fluency, whereas in females,
the concentration of T, .~ correlated directly with
motor skill scores. The study also found that factors
influencing cognitive function differed between males
and females with schizophrenia. In the resulting
regression model, the significant predictors of verbal
fluency in males were the T, . concentration and
the severity of negative symptoms. In females, the
predictors of the motor skill score were the duration of
baseline therapy and the T, . concentration.

Thyroid hormone levels are known to be important
for cognitive abilities, including motor function
and language. Studies investigating the relationship
between thyroid hormone levels and cognition in
patients with mental disorders are limited. One study
of patients with psychosis found that changes in T,
e Within the normal range (reference values) had
a significant effect primarily on the attention [15].
Another study in patients with schizophrenia showed
that higher T, . levels were associated with higher
MMSE scores [18]. The same study emphasized
that T, replacement therapy could improve cognitive
function in patients with schizophrenia. However, in
our study, inverse relationships were found for T, .
only in males, suggesting that T, . levels are more
strongly associated with cognitive symptoms in males
with schizophrenia than T, . concentrations.

Some studies have shown that changes in T, .
in patients with psychosis affect some cognitive
functions [15, 17]. Increased T,  levels in patients
with psychosis are associated with improved attention,
but no such relationship was found in the healthy
control group [15]. In our study, we found a linear
relationship between T, . levels and motor function
scores only in females, suggesting that T, . levels
play a more important role in cognitive function in
patients with schizophrenia than T, .

We also found significant relationships between
thyroid hormone levels and positive symptoms on
the PANSS, although some authors have previously
reported no such relationships [5, 18]. The study
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it confirms the effect of thyroid hormones not only
on cognitive functions, but also on the severity of
psychopathological symptoms of schizophrenia.

However, our study study has some limitations.
Although the study wused a comprehensive
neurocognitive test battery, the number of patients
was relatively small, which could have a negative
effect on statistical significance. Moreover, due to the
cross-sectional nature of the study, it was impossible
to establish a causal relationship between the changes
found. In addition, we studied a group of chronic
patients with schizophrenia who were receiving long-
term antipsychotic therapy, and we cannot exclude the
influence of therapy on our results, nor can we be sure
that patients adhered to the treatment regimen in the
long term.

CONCLUSION

The study showed that there is a linear relationship
between thyroid hormones and cognitive impairment
in patients with schizophrenia, however, the nature of
the relationship identified differs between male and
female patients.. The results of this study confirm the
need for regular dynamic monitoring of TSH and free
thyroid hormone levels in patients with schizophrenia
to prevent progression of cognitive impairment. Further
studies with larger numbers of patients are needed to
better understand the relationship between thyroid
dysfunction and cognitive symptoms and to consider the
possibility of including hormone replacement therapy in
the treatment strategy for patients with schizophrenia.
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ABSTRACT

Aim. To assess the anti-inflammatory and gastroprotective effects of ethowurtzine compared to the reference
drug diclofenac in a rat model of chronic inflammation; to evaluate the influence of ethowurtzine on nitric oxide
production as a possible mechanism of its anti-inflammatory effects.

Materials and methods. The object of the study was a new patented ethowurtzine from the class of hexaazaizow-
urtzitane derivatives with an acceptable safety profile.

The gastroprotective and anti-inflammatory effects of ethowurtzine compared to diclofenac were studied in a
model of chronic inflammation using 69 female SD rats. The compound (12.5-100 mg / kg) and a non-selective
COX inhibitor diclofenac (5 mg / kg) were administered intragastrically for 7 days, 1 hour before subcutaneous
implantation of a cotton swab. On day 8, the proliferative response (%), the exudative response (%), and the
ulcerogenic effect of the compounds were assessed.

Nitric oxide (NO) synthesis by macrophages obtained from peritoneal cavity of 25 C57Bl/6 mice (in vitro
inflammation model) was evaluated by the concentration of nitrites in the cell supernatant after incubating
cells in the presence of ethowurtzine and / or lipopolysaccharide (LPS) for 48 hours. The classical MTT test
(3-[4,5-dimethylthiazol-2-yl1]-2,5-diphenyltetrazolium bromide (MTT, Sigma, USA)) was used to assess the effects
of ethowurtzine on macrophage proliferation.

Results. A comparative study of ethowurtzine and diclofenac in a rat model of chronic inflammation revealed the
predominant anti-exudative effect of the new substance and a suppressive effect on granulation tissue proliferation
comparable to that of NSAID.

The macroscopic examination of the gastric mucosa in rats receiving ethowurtzine did not reveal any ulcer
damage. On the contrary, in 30% of the rats receiving diclofenac, the severity score of ulcer was 2. In the in
vitro inflammation model, the addition of LPS to the macrophage culture resulted in a significant increase in
NO synthesis. The introduction of ethowurtzine at different concentrations together with LPS dose-dependently
reduced the NO production. A statistically significant decrease in the NO synthesis was noted at high doses of the
test substance compared to the group of isolated LPS use. However, the introduction of ethowurtzine at different
concentrations together with LPS did not cause statistically significant changes in the proliferation of macrophages
compared to the group with the isolated LPS use.

Conclusion. The newly synthesized ethowurtzine had a pronounced anti-inflammatory effect and caused a significant
decrease in granulomatous infiltration and exudative edema in the chronic inflammation model. Suppression of the
NO synthesis is one of the possible mechanisms in the anti-inflammatory effect of ethowurtzine. The obtained
data allow to suggest possible administration of the new patented analgetic ethowurtzine in chronic pain treatment
associated with inflammation.

Keywords: hexaazaisowurtzitane, ethowurtzine, inflammation, gastric toxicity, nitric oxide
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PE3IOME

].Ie.]'l])! H3YYCHUE TIPOTUBOBOCIAIUTEIIBHOTO W TaCTPONMPOTEKTUBHOI'O JIEUCTBUS 9TOBIOPIIMHA B CPABHCHUU C
,HI/IKJIOCI)eHaKOM Ha MOJEJIA XPOHUYCCKOT'0 BOCAJICHUA; NCCIICTOBAHUE €TI0 BJIUAHUA Ha MPOAYKIIUIO OKCHU A a30Ta.

Matepuajbl 1 MeTobl. OOBEKT HCCIIEI0BaHNs — BIICPBbIC CHHTE3MPOBAHHBII STOBIOPLIMH M3 KJlacca reKcaasau-
30BIOPLUTAHOB C IPUEMJIEMBIM NTPOdHIeM 6€30IaCHOCTH.

lacTpo3amuTHOE M TPOTUBOBOCIIANNTENBHOE ACHCTBHE STOBIOPIIMHA B CPABHEHUH C TUKJIO()EHAKOM HCCIEI0BAIN
Ha MOJIEJIM XPOHHYECKOTro BocnajeHus y 69 camok kpsic ctoka SD. Bemectso (12,5-100 Mr/kr) u HecTepoua-
Hoe npotuBoBocnaiutensHoe cpeactBo (HIIBC) (5 Mr/kr) BBOAWIN per os B TeueHHe 7 CyT, HaUMHAs 3a 1 9 10
MOJIKOKHOW MMITTAHTALMH BaTHOTO TamrioHa. Ha 8-if cyT skcnepuMenTa oneHHBaiu nponudepatusHyto (%) u
9KCCYIaTUBHYIO peakiuio (%), yIbLeporeHHOe JeiCTBUE BEIIECTB.

Ha moznenm Bocmanenus in vitro npoxykiuio okcuza asora (NO) makpodaramu (M), momydeHHyIo U3 mepu-
TOHHANBHOH monoctu 25 mbrmel muann C57Bl/6, omeHmBanym 10 KOHIEHTPAIMM HUTPUTOB B CyIIepHATaHTE
KJIETOK TTocie 48-9acoBOTO KyJIbTHBHPOBAHHS B NMPUCYTCTBHU PA3IMIHBIX KOHIIGHTPAILWH 3TOBIOPIMHA U (WIIH)
mmnonucaxapuaa (JIIIC). Bimsane sToBroprmHa Ha mponudepanuio Makpodaros ompenemsi B tecte MTT
(3-[4,5-dimethylthiazol-2-yl1]-2,5-diphenyltetrazolium bromide (MTT, Sigma, CIIIA)) B mu3ate MO.

Pe3yabTaThl. CpaBHUTENBHOE HCCIEA0BAHNE STOBIOPLIUHA U TUKIO(EHAKA HA MOAEIH XPOHHUECKOTO BOCTIATIEHHS
Y KPBIC BBISIBHJIO MPEUMYLIECTBEHHOE aHTHIKCCYIATUBHOE JelcTBHE BeulecTBa mpu cpasHumoM ¢ HIIBC moxa-
BIIAIOIIEM BIUSIHUM HA TPONU(EPAINIO TPAaHy IIIUOHHON TKaHM.

B cnusucToit 06010UKe CTEHKHU KeTyAKa Y KPbIC, MOTYYaBIINX STOBIOPIIMH, HE 00HAPYKEHO SI3BEHHBIX IECTPYK-
muit. Hampotus, y 30% >KHBOTHBIX, MOJYYaBIIMX TUKIOPEHAK, TSKECTh YIIBIECPOTCHHOTO TTOBPEKICHUS COCTa-
Buta 2 Gamna. Ha Mojienu BociasieHus in vitro BHECEHHE STOBIOPIMHA B PA3IMYHBIX KOHIICHTPAIUAX COBMECTHO
¢ JITIC cHmxaso BeIpabOTKY OKCHIA a30Ta, a MPH KCIIOIb30BAHHH BBICOKUX 103 BEIIECTBA HAOIIOIAIOCH CTATH-
CTUYECKH 3HAaUMMOe yMeHbleHue npoaykuuu NO 1o cpaBHeHUIo ¢ rpynnoi npumenenus JINC. Opnako nucnosb-
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30BaHKe dToBIOpIMHA coBMecTHO ¢ JITIC He 0Ka3bIBaslo CTATHCTHYECKH 3HAYMMOTO BIHMSHHS Ha TPONU(EpaIHio
Makpo(aroB 0THOCHTEIbHO Tpymibl mpumeHenus JIIIC.

3akiaouenue. CpaBHUTEIHLHOE UCCIIEIOBAHUE POTUBOBOCIIANIUTEIBHOTO JCHCTBUS BIIEPBbIE CHHTE3UPOBAHHOTO
STOBIOPLMHA HA MOJIEJIM XPOHUYECKOTI0 BOCHAJIEHUS Y KPBIC BBISIBUIO €ro MPEUMYILECTBEHHYIO aKTUBHOCTh OT-
HOCHUTEIBHO TUKIIO(EHAKA U OTCYTCTBUE FACTPOTOKCHYHOCTH. [TomydeHHbIC pe3ybTaThl CBUICTEILCTBYET 00 €ro
aJbTEPHATUBHOM MEXaHH3ME IPOTHBOBOCIAIUTEIBHOTO JACHCTBHUS, HE CBA3aHHOM C MHTUOMPOBAHHUEM IIUKJIOOK-
cureHasbl. [loaBieHne BpIpaOOTKH OKCHJIA a30Ta MOXKET OBITh OJIHUM U3 MEXaHU3MOB €TI0 MPOTHBOBOCIAINTEITb-
HOT'O JICHCTBHUSI.

KiroueBrble ciioBa: reéxkcaa3zau3oBHOpLHUTAaH, STOBIOPIUH, BOCHAJICHUE, TACTPOTOKCUYHOCTDH, OKCUI a30Ta

KondaukTt nHTepecoB. ABTOPHI AKIAPUPYIOT OTCYTCTBHE SBHBIX U MOTEHIMAIBHBIX HHTEPECOB, CBSI3AHHBIX C
myOIMKaMel HaCTOSIIEH CTaThH.

Hcrounuk ¢uuancupoBanmsi. PaGoTa BBINONHEHA B paMKax pealu3allddl TEeMbl TOCYIapCTBEHHOIO 3aaHHs
(122020200058-6) «Ilouck, paspadboTka 1 U3y4eHUE MEXaHU3MOB JACHCTBUS CUHTETHYECKUX U IIPUPOAHBIX OHOJIO-
I'MYECKH aKTHBHBIX CyOCTaHIMH, TOJyYEHHBIX, B TOM YUCJIe, HA OCHOBE OMOTEXHOJIOT UL, IS (hapMaKOIOTHIECKOM
KOPPEKINH PA3INYHBIX ATOJOTMYECKUX HPOIECCOBY.

CootBercTBHe mnpuHOHNAM JTHKH. lVccrenoBanue ono00peHo kommccuedt mo ©Oumostuke HUMOuPM
nm. EJI. Fonpi6epra (mpotokon JACUC Ne 19212021 ot 21.12.2021).

Jast uuruposanus: KpoutoBa C.I'., Kucenesa E.A., Kynaruna [I.A., Epemuna B.B., lllepcro6oes E.1O., Jlura-
yeBa A.A., Peibankuna O.10., 3yesa E.I1., Ceicomsarun C.B., XXnanos B.B. I[IporuBoBocnanuTenbHblii 3GHeKT
U BO3MOYKHBIF MEXaHHM3M JICUCTBHS aHAJbICTHKA TOBIOPIMHA M3 KJIacca T'eKCaa3an30BIOPIUTAHOB. broiemens

Anti-Inflammatory Effect and a Possible Mechanism of Action of Ethowurtzine

cubupcroi meouyunst. 2025;24(2):66—73. https://doi.org/10.20538/1682-0363-2025-2-66-73.

INTRODUCTION

Inflammation is a universal pathological process
that underlies many nosologies, varies in clinical
manifestations, and is one of the central problems in
the treatment of pain syndromes of various etiologies
[1-4]. The modern concept of analgesic therapy
involves an integrated approach with the use of drugs
and treatment methods and affects different chains of
the pain pathogenesis [1-6]. The use of nonsteroidal
anti-inflammatory drugs (NSAIDs) as first-line therapy
is associated with a big role of inflammation in the
development of pain responses [1, 3, 6]. According
to the literature, hundreds of substances containing
steroidal and non-steroidal anti-inflammatory agents
have been synthesized worldwide over more than 140
years to control the inflammatory process [3—6].

Despitethe factthatdrugs fromotherpharmaceutical
groups, in particular some psychotropic, neurotropic
drugs, antihistamines, alpha- and beta-receptor
agonists, and others, somewhat resemble NSAID
action [4, 5], NSAIDs still remain the main drugs
for suppressing inflammation, pain, and fever [1, 6].
Nonetheless, the risk of developing dangerous adverse
effects, primarily in the gastrointestinal tract [2] and
the cardiovascular system (gastroduodenopathy,
nephro- hepato-, and hematotoxicity, cardiovascular

diseases, etc.) significantly limits the use of NSAIDs
even with high therapeutic efficacy [1-3]. Searching
for and designing new analgesics with different action
mechanisms and combined anti-inflammatory and
analgesic effects, which can become a safe alternative
to NSAIDs, remain urgent.

The development of a prototype of the efficacious
non-toxic analgesic thiowurtzine (120 mg capsules)
based on a first-in-class molecule from the
hexaazaisowurtzitane class has marked the beginning
of a priority national research area — modeling
pharmacologically active candidate molecules
from a pharmacophore — a high-energy compound
2,4,6,8,10,12 hexaazatetracyclo[5,5,0,0*!1,0°9]
dodecane (hexaazaizowurtzitane) [7, 8]. Within this
research area, the compound 4,10-di(ethoxyacetyl)-
2,6,8,12-tetraacetyl-2,4,6,8,10,12-hexaazatetracyc
10[5,5,0,0*>!1,0>°] dodecane (ethowurtzine) from the
class of hexaazaizowurtzitanes was first synthesized
at the Institute for Problems of Chemical and
Energetic Technologies [9]. The analgesic effect of
the substance is comparable and superior in some
parameters to the activity of the reference agent
tramadol in models of the somatogenic pain of
various origin [8, 9]. The statistically significant anti-
exudative activity of ethowurtzine was revealed to be
comparable to that of diclofenac only in carrageenan-
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induced edema when evaluating the anti-inflammatory
effect of ethowurtzine in models of carrageenan- and
histamine-induced inflammation [9, 10]. In a model
of chronic inflammation, the substance is not inferior
to the selective cyclooxygenase (COX) inhibitor
meloxicam in terms of the studied parameters of
anti-inflammatory action, while demonstrating no
ulcerative damage to the gastrointestinal mucosa
secondary to the death of animals in the NSAID group
due to severe gastrotoxicity [10]. It is advisable to
examine experimentally the anti-inflammatory and
ulcerogenic effects of ethowurtzine compared to the
non-selective COX inhibitor diclofenac and a possible
mechanism of the specific activity of the substance.

The aim of this study was to assess the anti-
inflammatory and gastroprotective effects of
ethowurtzine compared to the reference drug
diclofenac in a rat model of chronic inflammation, as
well as to evaluate the influence of ethowurtzine on
nitric oxide production as a possible mechanism of its
anti-inflammatory effects.

MATERIALS AND METHODS

The experiments were carried out on 69 mature
female SD rats of the first category (172—176 g), which
were obtained from the Department of Experimental
Biomodeling of Goldberg Research Institute of
Pharmacology and Regenerative Medicine of Tomsk
NRMC. Animal housing and the experimental design
were approved by the Bioethics Committee of Goldberg
Research Institute of Pharmacology and Regenerative
Medicine of Tomsk NRMC (IACUC Minutes No.
19212021) and complied with Directive 2010/63/EU
of the European Parliament and the European Union
Council and GOST R no. 33044-2014 “Guidelines for
Good Laboratory Practice” dated August 01, 2015.

The experimental design, sample size, experimental
protocol, and choice of statistical analysis methods
were determined optimally for this type of study and
allowed for the acquisition of reliable data for result
interpretation. The animals were divided into groups
randomly using body weight (£10%) as a criterion.
The animals were euthanized in a CO, chamber.

Thesubstrateforthestudywas4,10-di(ethoxyacetyl)-
2,6,8,12-tetraacetyl-2,4,6,8,10,12-hexaazatetracy
clo[5,5,0,0*!,0>]dodecane  (hereinafter  referred
to as "the ethowurtzine") from a new class of
hexaazaizowurtzitanes, with an acceptable safety
profile (LD,,> 2,000 mg/kg with no animal lethality).
This molecule is a colorless crystalline product with
an assay of 99.6% (as per the HPLC method) and a

melting point of 230.5-231.5 °C. The ethowurtzine is
water-insoluble.

Ethowurtzine was administered per os through
an atraumatic probe in the dose range of 12.5—
100 mg/kg [11]. The reference drug diclofenac (Ozon
LLC, Russia) was administered per os at a dose of
5 mg/kg, equivalent to the average daily dose for
humans; purified ampoule water was used as the
solvent [5]. Purified water was used as the solvent
for the ethowurtzine, with an addition of 20 pl Twin-
80 (Polysorbate LAUROPAN T/80, Italy) per 1 mL
water. The substances were administered at 0.7 mL
solvent / 200 g rat body mass. The animals in the
control group had a water — Twin-80 solution received
in a similar fashion.

Chronic inflammation [11] was modeled in
female SD rats. A sterile cotton swab (13 mg) was
implanted under the spinal skin using a needle (A1-20
x 40-117125). The ethowurtzine and diclofenac were
administered intragastrically an hour before placing
the cotton swab for 7 days. On day 8, the rats were
euthanized. The cotton swabs with granulation tissue
around them were excised, weighed on an Adventurer
electronic balance (USA), and dried in a thermostat
at 60 °C to the constant weight. The proliferative
response (%) was evaluated by the difference between
the mass of the dry granuloma tissue and the initial
mass of the cotton swab. The exudative response (%)
was evaluated by the difference between the wet and
dry weights of the granuloma tissue (exudate).

ULCEROGENIC EFFECT OF ETHOWURTZINE

The ulcerogenic effect of the ethowurtzinewas
examined upon completion of the chronic
inflammation modeling in female SD rats by the
standard method [11]. At day 8, during autopsy, the
rat stomachs were excised using tweezers and sharp-
ended scissors, dissected along the lesser curvature,
rinsed with cold normal saline to remove the contents,
spread flat on a white substrate, and examined
macroscopically using a special backlighting lens to
assess the ulcerogenic effect by a 4-grade scale: 0 —
no damage, 0.5 — hyperemia, 1 —single minor damage
(1 or 2 hemorrhages), 2 — multiple hemorrhages
(erosions, single hemorrhages); 3 — significant and
multiple damage (erosions, single hemorrhages), 4 —
extensive damage encompassing the whole mucosa
(massive hemorrhages, erosions, and perforations).
The average number of ulcerations per animal in the
group and the percentage of animals with ulcers were
estimated. The criterion for the ulcerogenic effect
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was considered to be manifestations corresponding
to grade 2 and higher.

In an in vitro inflammation model, the nitric oxide
(NO) production by macrophages isolated from
the peritoneal cavity of 25 intact C57Bl/6 mice was
evaluated by the concentration of nitrites in the cell
supernatant following 48-h cell incubation in the
presence of various concentrations of the ethowurtzine
and/or lipopolysaccharide (LPS) by adding the
Grace’s insect medium (Sigma-Aldrich, USA)ina 1:1
ratio and measuring the optical density of the solution
on the Titertek Multiskan® MCC multichannel
spectrophotometer (Labsystems, Finland) at a
wavelength of 540 nm [12]. Macrophages (2.5-3 x
10°) were cultured for 48 h (37 °C, 5% CO,, 100%
humidity) in a complete growth medium (CGM)
RPMI-1640 (Sigma, USA) supplemented with 10%
fetal bovine serum (FBS, Hyclone, UK), 20 mM
4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
(HEPES, Sigma, USA), 0.5 mM 2-mercaptoethanol
(Sigma, USA), 50 pg/ml gentamicin (Sigma, USA),
and 2 mM L-glutamine (Sigma, USA) in 96-well
plates in the presence of various concentrations of
ethowurtzine and/or 0.1 pg/ml LPS (Sigma, USA).

The effect of the ethowurtzine on the macrophage
proliferation was determined by the classical MTT
test (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide (MTT, Sigma, USA)) in the
macrophage lysate by adding it 4 h before the
end of the incubation at a final concentration of
200 pg/ml. The supernatant was then dissolved with
dimethyl sulfoxide (Sigma, USA), and the optical
density was measured on the Titertek Multiskan®
MCC multichannel spectrophotometer (Labsystems,
Finland) at a wavelength of 540 nm.

The statistical analysis of the obtained data was
carried out using Statistica 8.0 software. The Shapiro

— Wilk test was used to check for normality of
distribution of random variables. The distribution in
the in vivo experiment was non-normal; therefore,
the Kruskal-Wallis test was used for multiple
comparisons, the Wilcox-Mann—Whitney U-test
was applied for intergroup comparisons, and the
Fisher’s angular transformation (@) was used to
find statistical significance of qualitative variables.
The distribution of random variables in the in
vitro experiment was normal; therefore, the one-
way ANOVA and the Dunnett’s test for multiple
comparisons were employed to compare group means
of several experimental samples with a control. For
each sample, the mean and the standard error of the
mean (X + m) were estimated, which are presented
in the summary tables together with the value n (the
number of variants). In all cases, the null hypothesis
was rejected at p < 0.05 [13].

RESULTS

The potential analgesic agents may have an
inhibitory effect on the development of inflammatory
reactions, regardless of the nature of the damaging
factor, phase, and stage of the process [1, 6], which
explains the relevance of studying their action in
modeling chronic inflammation in comparison with
NSAIDs of varying selectivity [ 1, 6, 11].

As can be seen from Table 1, the administration
of the ethowurtzine at all doses in the chronic
inflammation model resulted in a significant decrease
in the exudate burden: by 1.7 times at a dose of
12.5 mg/kg (p < 0.01, 40%), by 1.5 times at 25 mg/kg
(» <0.01, 35%), by 1.5 times at 50 mg/kg (p <0.01,
32%), and by 1.5 times at 100 mg/kg (p < 0.01, 34%)
compared to the controls. It should be noted that the anti-
exudative effect of the ethowurtzine was significantly
superior (44.5%) to that of diclofenac (8.7%).

Table 1

Parameters of Anti-Inflammatory and Anti-Ulcer Effects of Ethowurtzine (in the Dose Range of 12.5-100 Mg / Kg, Per Os)
Compared to Diclofenac (5 Mg / Kg, Per Os) in the Modified Proliferative Inflammation Model in Female SD Rats

Study eroun. dose Exudate weight | Exudation sup- | Weight of dry granu- | Weight of granu- | Proliferation | Number of rats with
Y group, X+m presion, % loma, X +m loma tissue X & m | suppression, % | ulcers per group, %
1.Control, n =19 144.1 + 109 0 97.2+9.7 84.2+97 0 0
2. Diclofenac 68.1+9.4 55.1+9.4 30%
’ +
5 mg/kg, n=10 127.0 + 6.8 12 1-2% 1-2% 3 [-2%*
+
3. Ethowurtzine, 861'13*2'0 40 549+6.2 419+6.2 50 0
12.5 mg/kg, n =10 93 1-3** 1-3%**
4. Ethowurtzine, 23 33 56.6+5.5 43.6+5.5 48 0
25 mg/kg, n=10 . 1—4%* 1-4**

70

BionneTteHb cMbUpckon MegmumHbl. 2025; 24 (2): 66-73



Original articles

End of table 1

Study eroun. dose Exudate weight | Exudation sup- | Weight of dry granu- | Weight of granu- | Proliferation | Number of rats with
Y group, X+m presion, % loma, X +m loma tissue X + m | suppression, % | ulcers per group, %
5. Ethowurtzine, o7 32 58.6+5.5 445261 i 0
50 mg/kg, n =10 . 1-5%* 1-5%*
+
6. Ethowurtzine, BT 34 63.5+ 69 50.5+7.0 20 0
100 mg/kg, n =10 . 1-6%* 1-6%*

Note: the numbers of comparison groups are given in front of the significance level, n — the number of animals. * p < 0.05, ** p <0.01.

The statistically significant decrease in the
weight of fibrotic granuloma tissue showed that the
ethowurtzine in the dose range of 12.5-100 mg/
kg effectively suppressed proliferation of crude
granuloma burden by 50 and 40%, respectively, versus
35% for diclofenac (Table 1). However, the detected
activity of the compound did not differ significantly
from that of diclofenac. In previous studies, the anti-
inflammatory activity of the compound in the chronic
inflammation model was comparable to that of the
selective COX inhibitor meloxicam [11], however, the
current summary dataset indicated that the compound
exhibited a better effect than the non-selective COX2
inhibitor diclofenac. It should be noted that the
chemical and physical properties make it impossible
to calculate the ED,, due to the dose-independent
effect of the compound [8, 10].

The gastric mucosa of the rats that received the
ethowurtzine had no ulcers. The dataset clearly
indicated no gastrotoxicity of the compound and
supposedly no COX2-dependent mechanism of its
anti-inflammatory effect (Table 1). In contrast, in
3 out of 10 animals (30%, p < 0.01) who received
the non-selective COX inhibitor diclofenac in the
same administration regimen, grade 2 ulcers were
revealed.

The LPS added to the macrophage culture caused
a significant increase in NO production in the in vitro
inflammation model (Table 2). The added ethowurtzine
at various concentrations together with LPS reduced
the NO production in a dose-dependent manner, and
the NO production decreased significantly compared
to the group of LPS alone when the test compound
(750 and 1,000 pg/ml) was administered at high doses
(control 2).

The proliferative macrophage activity decreased
both when LPS alone and the ethowurtzine + LPS
were added compared to macrophage parameters with
no drugs used (control 1) (Table 2). However, the use

of the compound at different concentrations together
with LPS did not induce any significant changes in the
macrophage proliferation relative to control 2.

Table 2

The Effect of Ethowurtzine at Different Concentrations
on the Nitric Oxide Synthesis by Peritoneal Macrophages

of the Intact CS7BL/6 Mice, X £+ M

Nitrite Proliferation,
Concentra- . .
Test compound tion. we/ml concentra- | optical density
- HE tion, uM units
Control 1
(macrophages + - 5.58+0.21 0.514+0.005
medium)
Control 2
(macrophages + 0.1 87.13+£0.53* | 0.446+0.008%*
LPS)
50 81.52+0.28* | 0.449+0.005*
100 75.52+0.40* | 0.466+0.007*
N ) 200 75.86+0.23* | 0.462+0.002*
f:L‘l’,“SV;mZ‘ne 300 | 75.68£036% | 0.455:0.003*
500 75.13+£0.26* | 0.480+0.002*
750 67.09+0.40*# | 0.477+0.002*
1,000 63.70+0.27*# | 0.449+0.002*

Note: number of wells n=5. * p <0.05 compared to control 1; # p <
0.05 compared to control 2.

DISCUSSION

The overproduction of pain and inflammation
mediators, such as interferon gamma, tumor necrosis
factor, prostaglandins, interleukins-1,6, and bacterial
lipopolysaccharides that induce peripheral and
central pain sensitization, has a decisive role in the
development of a subclinical inflammatory reaction
[1,4, 14]. It has now been proven that these substances
are activators of the inducible calcium-independent
NO synthase isoenzyme, thereby enhancing the NO
production at the inflammation site [14], which in turn
stimulates the synthesis of proinflammatory cytokines
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and increases exudation, leukocyte migration, and
connective tissue proliferation [15].

Evidence behind the effect of ethowurtzine on
the production of NO, which is a pro-inflammatory
mediator and a key player in the pathogenesis of
inflammation [14], was obtained in the in vitro
inflammation model. The addition of the ethowurtzine
with LPS to the culture of peritoneal macrophages
of the experimental animals suppressed the NO
production in a dose-dependent manner, which may
be one of the mechanisms of the identified anti-
inflammatory effect of the substance.

CONCLUSION

The newly synthesized analgesic ethowurtzine
outperformed the non-selective COX inhibitor
diclofenac by its anti-exudative effect in the chronic
proliferative inflammation model while inhibiting
the granulation tissue proliferation to the same
extent as NSAIDs. A lack of ulcerogenic effect
of the ethowurtzine, as confirmed in this study,
may indicate an alternative mechanism of its anti-
inflammatory action not related to the blockade
of COX-2. The results obtained in the in vitro
inflammation model backed this assumption. The
addition of the ethowurtzine together with LPS to the
culture of peritoneal macrophages of the test animals
inhibited the production of nitric oxide which is a
pro-inflammator mediator and a key player in the
pathogenesis of inflammation. The revealed activity of
the test substance may be one of its anti-inflammatory
action mechanisms.

The analgesic and anti-inflammatory effects of
the ethowurtzine combined with its authentic action
mechanism and the lack of gastrotoxicity substantiate
the relevance of its further preclinical trials, while
the design of a drug on its basis for the treatment of
chronic inflammatory diseases associated with pain
may become a safe alternative to NSAIDs.

REFERENCES

1. Karateev A.E., Nasonov E.L., Ivashkin V.T., Martynov A.l,
Yakhno N.N., Arutyunov G.P. Rational Use of Non-Steroidal
Anti-Inflammatory Drugs. Clinical Guidelines. Rheumatol-
ogy Science and Practice. 2018;56:1-29. (In Russ.). DOI:
10.14412/1995-4484-2018-1-29.

2. Kareva E.N. Enteropathy, Associated with Use of Non-Steroi-

10.

1

—

12.

13.

14.

15.

dal Anti-Inflammatory Drug (NSAID-Enteropathy). Therapeu-
tic Archive. 2020;92(2):85-92. (In Russ.). DOI: 10.26442/004
03660.2020.02.000453.

. Mikhaylova A.S. Clinician’s Analgesic Arsenal. Farmateka.

2018;(3):50-56. (In Russ.). DOI: 10.18565/pharmateca.2018.
$3.50-56.

. Katzung B.G. Basic & clinical pharmacology; 14th ed. Mc-

Graw-Hill Education; 2018:409-438.

. The State Drug Guide of the Russian Federation. 2024 (In

Russ.). URL: https://grls.rosminzdrav.ru/GRLS.aspx

. Ghlichloo I., Gerriets V. Nonsteroidal anti-inflammatory drugs

(NSAIDs); 2023. In: StatPearls [Internet]. Treasure Island
(FL): StatPearls Publishing, 2024.

. Aguero S., Megy S., Eremina V.V., Kalashnikov A.L., Krylo-

va S.G., Kulagina D.A. et al. Discovery of a novel non-nar-
cotic analgesic derived from the CL-20 explosive: synthesis,
pharmacology, and target identification of thiowurtzine, a
potent inhibitor of the opioid receptors and the ion chan-
nels. ACS Omega. 2021;6(23):15400-15411. DOI: 10.1021/
acsomega.1c01786.

. Kulagina D.A., Sysolyatin S.V., Krylova S.G., Kiseleva E.A.,

Povetyeva T.N., Zueva E.P. et al. Biological activity of hex-
aazaisowurtzitane derivatives. Molecules. 2023;28:8084. DOI:
10.3390/molecules28248084.

Krylova S.G., Kiseleva E.A., Povet’eva T.N. et al. Antinoci-
ceptive effect of ethowurtzine, a new compound from the class
of hexaazaizowurzitane. Bull. Exp. Biol. Med. 2022;174:230—
235. DOI: 10.1007/s10517-023-05679-4.

Eremina V.V., Kulagina D.A., Krylova S.G., Kiseleva E.A.,
Povetyeva T.N., Zueva E.P. et al. Modernization of the syn-
thesis and anti-Inflammatory activity of 4,10-di(2-ethoxy-
acetyl)-2,6,8,12-tetraacetyl-2,4,6,8,10,12-hexaazaisowurtzi-
tane — An innovative non-narcotic analgesic. Pharm. Chem. J.
2024;57:1703—1708. DOI: 10.1007/s11094-024-03068-3.

. Mironov A.N. Preclinical Drug Research Guide. M: Grif &K,

2013:944. (In Russ.).

Green L.C., Wagner D.A., Glogowski J. et al. Analysis of
nitrate, nitrite and [15N] nitrite in biological fluids. Anal.
Biochem.  1982;126(1):131-138. DOI:  10.1016/0003-
2697(82)90118-x.

Lemeshko B.Yu., Lemeshko S.B. Problems of Nonparametric
Goodness-of-Fit Test Application in Tasks of Measurement
Results Processing. Analysis and Data Processing Systems.
2021;2(82):47-66 (In Russ.). DOI: 10.17212/2782-2001-
2021-2-47-66.

Cinelli M.A., Do H.T., Miley G.P., Silverman R.B. Induc-
ible nitric oxide synthase: Regulation, structure, and inhibi-
tion. Med. Res. Rev. 2020;40(1):158-189. DOI: 10.1002/
med.21599.

ZidiS.,Bediar-Boulaneb F., Belguendouz H. etal. Local pro-in-
flammatory cytokine and nitric oxide responses are elevated
in patients with pterygium. /nt. J. Immunopathol. Pharmacol.
2017;30(4):395-405. DOL: 10.1177/0394632017742505.

72 BionneTteHb cMbUpckon MegmumHbl. 2025; 24 (2): 66-73



Original articles

Author contribution

Krylova S.G. — conception and design of in vivo experiments, participation in experiments, drafting of the manuscript. Kiseleva E.A.
— carrying out of experiments, statistical analysis. Sherstoboev E. Yu. — conception and design of in vitro experiments, participation in
experiments, statistical analysis of results. Ligacheva A.A. — carrying out of in vitro experiments, description of results in the article.
Rybalkina O.Yu. — participation in experiments. Zueva E.P. — critical revision of the manuscript for important intellectual content.
Sysolyatin S.V. — design of synthesis of the study object. Kulagina D.A. — synthesis and supply of the study object. Eremina V.V. —
synthesis of the study object. Zhdanov V.V. — critical revision of the manuscript for important intellectual content, final approval of the
manuscript.

Author information

Krylova Svetlana G. — Dr. Sc. (Biology), Principal Researcher, Oncohparmacology Laboratory, Goldberg Research Institute of
Pharmacology and Regenerative Medicine, Tomsk NRMC, Russian Academy of Sciences, Tomsk, krylova5935@gmail.com, https://
orcid.org/0000-0003-0249-1395

Kiseleva Elena A. — Junior Researcher, Oncohparmacology Laboratory, Goldberg Research Institute of Pharmacology and Regenerative
Medicine, Tomsk NRMC, Russian Academy of Sciences, Tomsk, Elena_Kis@sibmail.com,

https://orcid.org/0000-0003-3732-1302

Kulagina Dar’ya A. — Cand. Sc. (Chemistry), Head of the Laboratory for Low-Tonnage Chemistry, Institute for Problems of Chemical
and Energetic Technologies, Siberian Branch of the Russian Academy of Sciences, Biysk, imbiri@rambler.ru, https://orcid.org/0000-
0002-4673-5817

Eremina Valeria V. — Junior Researcher, Laboratory for Medical Chemistry, Institute for Problems of Chemical and Energetic
Technologies, Siberian Branch of the Russian Academy of Sciences, Biysk, eremina_v.v@mail.ru, https://orcid.org/0000-0002-1467-0051

ZuevaElena P.—Dr. Sc. (Biology), Professor, Head of Oncopharmacology Laboratory, Goldberg Research Institute of Pharmacology
and Regenerative Medicine, Tomsk NRMC, Russian Academy of Sciences, Tomsk, zep0929@mail.ru, https://orcid.org/0000-0002-
6480-6770

Sherstoboev Evgenii Yu. — Dr. Sc. (Medicine), Professor, Head of Immunopharmacology Laboratory, Goldberg Research Institute of
Pharmacology and Regenerative Medicine, Tomsk NRMC, Russian Academy of Sciences, Tomsk, sherstoboev_eu@pharmso.ru, https://
orcid.org/0000-0002-6178-5329

Ligacheva Anastasia A. — Cand. Sc. (Biology), Researcher, Immunopharmacology Laboratory, Goldberg Research Institute of
Pharmacology and Regenerative Medicine, Tomsk NRMC, Russian Academy of Sciences, Tomsk, vittelli@mail.ru, https://orcid.org/0000-
0002-3337-1516

Rybalkina Olga Yu. — Cand. Sc. (Biology), Researcher, Oncohparmacology Laboratory, Goldberg Research Institute of Pharmacology
and Regenerative Medicine, Tomsk NRMC, Russian Academy of Sciences, Tomsk, olgatomsk87@gmail.com,

https://orcid.org/0000-0001-8577-4520

Sysolyatin Sergey V. — Dr. Sc. (Chemistry), Professor, Corresponding Member of the RAS, Director of the Institute for Problems of
Chemical and Energetic Technologies, Siberian Branch of the Russian Academy of Sciences, Biysk, dir@ipcet.ru, https://orcid.org/0000-
0002-1405-171X

Zhdanov Vadim V. — Dr. Sc. (Medicine), Professor, Corresponding Member of the RAS, Director of Goldberg Research Institute
of Pharmacology and Regenerative Medicine, Tomsk NRMC, Russian Academy of Sciences, Tomsk, Zhdanov_vv(@pharmso.ru, https://
orcid.org/0000-0002-9516-0204

(P<) Krylova Svetlana G., krylova5935@gmail.com
Received 11.06.2024;

approved after peer review 08.11.2024;
accepted 14.11.2024

Bulletin of Siberian Medicine. 2025; 24 (2): 66-73 73



ORIGINAL ARTICLES

VK 618.3-06:616.379-008.64:[616.98:578.834.1]
https://doi.org/10.20538/1682-0363-2025-2-74-82

Features of the Course of Pregnancy Complicated by Gestational Diabetes
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ABSTRACT

Aim. To study the role of metabolic disorders in the development of perinatal complications of the novel coronavirus
infection.

Materials and methods. The analysis of the course of pregnancy and childbirth in pregnant women who had a
novel coronavirus infection (170) and without it (100), and their newborns (270).

Results. A novel coronavirus infection (NCI) during pregnancy leads to the development of complications:
preeclampsia (p = 0.012), premature birth (p = 0.038), premature detachment of the normally located placenta
(p = 0.05), fetal growth retardation (p = 0.028), gestational diabetes mellitus (GDM) (p = 0.023), intrauterine
infection (p = 0.048) and asphyxia of the newborn (p = 0.04). Gestational diabetes mellitus is 2 times more likely to
accompany a moderate form of NCI, as opposed to a mild one (p = 0.001). Infection with the SARS-CoV2 virus on
the background of previous GDM contributes to the development of moderate NCI (p = 0.005). Hyperglycemia in
GDM after moderate NCI more often than after mild requires the appointment of insulin (p = 0.03). The combination
of NCI and GDM is characterized by the development of polyhydramnios (p = 0.02), the risk of which increases in
the presence of hereditary thrombophilia. The neonatal period is more often complicated by intrauterine pneumonia
if the mother has a combination of NCI and GDM.

Conclusion. The risk of developing metabolic disorders and perinatal complications in pregnant women who had
anovel coronavirus infection is significantly higher than in pregnant women without a novel coronavirus infection.

Keywords: COVID-19, pregnancy, gestational diabetes mellitus, polyhydramnios
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Oco6eHHOCTU TeueHNA 6epeMeHHOCTHN, OC/I0OXKHEHHOM reCcTalioOHHbIM
AnabeTom 1N nepeHeCceHHO HOBOI KOPOHABUPYCHO NHeKuen

Martycesuuy E.M.’, IOpbeB C.10.', ®DpaHkeBuu B.E.?, DpaHkesuuy H.A.%, NMonosa U.C.’,
KyueHko A.A.', BacunbeBa A.l'.', Menbix A.P.', 3umuna H.A.'

! Cubupckuii 2ocyoapcmeennuiii meouyunckuil ynusepcumem (Cu6I’ MY)

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

2 HauuommbenZ Meduuuﬁcmtﬁ UCcn1e008amebCKull yenmp akywepcmed, CUHeKoiocuu, nepunamaojiocuu

(HMUIL] AI'T]) um. akademuxa B.1. Kynaxosa
Poccus, 117997, 2. Mocksa, yn. Axademuxa Onapuna, 4

PE3IOME

Hens. Vzydenue BiausHAS HOBOH KOPOHABUPYCHOW MH(EKIMN Ha pa3BHTHE META0OIMYECKUX HAPYIICHUH U Iie-
PHHATAIBHBIX OCIIOKHEHHH.

MatepuaJjibl 1 MeToAbI. IIpoBeieH aHaN3 TeYeHUst OCPEMEHHOCTH U POJIOB Y OEPEMEHHBIX, IEPEHECIINX HOBYIO
KopoHaBupycHy nHdeknuto (170) u 6e3 Takosoii (100), n aHaIHU3 UCTOPHI UX HOBOPOXKIEHHBIX (270).

PesyabTatbl. HoBas xoponaBupycHast nndexuus (HKUW), nepenecennas Bo Bpemst OepeMEHHOCTH, MPUBOIUT K
Pa3BUTHIO OCIOXKHEHUH: npeskinammcun (p = 0,012), npexneBpeMenHbIM poaaM (p = 0,038), npexxaeBpeMeHHOH
OTCIJIOMKEe HOPMAJIBHO pacroiokeHHo! mianeHTsl (p = 0,05), HemoctaTouHoMy pocty mofa (p = 0,028), recra-
roHHoMy caxapaomy auadery (ICH) (p = 0,023), BuytpuyTpodHoit unpexunu (p = 0,048) u achuxcun HOBO-
poxznensoro (p = 0,04). ['ecraunonHbIN caxapHbIii AuadeT B 2 pa3a 4alie COIPOBOXKIACT CPEAHETIKETYI0 hopMy
HKU B ornuuue ot serkoit (p = 0,001). Mudummposanue Bupycom SARS-CoV2 Ha GoHe mpeiiecTByOmero
I'CJ] cnoco6etByet passututo cpeanetspkenoi crenenn HKU (p = 0,005). IN'unepraukemus npu ['CJ] mocne me-
penecenHoi cpennerspkenoi HKUM wame, yem mocne nerkoi, TpeOyer HasHadenus uncynusa (p = 0,03). dus
couetannss HKU u I'CJl xapaktepHo pazButre MHOroBoaus (p = 0,02), puck KOTOPOro Bo3pacTaeT Mpu HAINYUU
HacneICTBeHHOH TpoMmOodumuu. Ileproa HOBOPOXKICHHOCTH Yallle OCIOKHIETCS BHYTPUYTPOOHOH ITHEBMOHHEH
npu HajuuuK y Matepu couetanuss HKU u I'C/I.

3aka0oyenne. Pruck pa3sButHs MeTabOJIMYECKUX HAPYIICHUI M MEPHHATAIBHBIX OCJI0KHEHHH y OepeMEHHBIX, Iie-
peHecHInX HOBYIO KOPOHABHPYCHYIO MH(EKINIO, 3HAUMMO BBIILIE 110 CPABHEHUIO C OepeMeHHBIMH 0e3 HOBOM KO-
POHABUPYCHOM MH(DEKIN.

Kirouessie ciioBa: COVID-19, 6epeMeHHOCTD, TeCTAMOHHBIN caXxapHBIil THadeT, MHOTOBOINE

KOHq).]'Il/lKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U MNOTCHIUAJIBHBIX KOH(i)J'II/IKTOB UHTEPECOB,
CBA3aHHBIX C r[y6nm<aunefz’1 HaCTOS{H_[ei/’I CTaTbU.

Hcrounnk ¢punancupoBanusi. lccinenoBanne BHIOIHEHO 32 cyeT rpaHTa Poccuiickoro Hayunoro ¢onma Ne 24-
64-00006, http://rscf.ru/project/24-64-00006/

CooTBeTCTBHE MPUHIUNAM ITHKH. Bce manuenTs! noanucany MHGOPMUPOBAHHOE COTJIacHe Ha ydacTHE B HC-
cnenoBanuu. McecnenoBanue ogodpeno ouosrndeckum komuteroM @PI'BOY BO CubI'MYVY (mpotokon Ne 8993 ot
21.02.2022).

Jia untupoBanus: Matycesuud E.M., IOpres C.1O., ®pankesuu B.E., ®pankesuu H.A., ITonosa 1.C., Kynen-
ko A.A., BacumseBa A.I'., Menbix [I.P., 3umuna H.J[. OcobeHHOCTH TeueHHsT OEPEMEHHOCTH, OCIOXKHEHHOMN
reCTAIlMOHHBIM THa0eTOM U MEPEHECEHHOW HOBOW KOPOHABUPYCHOM MH(EKIUEH. broiiemens cubupcrkot meouyu-
not. 2025;24(2):74-82. https://doi.org/10.20538/1682-0363-2025-2-74-82.

INTRODUCTION

pneumonia caused by SARS-CoV coronavirus, studies

demonstrated the expression of angiotensin-converting

Analysesoftheconsequencesofthenovelcoronavirus
infection (NCI) pandemic have demonstrated the
multisystem nature of vital organ damage. As early
as 2003, during the predominance of atypical viral

enzyme receptor type 2 (ACE2) in bronchi, adipose
tissue, skeletal muscle, lung parenchyma, ileum,
cardiovascular tissues, kidneys, liver, gastrointestinal
tract, and pancreas [1, 2]. The cases of type 1 diabetes
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mellitus identified at that time demonstrated the direct
impact of the coronavirus family on endocrine organs
[3]. The significant increase in gestational diabetes
mellitus (GDM) incidence during the NCI pandemic is
likely due to a similar pathogenesis. The problem of
increased metabolic disorders in pregnant women with
novel coronavirus infection is relevant due to GDM’s
significant contribution to maternal and neonatal
complications.

The aim of this study was to investigate the impact
of novel coronavirus infection on the development of
metabolic disorders and perinatal complications.

MATERIALS AND METHODS

A comparative analysis of 270 pregnancy, delivery,
and neonatal histories was performed from January to
December 2021. Based on novel coronavirus infection
status during pregnancy, patients were divided into
two groups: the study group consisted of 170 women
with NCI, and the control group included 100 patients
without NCI.

Comparison of anthropometric, demographic, and
anamnestic data between the clinical groups showed
statistical comparability for the main parameters
(Tables 1.1-1.3).

Table 1.1
Age of Subjects, , Me (0,; 0,) [25-75 %]
P . Clinical groups p
arameter

ete study (n =170) | control (n = 100)

Age, years, 0.90

31(28; 36 31 (26; 36
Me (©: 0) (28:39 (26:39

Note. The Mann—Whitney test was used to calculate the significance
level of p.

Table 1.2

Obstetric and Gynaecological History, n (%)
Clinical groups

Parameter study control p
(n=170) | (n=100)
First-time pregnant women, 7 (%) | 28 (16.5) 26 (26) | 0.059
Recurrent pregnancies, 1 (%) 142 (83.5) | 74 (74) | 0.059
First-born women, 7 (%) 62 (36.4) 32 (32) 0.45
Repeat births, 7 (%) 108 (63.6) | 68 (68) 0.45
Abortion, n (%) 54 (31.7) 29 (29) 0.63
Miscarriage, n (%) 50 (29.4) 25 (25) 0.43
Ectopic pregnancy, n (%) 24 (14.1) 12 (12) 0.62

Note. The x *criterion with Yates correction was used to calculate the
significance level of p.

The inclusion criteria for the study were as follows:
absence of severe extragenital pathology, including
severe forms of type 1 and type 2 diabetes mellitus
(DM); absence of HIV infection; absence of fetal

malformations; singleton pregnancy; and the patient’s
informed consent to participate in the study.

Table 1.3
Structure of Extragenital Diseases, n (%)
Clinical groups
Parameter study control P
(n=170) | (n=100)

Arterial hypertension, 1 (%) 17 (10) 10 (10) 1.0
Type 2 diabetes mellitus, 7 (%) 4(2.3) 2(2) 0.85
Anemia, n (%) 95 (55.8) 57 (57) 0.86
Obesity, n (%) 31(18.2) 23 (23) 0.345

Note. The x 2criterion with Yates correction was used to calculate the
significance level of p.

Treatment of novel coronavirus infection (NCI)
during pregnancy was conducted in respiratory
hospitals at the Tomsk Medical Center No. 2 and
the Tomsk Maternity Hospital No. 4. Delivery
and subsequent examination of the patients were
performed at the Tomsk Regional Perinatal Center
named after [.D. Yevtushenko.

Upon admission to the regional perinatal center,
patients underwent a standard examination as outlined
in clinical protocols. Diagnostic procedures included
ultrasound and Doppler ultrasonography using Nemio
XG equipment (Toshiba, Japan). During labor,
cardiotocography (CTG) monitoring was conducted
with Sonicaid Team devices (Sonicaid Ltd/Huntleigh
Healthcare, UK) and FC 1400 systems (Bionet, South
Korea).

Fibrinogen is a significant modulator of coagulation
and inflammatory processes [4], so patients from both
groups were examined for hereditary thrombophilia,
including the fibrinogen (FGB) gene polymorphism
(examination was conducted using kits manufactured
by DNA Technology LLC, Russia).

The results of the study were processed via the
variational statistics method using the Statistica 12
application software package. Absolute and relative
frequencies were used to describe qualitative data.
The x 2criterion with Yates correction, n (%) was used
to compare qualitative data. The Mann—Whitney test
was used to compare nonparametric quantitative data
from the two groups. The results are presented in the
form of the median and the interquartile range Me (Q,;
0,). The significance level is p < 0.05.

RESULTS

The course of pregnancy and delivery in women
who experienced novel coronavirus infection (NCI),
in contrast to uninfected women, was complicated
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in 16.5% of cases (28/170) versus 5% (5/100) in the
control group by preterm labor (p = 0.038). In 7.7%
(13/170) of patients (versus 2% (2/100) in the control
group), pregnancy was complicated by premature
detachment of the normally located placenta
(»p = 0.05). Pre-eclampsia (PE) occurred in 16.5%
(28/170) versus 5% (5/100) in the control group
(» = 0.012). Gestational diabetes mellitus (GDM)
developed in 39% (64/170) of pregnant women versus
24% (24/100) in the control group (p = 0.023).

The frequency of insulin prescriptions had no
significant differences between the groups, regardless
of NClI status (p = 0.7). In the study group, GDM was
diagnosed twice as often after NCI infection rather
than preceding it. There is a dependence of insulin
prescription in GDM on the time of NCI infection —
developing before NCI, GDM in the study group more
often required insulin therapy (Table 2).

Table 2

Dependence of Insulin Prescription in GDM on the Time
of NCI Infection, n (%)

GDM (64 in total) P
Parameter GDM before | GDM after
NCI (21) NCI (43)
Insulin prescription for 0.014
correction (%) 8(38) > (12)
Diet correction (%) 13 (62) 38 (88)

Note. The x >criterion with Yates correction was used to calculate the
significance level of p.

The correlation between the severity of NCI and
the probability of complications in our study was
found only for the moderately severe form of NCI and
GDM (Table 3).

Table 3

Gestational Complications Depending on the Severity
of Novel Coronavirus Infection, n (%)

. Moderately
Parameter (number of cases) Mll_d NCI severe NCI p
n=131
n=39

Preeclampsia (28) 19 (14,5) 9 (23) 0.2
Premature detachment of the
normally located placenta (13) 10(7.6) 307 08
Fetal growth retardation (35) 28 (21.3) 7(17.9) 0.6
Premature birth (25) 19 (14.5) 6(15.3) 0.89
Gestational DM (64) 41 (31.3) | 24(61.5) |0.001

Note. The x *criterion with Yates correction was used to calculate the
significance level of p.

Additionally, a moderately severe degree of NCI
developed significantly more often if the patient
already had GDM at the time of SARS-CoV 2
infection (Table 4).

Table 4

Dependence of the Severity of Novel Coronavirus Infection
on the Presence of Gestational DM Before Infection, n (%)

Study group (n = 170) p

Mild, 131 Moderately
(77) severe, 39 (23)

Parameter

GDM before NCI (1=21) | 11(84) | 10(25.6) | 0.005
No GDM before NCI
(n =149) 120 (91.6) | 29 (74.4)

Note. Thex *criterion with Yates correction was used to calculate the
significance level of p.

Insulin administration for the correction of
hyperglycemia in GDM in our study was required
more frequently after moderate NCI than after mild
NCI (p = 0.03).

Changes in the amount of amniotic fluid are
pathognomonic for both intrauterine infection (IUI)
and GDM. In the group of pregnant women who
developed polyhydramnios, the formation of this
complication was found to be dependent on NCI. In
the control group, there was no correlation between
the development of polyhydramnios and the presence
of GDM (Table 5).

Table 5

Dependence of the Presence of Polyhydramnios in Gestational
Diabetes Mellitus on the Novel Coronavirus Infection, n (%)

Study group (n = 170) P
Parameter Gestational | Normoglycaemia
DM (n = 64) (n=106) 0.02
Polyhydramnios, (n = 24) 14 (21.8) 10 (0.9)
Control group (n = 100) D
Parameter Gestational | Normoglycaemia
DM (n = 38) (n=62) 0.9
Polyhydramnios, (n =11) 4(10.5) 7(11.2)

Note. The x ? criterion with Yates’ correction was used to calculate
the significance level of p.

When analysing the possible factors for the
development of polyhydramnios (fetal abnormalities,
multiple pregnancies, GDM), we found adependence of
the increased amount of amniotic fluid on the presence
of fibrinogen gene polymorphism. Polyhydramnios is
significantly more likely to develop after an NCI in the
presence of a homozygous carrier of the A allele in the
FGB-455 fibrinogen gene (Table 6).

We can assume that there is a negative synergy
of infectious and dysmetabolic processes in the
formation of polyhydramnios. The outcome of the
latter is usually premature birth, fetal distress, and
asphyxia during labour.
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Table 6

Dependence of the Presence of Polyhydramnios in Novel
Coronavirus Infection on the Presence of a Polymorphic
Variant of the Fibrinogen Gene, n (%)

Study group (n = 170) p
Polyhy- | Normohy-
FGB 435 genotype dramnios dramnios
(n=24) | (n=146) |0.0034
FGB 455 G/A, G/G (n = 160) 19 (79) 141 (96)
FGB 455 A/A (n=10) 5(21) 5(4)

Note. The x ? criterion with Yates’ correction was used to calculate
the significance level of p.

Analysis of perinatal complications in both groups
showed that 20.6% of patients in the study group
(35/170) (compared to 9% (9/100) in the control
group) were diagnosed with fetal growth retardation
(» = 0.028). Additionally, antenatal fetal death was
recorded in 3% of patients in the study group (5/170)
(compared to 1% (1/100) in the control group)
(p = 0.56).

The Apgar score at 1 minute in newborns from
mothers who had suffered from NCI was significantly
lower than in the control group. No statistically
significant difference was found when comparing
anthropometric indicators of newborns in both groups
(Table 7).

Table 7
Newborns’ Records, Me, Q -0, [25-75%]
Clinical groups D

Parameter Study group Control group
(n=170) (n=100) 0.90
Height, cm 53 (50; 55) 53 (51; 55)
Weight, kg 3,320 3,340 0.65

(2,997.5; 3,702.5) | (3,025; 3,635)

Apgar score at 1 min,

points 8(8.5;9) 9(9;9) 0.004
Apgar score at 5 min, 8 (8; 9) 9(9; 9) 0.6
points

Note. The Mann-Whitney test was used to calculate the significance
level of p.

When analysing the condition of newborns,
changes characteristic of both the entire study group
and the combination of NCI and GDM were revealed.
Asphyxia during labour was diagnosed in 10% of
newborns from mothers with NCI (OR 3.59, p = 0.04).
14% (24/170) (compared to 5% (5/100) in the control
group) of newborns from the study group required
transfer to the Intensive Care Unit of the Neonatal
Pathology Department (p = 0.02). However, there
were no significant differences between the groups in
the incidence of complications of neonatal adaptation,

such as hypoglycaemia, wet lung syndrome,
supraphysiological weight loss, and early jaundice up
to 2 days.

In the study of neonatal complications in the main
group, the negative contribution of maternal GDM
to the development of intrauterine infection was

confirmed (Table 8).
Table 8

Comparative Characteristics of Neonatal outcomes After NCI
During Pregnancy Depending on the Presence of GDM, n (%)

Study group (rn = 170) p
Parameter GDM No GDM
(n=64) | (n=106) 0.5
- fetal growth retardation, n (%) 6(9.3) 13 (12.2)
- fetal macrosomia, 7 (%) 4(6.2) 6 (5.6) 0.5
- birth asphyxia, n (%) 2(3.1) 6 (5.6) 0.45
- unspecified IUIL, n (%) 4(6.2) 1(0.9) 0.048

Note. The x %criterion with Yates correction was used to calculate the
significance level of p

The “unspecified intrauterine infection: pneumonia
of unspecified aetiology” diagnosis was slightly
more common in women in the study group with
concomitant GDM (p = 0.048). SARS-CoV-2 virus
was not detected during the examination of newborns,
and blood and sputum cultures revealed no growth of
pathogenic flora. Subsequently, with standard therapy,
the symptoms were quickly relieved, laboratory
inflammatory markers returned to normal, and the
children were discharged in satisfactory condition.

DISCUSSION

This study highlights the role of NCI in the
development of gestational complications and the
formation of metabolic disorders. The combination of
NCI and GDM in pregnant women is associated with
an increased risk of polyhydramnios. GDM was twice
as frequent in moderate NCI compared to mild NCI.

The significant correlation between moderate
NCI and the presence of GDM during pregnancy,
as identified in this study, has a logical explanation.
It is well established that normal pregnancy is
characterised by a balance between insulin resistance,
driven by counterregulatory hormones, and increased
insulin production due to hyperactivity of pancreatic
B-cells [5]. The SARS-CoV-2 coronavirus binds to
angiotensin-converting enzyme type 2 receptors in
critical metabolic organs and tissues, including the
pancreas and adipose tissue. This interaction results in
the development of insulin resistance [6]. A reduction
in insulin synthesis and impaired signal transmission
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are attributed to the secretion of inflammatory
cytokines and the activation of pro-inflammatory
signaling pathways, such as TNF-a, IL-6, IL-1pB,
C-reactive protein, and NF-kB [6, 7]. Consequently,
the mechanism underlying GDM development
following NCI involves direct effect of the virus on
cells, insulin resistance development, and systemic
inflammation.

According to existing literature, GDM preceding
the onset of NCI undoubtedly influences its progression
and outcomes. Firstly, hyperglycaemia makes patients
with GDM more susceptible to infections, including
NCI, by causing immune dysfunction that adversely
affects neutrophil chemotaxis, macrophage function,
and phagocytic response [8, 9]. Secondly, systemic
inflammation during NCI in addition to carbohydrate
metabolism  disorders can induce metabolic
dysregulation and exacerbate the course of viral
infections. Furthermore, NCI is more severe in patients
who develop GDM concurrently with or prior to SARS-
CoV-2 infection compared to those who develop GDM
later [10]. Several studies corroborate that gestational
DM is a hypercoagulable state [11]. Hyperglycaemia
in GDM leads to endothelial dysfunction and platelet
activation; when compounded by NCI, this creates a
vicious cycle that exacerbates endothelial damage in
addition to infection while further aggravating it [12].
This information is supported by evidence linking the
development of polyhydramnios in NCI and GDM to
the presence of a mutation in the fibrinogen gene.

Polyhydramnios  often = accompanies  the
pathological course of pregnancy [13]. The increase
in the incidence of polyhydramnios recorded in the
study group may have a mixed mechanism. In cases
of maternal hyperglycaemia, the increase in fetal
urine excretion is, on the one hand, associated with
an increase in osmotic diuresis, which contributes to
an increase in amniotic fluid production [14]. On the
other hand, the increased proinflammatory response
characteristic of GDM leads to the acceleration of
“physiological ageing” and the terminal form of
epithelial-mesenchymal transition in the amniotic
membrane, resulting in destabilisation of the matrix
and membrane condition, increased production and
impaired fluid absorption [15].

The inflammatory response serves as the
link between the pathogenesis of viral infection
and metabolic disorders. It is logical to assume
that any factors modulating inflammation will
influence the course of the pathological process.
The association of fibrinogen gene polymorphism

with increased amniotic fluid production found in
this study aligns with this concept. According to
epidemiological and biochemical studies, the FGB
455 G-A polymorphism is one of the strongest
genetic variations associated with increased plasma
fibrinogen [16]. The role of fibrinogen as a modulator
not only of coagulation but also of inflammatory
processes has been experimentally proven. In
addition to local activation of inflammatory
reactions at sites of fibrin deposition, a dependence
of chronic inflammation in patients with obesity on
fibrinogen concentration and the degree of fibrin
polymerisation has been documented [4]. Many
researchers [17] have also reported the significant
role of fibrinogen as a mediator of inflammation in
SARS-CoV-2 infection and its close relationship
with key proinflammatory cytokines, particularly IL-
6. In pregnancy, the proinflammatory contributions
of NCI and GDM may be enhanced by fibrinogen
hyperproduction due to gene polymorphism
present in the patient. “Cytokine storm” products,
binding to ACE2 receptors in syncytiotrophoblasts,
cytotrophoblasts, and villous endothelium, affect the
placenta. The resulting parenchymatous placentitis,
intervillous thrombangiitis, perivillitis, and villitis
with inflammatory infiltration lead to decreased
resorption and increased production of amniotic
fluid.

Pathological changes in the mother and the placenta
results in alterations to the intrauterine environment. It
is known that NCI frequently causes the development
of infectious and inflammatory conditions in
the fetus. Respiratory disorders, congenital
pneumonia, infections during the perinatal period,
intraventricular hemorrhage, and hyperbilirubinemia
occur significantly more often. The association with
NCI demonstrates a clear correlation with the time
interval between the infection and the onset of labour
[18]. Maternal GDM can lead to the development
of diabetic fetopathy, characterised by liver and
myocardial dysfunction, as well as a high risk of ante-
and intrapartum death if left untreated.

The correlation between the incidence of
intrauterine infection (IUI) and associated birth
asphyxia in cases where gestational diabetes coexists
with maternal NCI during pregnancy aligns more
closely with a model of chronic inflammation rather
than infectious disease. In accordance with the study
design, mothers during the early post-COVID period
were excluded from participation. The mean time
interval between disease and delivery was 130 days.
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The possibility of vertical transmission of the SARS-
CoV-2 virus from mother to fetus remains a subject of
debate; however, documented cases of viral detection
in newborns are rare.

In this study, no instances of NCI births were
recorded. An increase in the incidence of intrauterine
infection caused by non-specific pathogens in patients
with both GDM and NCl is likely. This phenomenon is
attributed to the dual negative effects of SARS-CoV-2
virus and hyperglycaemia, manifesting as immune
and endothelial dysfunction. These effects lead to
increased expression of pro-inflammatory cytokines,
heightened vascular permeability, and induction of
syncytiotrophoblast apoptosis, resulting in ischaemic
damage to the placenta and facilitating the penetration
of non-specific pathogens to the fetus [19].

In cases where maternal infectious disease coincides
with gestational diabetes, respiratory disorders
may arise through several additional pathogenesis
pathways, including disruption of surfactant structure,
blockade of epithelial sodium channels, and inhibition
of nitric oxide synthesis. Clinically, these changes
may present as transient tachypnoea or manifest as
pneumonia or respiratory distress syndrome.

Studies on respiratory abnormalities in uninfected
newborns born to mothers who had contracted
coronavirus infection let Man et. al. to describe an
immunological pathway for lung damage in the
absence of a pathogen. The authors demonstrated
that prenatal exposure to SARS-CoV-2 can activate
an inflammatory cascade in the newborn’s airways,
leading to dysregulation of ciliary rhythm in airway
epithelium. Proteins such as IL-18, IL-1B, and
CASP1 were found to be associated with NLRP3
inflammasome activation in preterm infants with
respiratory distress syndrome. Biological processes
related to inflammation, chemotactic reactions, and
cellular responses—including IL8 production—were
significantly elevated in preterm infants. These
findings suggest that such changes may underlie the
development of fibrosis and allergic diseases during
later stages of childhood development [20].

CONCLUSION

The negative impact of factors such as NCI,
carbohydrate metabolism disorders, and the
development of pre-eclampsia on the course of
pregnancy and the condition of the newborn, when
considered in isolation, has been well established.
This study confirmed that pregnancies and labours in
women with NCI, compared to uninfected women,

were more frequently complicated by GDM, pre-
eclampsia, preterm labour, and premature detachment
of normally situated placenta. The leading role of
the systemic inflammatory response, characterised
by hyperproduction of pro-inflammatory and anti-
angiogenic molecules, is recognised as a universal
mechanism underlying all these complications.

Intrauterine fetal hypoxia, which occurs more often
in pregnancies complicated by NCI, has been found to
increase the risk of antenatal fetal death. Clinically,
newborns typically present under the “mask” of an
unspecified intrauterine infection, which obscures
the vertical transmission of the maternal systemic
inflammatory response. The factors determining the
likelihood of complications for both mother and fetus
are not limited to the characteristics of the pathogen
itself — such as the virus strain, its aggressiveness
towards cell receptors, and cytokine production —
but also include maternal comorbidities, particularly
changes in immune and hemostasis systems. This is
evidenced by the correlation between the severity of
NCI and the probability of developing gestational
diabetes, as well as by descriptions of one trigger
for polyhydramnios: fibrinogen gene polymorphism,
which increases the risk of this complication.

Practical applications of these study findings lie in
providing earlier diagnosis of GDM in pregnancies
complicated by NCI (and other infectious diseases
with similar pathogenesis). Early initiation of specific
insulin therapy can help prevent negative outcomes.
The timeliness of preventing complications from
infectious diseases in pregnant women with underlying
metabolic disorders depends on the precision and speed
with which pathological and compensatory reactions
are assessed. These issues necessitate further detailed
investigation. It is likely that omics technologies
will hold particular scientific and practical value in
advancing this area of research.
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ABSTRACT

Aim. To study the effect of glycated hemoglobin level, average daily glycemia and its variability on UV-induced
skin autofluorescence in children and adolescents with type 1 diabetes.

Materials and methods. The study included 47 children and adolescents with type 1 diabetes living in a restricted-
access administrative and territorial unit. The autofluorescence spectra of the skin from the inner surface of the
shoulder and nails of patients were recorded using an original compact spectrofluorometer based on STS-VIS
OCEAN OPTICS © USA microspectrometer with UVA excitation. The statistical analysis was performed using
Statsoft Statistica 12.0 software. The fluorescence spectra were normalized to the average value of the UV LED
signal and the moving average smoothed using a 10 nm window. Then, the renormalization of spectra was carried
out, minimizing their spread from the average sample spectrum.

Results. The study revealed the most changeable regions of UV-induced skin autofluorescence spectrum with
variations in the level of glycated hemoglobin, average daily glycemia, and glycemic variability.

Conclusion. The study confirms the prospects of using skin autofluorescence measurements as a non-invasive tool
for assessing the state of carbohydrate metabolism.

Keywords: skin autofluorescence, type 1 diabetes mellitus, children, adolescents, glycated hemoglobin, average
daily glycemia, glycemic variability
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N3meHeHne ypoBHA ayTodpnyopecueHLN KOXN AeTel N NOAPOCTKOB
C caxapHbIiM gnab6eTom 1-ro Tna B 3aBUCMMOCTU OT MNKeMNYeCKNX
nokKasartenem
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PE3IOME

Heab: wccienoBaTh BIMSHAEC YPOBHS TIIHKHPOBAHHOTO eMOTJIO0MHA, CPEAHECYTOYHON TJIMKEMHUH H €e Bapua-
6epHOCTH Ha Y D-MHAYyIUPOBAHHYIO ayTODIYOPECIEHIINIO KOXKH Y IeTei 1 MOJPOCTKOB, CTPAJAIONINX CaXapHbIM
nuaberom 1-ro Tuma.

MatepuaJjbl 1 MeTOAbI. B nucciaenoBanue BKItOUCHBI 47 IeTel U TOAPOCTKOB C CaxapHbIM THabeToM 1-ro THa,
MPOKUBAIOIIMX HA TEPPUTOPUH 3aKPBITOTO aIMUHHCTPATHBHO-TEPPUTOPHATBLHOTO 0Opa3oBanus. [IpoBeneHa pe-
rucrpanus CrEeKTpoB ayTO(i)nyopecueHum/l KOXHU C BHyTpeHHeﬁ IMOBEPXHOCTH IJIEHYA U HOTTA INMAalMCHTOB C I10-
MOII[BIO OPUTHHAIBHOIO KOMIIAKTHOrO criekTpodiyopumerpa Ha 0a3e mukpocrnekrpomerpa STS-VIS OCEAN
OPTICS © USA ¢ UVA-Bo30yxxaerneM. CTaTUCTUYECKHIA aHAINU3 MPOBOAMIICS C IIOMOIIBIO IPOTPAMMHOT0 00e-
crieyenus Statsoft Statistica 12.0. [Ipu BbInoNHEHNN aHaNM3a BBINOJIHSIACH HOPMUPOBKA CIIEKTPOB (IIyOpeCIieH-
IIMM Ha CpejiHee 3HaueHue curHana Y@ cBeToanosa M CriaKMBaHHE METOJOM CKOJIB3SIIEr0 CPEJHEro ¢ OKHOM
10 aM. 3aTeM MPOBOAMIACH TEPEHOPMHUPOBKA CIIEKTPOB, MUHIMHU3UPYIOIIAs pa30pOC CIICKTPOB OT CPSTHETO CIICK-
Tpa 10 BBIOOPKE.

Pe3yasTaTsl. B xo/1e ncciaenoBanys BEISIBICHEI HanOoliee M3MEHYHMBEIE 001acTh criekTpa Y ®- HHIyInpoBaHHON
ayTo(IIyOpECIeHIINY KOXKH IIPU BapHalluy yPOBHS ITIMKHPOBAHHOI'O TeMOTIOONHA, CPEJHECYTOUYHOH TTIMKEMHH U
BapuadeIbHOCTH MNIMKEMUH.

3ak0uyenne. VccnenoBanne moATBEpKaaeT IEPCHEKTHBHOCTD HCMONIB30BAHNS H3MEPEHHS ayTO(IyOpecie NN
KOKH B Ka4eCTBE HEMHBA3HMBHOTO NHCTPYMEHTA OI[EHKH COCTOSIHUSI YTIIEBOTHOTO OOMEHa.

KuroueBble ciioBa: ayToqmyopecueHm/m KOXH, CaXapHBIfI HI/Ia6eT 1-ro THna, 1€Tu, NOAPOCTKH, FHHKHpOBaHHLIﬁ
FeMOFJIO6I/IH, Cp€AHECYTOYHAs INIMKEMUsI, BapI/Ia6eJ'[I)HOCTB TJIMKEMUU

KoHdaukT uHTEpecoB. ABTOPHI JACKIAPUPYIOT OTCYTCTBUE SBHBIX U MOTCHIHAIBHBIX KOH(PJIUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJUKAIMEH HACTOSIIICH CTAThH.

HUcTounuk Q)nﬂancnposamm. ABTOpBI 3asIBJISIIOT 00 OTCYTCTBUU q)HHaHCPIpOBaHI/IH IpU MPOBECACHUN UCCIIEN0-
BaHUA.

CooTBeTCTBHE NPHHIMIAM ITHKH. Bce manyeHTsl noanucanit HHPOPMUPOBAHHOE COTJIACHE HAa y4acTHE B HC-
cinenoBannu. ViccnenoBanue oqoopeno stmdeckuMm komureromM @PI'EOY BO KpacI'MVY um. ipod. B.®D. Boiino-51-
cenenkoro Munzapasa Poccun (mporokon Ne 114 ot 05.10.2022).

Jsa nurupoBanus: IIpockypuna M.B., Kucenésa H.I'., Canmun B.B., Tapanymenko T.E. 3MeneHue ypoBHs
ayTo(IIyOpECIeHIINN KOXKH JIeTel U MOAPOCTKOB C caXapHBIM JHa0eToM | THIIa B 3aBUCUMOCTH OT IIIMKEMHUYECKIX
nokaszarelsiei. bronemens cubupcroil meouyunel. 2025;24(2):83-90. https://doi.org/10.20538/1682-0363-2025-2-
83-90.
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INTRODUCTION

According to the definition of clinical guidelines,
type 1 diabetes mellitus (TIDM) is a disease that
occurs as a result of autoimmune destruction of
insulin-producing B-cells of the pancreas, with
subsequent development of absolute insulin
deficiency. Studying this disease is relevant due
to the early development of irreversible vascular
complications and disability. Considering the
severity of manifestation and the lability of the
disease course in children and adolescents, early
diagnosis and dynamic monitoring of pathology
development are of no less importance.

The glycated hemoglobin (HbAlc) indicator has
been recommended by the World Health Organization
(WHO) since 2011 [1] and has been used for more
than 25 years as a diagnostic criterion for carbohydrate
metabolism disorders [2].

HbA1c shows the average blood sugar level over
the past 90 days, so new methods are required to
understand changes in the glycemic profile better.

With the introduction of continuous glucose
monitoring (CGM) methods into clinical practice by
diabetologists, the term glycemic variability appeared,
which shows fluctuations in the average blood sugar
level and is considered an independent predictor of
diabetes complications due to the impact on target
organs through oxidative stress, glycation, low-
grade chronic inflammation, endothelial dysfunction,
platelet activation, impaired angiogenesis, and renal
fibrosis [3].

Modern CGM systems include a sensor that
measures glucose levels in the interstitial fluid at
intervals of 1 to 5 min, collects, and transmits them
to the third component (receiver) in real time. The use
of this technology provides information on glycemia
at the time of the study, dynamics in glucose levels,
its current direction, and the rate of change, which
facilitates timely decision-making on glycemic
correction [4]. To simplify the interpretation of the
large amount of glycemic data obtained through CGM,
the following percentage values were identified:

1. Average glucose level.

2. Glucose Management Index (GMI) is a calculated
score that was developed based on the observed
differences between average CGM glucose levels and
laboratory-measured HbAlc. GMI is calculated using
a formula that was developed and validated based on a
regression line of a graph with glucose concentration
on the x-axis and simultaneous HbA ¢ measurement

on the y-axis: GMI (%) = 3.31 + 0.02392 x (average
glucose, mg/dL).

3. TIR is time in range which in this case is 70—-180
mg/dL (within normal limits): target > 70%. TBR is
time below range < 70 mg/dL (level 1 hypoglycemia):
target < 4%. Time below range < 54 mg/dL (level 2
hypoglycemia): target < 1%.

4. TAR is the time above range > 180 mg/dL:
target < 25%.

5. CV is coefficient of variation for glucose levels
calculated as (standard deviation of glucose / average
glucose value) x 100 and includes duration, frequency,
and amplitude of shifts in blood glucose levels between
low and high levels, target < 36% [5, 6].

Despite the undeniable advantages of existing
methods of glycemic control, they are still invasive,
which leads to low compliance and insufficient
glycemic control in patients.

In thisregard, the search for non-invasive diagnostic
methods of the listed parameters of carbohydrate
metabolism is undoubtedly an urgent task. Therefore,
methods based on optical spectroscopy of the patient’s
skin are of great interest. In recent years, many studies
have been published on this topic, confirming the
feasibility of the method [7, 8]. However, in each case
this approach solves only one diagnostic problem.
There are currently no ideas for developing a multi-
task method for non-invasive diagnostics of the
biochemical parameters of carbohydrate metabolism
in patients with diabetes mellitus.

The aim of our work was to study UV-induced
skin autofluorescence spectra in children and
adolescents with type 1 diabetes mellitus and to
assess the correlations of these spectra with glycated
hemoglobin, average daily glycemia, and variability.

MATERIALS AND METHODS

The study was conducted at Clinical Hospital
No. 51, a branch of the Federal Siberian Research
Clinical Center Clinical Hospital No. 42. The skin
autofluorescence test was conducted in 47 patients
with TIDM. The group of children included 29
individuals (61.7%), and the group of adolescents
included 18 individuals (38.3%). The majority of the
study group were boys — 57.4%. The average duration
of the disease in patients at the time of the examination
was 4.47 years, minimum and maximum levels of
HbAlc were 6.0 and18.7%, respectively.

All children were on constant insulin replacement
therapy from the moment when the disease was
detected: 10 patients (21.2%) used continuous
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subcutaneous insulin infusion (CSII) and 37 indi-
viduals (78.7%) used a syringe pen. All patients
observed during the study underwent continuous
glucose monitoring (CGM), with a predominance
of Libre flash monitoring. Patients with T1DM
and diseases affecting the accuracy of HBAlc were
excluded from the study. During the study, the
patients were divided into groups that are traditionally
accepted in pediatric practice. Depending on the
level of glycated hemoglobin: group 1 with glycated
hemoglobin < 7.0% (n = 2), group 2 with glycated
hemoglobin of 7.1-10% (n = 18), and group 3 with its
level > 10.1% (n =27). Considering the small number,
group 1 was combined with group 2. According to the
average daily glycemia, we identified the following
groups of patients: 1. < 10 mmol/l; (n = 23); 2. > 10
mmol/l;(n = 24). Based the coefficient of variability,
two subgroups of patients were identified:1. <36%
(n=16); 2.236% (n=41).

Autofluorescence spectra were collected from the
inner surface of the shoulder for 30 seconds using an
original compact spectrofluorometer based on the STS-
VIS OCEAN OPTICS © USA microspectrometer
with UVA excitation generated by a light-emitting
diode (375 nm) [9].

The skin fluorescence spectra obtained using the
device comprise two wide contours. The first contour
in the range of 400-700 nm represents, in fact, skin
autofluorescence, and the second contour in the range
of 700-820 nm shows the spectrum of the UV light-
emitting diode excitation at 375 nm, in the second
diffraction order of the diffraction grating (Fig. 1).
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Fig. 1. Skin fluorescence spectra of patients with diabetes
mellitus obtained directly using a spectrofluorometer with
LED UV excitation (375 nm).

For further analysis, the fluorescence spectra were
normalized to the average value of the UV LED signal
and leveled using the moving average method with a

10 nm window. This spectra normalization method is
further referred to as D-normalization (Fig. 2, a).

Additional normalization was used to compare the
shape of the spectra. For this purpose, the average
spectrum was calculated for the entire group of patients
F()) and for each spectrum F (), the linear regression
coefficients a,, b, were calculated using the least squares
method so that after subsequent renormalization, these
spectra were as close as possible to the average. Then,
the spectra were renormalized by taking into account
the coefficients obtained:

-5

The result of applying additional normalization is
a decrease in the standard deviation (Fig. 2, ). Such
normalization is called I-normalization.
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Fig. 2. Skin autofluorescence spectra of a group of patients
with T1DM using different normalization methods. a —D; b —1

Statistical analysis was performed using the Statsoft
Statistica 12.0 software package and Microsoft Excel.
The spectra were processed using normalization and
leveling algorithms. Data analysis was performed
using descriptive and nonparametric statistics. The
Mann—Whitney test (data were presented as a spectrum
of Z-evaluation) was used for the paired comparison
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of the fluorescence spectra. The main differences in
the points of the spectrum are presented by the median
value of fluorescence intensity and interquartile range

Me[Q; O]

RESULTS

The results of using D- and I-normalization with
subsequent comparison of autofluorescence spectra in
groups of patients with TIDM depending on the level
of glycated hemoglobin are presented in the graph (Fig.
3). Significant differences are observed in both methods
of spectrum normalization. However, [-normalization
led to more significant differences in groups 1 and 2.
The greatest difference in the spectrum was observed
in the region of the Soret band of hemoglobin at 433
nm (p < 10*) and the region of the NADH peak at 487
(p < 0.005) isosbestic point of the alpha band of oxy
and deoxyhemoglobin at 592 nm (p < 0.001).

Z, OTH. efl.

JinHa BOJIHBI, HM

—q<TATI0)  —NT-10H=10)

Fig. 3. Spectra of pairwise Z-scores based on the level of
glycated hemoglobin

Table 1

Significant Differences in Fluorescence Intensity at Specified
Wavelengths According to Mann-Whitney Test for Different
Levels of Glycated Hemoglobin

Comparison group, Me [Q; O.] p (based
Wave- on Mann—
length HbAlc<7,0 HbAlc=7,1-10,0 Whitney
test)
1433 | 0.540[0.512; 0.551] | 0.514[0.498; 0.531] <10
1487 | 0.740 [0.730; 0.750] | 0.748 [0.739; 0.760] 0.002
1592 | 0.197[0.191; 0.204] | 0. 202 [0.194; 0.2006] 0.014
HbAlc=7.1-10.0 HbAlc>10.1

1433 0.514[0.498; 0.531] | 0.534[0.518; 0.557] 0.001

1592 | 0.202[0.194; 0.206] | 0.194 [0.186; 0.199] <1073

Note. Differences were considered statistically significant at p <0.05
(here and in Tables 2, 3).

The graph in Fig. 4 shows D-normalization,
indicating significant differences in autofluorescence
spectra at different values of average daily glycemia.

Z, OTH. e]I.
|
L

JluHa BOJHBI, HM

Fig. 4. Spectra of Z-evaluation when comparing the average
daily glycemia with different methods of normalization

Table 2

Significant Differences in Fluorescence Intensity at Specified
Wavelengths According to Mann-Whitney Test
for Average Daily Glycemia

p (based on
Mann-
<10 mmol/L => 10 mmol/L Whitney test)
D470 | 0.771 [0.656; 0.826] | 0.701 [0.618; 0.764] 0.004
D652 | 0.073 [0.064; 0.081] | 0.066 [0.058; 0.074] 0.002

Wave- Average daily glycemia, Me [Q; O,]
length

Significant regions of the spectrum that distinguish
groups of glycemic variability are present in both
normalization methods. The graph of the spectrum of
Z-scores for comparing glycemic variability is shown
in Fig. 5. As shown in the graph, a finer structure of the
spectrum when using I-normalization allows analysis
of changes in individual metabolites at different levels
of glycemic variability. Thus, the most significant
sections of the spectrum are represented by the Soret
band of hemoglobin at 427 nm (p < 0.005), the peak
of NADH fluorescence at 485 nm (p < 0.005), the
peaks of B and a bands of oxyhemoglobin at 539 nm
(» <0.01) and 581 nm (p < 0.001), respectively, as
well as the region of porphyrin fluorescence at 660 nm
(»<0.01).

4
3

24

Z, OTH. €]l
[=}
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Fig. 5. Spectra of Z-scores for comparing the glycemic
variability
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Table 3

Significant Differences in Fluorescence Intensity at Specified
Wavelengths According to Mann-Whitney Test for Glycemic
Variability

Wave- Glycemic variability, Me [Q; O.] (ﬁl (f;assg-
length <36% =>36% Whitney test)
1427 | 0.481 [0.468; 0.494] | 0.460 [0.441; 0.481] 0.001
1485 | 0.748 [0.730; 0.750] | 0.750 [0.742; 0.760] 0.004
1539 | 0.417[0.397;0.431] | 0.430 [0.415; 0.440] 0.006
1581 | 0.203 [0.196; 0.217] | 0.216 [0.210; 0.223] <10?
1661 | 0.063 [0.061; 0.069] | 0.060 [0.053; 0.066] 0.01
DISCUSSION

Although glycated hemoglobin is spectrally
indistinguishable from other hemoglobin derivatives,
its presence in the systemic bloodstream obviously
causes hypoxic changes in peripheral tissues, which
can be recorded using the spectrofluorometric
method. The majority of studies devoted to the
relationship between autofluorescence level and
HbAlc in patients with diabetes mellitus indicate a
correlation between these indicators, both in children
and adults [10-12].

According to the results of the study, the overall
reflection level (scattering) of UV radiation from the
skin was the most significant parameter, depending on
average daily glycemia.

As the study shows, an increase in average daily
glycation decreases fluorescence in the entire spectral
range in relation to the reflected excitation radiation.
This may be due to an increase in the reflection
coefficient and not a simultaneous change in all
metabolites. An increase in the reflection coefficient, in
turn, is associated with a change in the refractive index
of blood plasma with an increase in the concentration
of glucose in it. This finding is consistent to a certain
extent with data on changes in the refractive index of
the skin with an increase in glycemia [13, 14].

Moreover, when assessing the relationship between
autofluorescence spectra and glycemia variability
indices, it was found that a finer spectrum structure
at I[-normalization apparently allows analysis of
changes in individual metabolites at different levels of
glycemia variability. The results showed a statistical
relationship between skin autofluorescence spectra
and glycemia variability. Furthermore, a comparison
of autofluorescence spectra revealed not only hypoxic
shifts in the case of high variability, which is expected
in severe diabetes mellitus, but also an increase in the
pool of porphyrins.

In 1949, Sterling et al. first reported an association
between the development of diabetes mellitus and
porphyria. In the studies conducted, marked increase
in serum glucose and insulin levels were observed in
patients with porphyria.

However, despite numerous studies, the exact
mechanism by which patients with porphyria,
especially  asymptomatic  patients, experience
increased insulinemia remains unknown [15]. In the
present study, the cause of the increase in porphyrins
can be presumably associated with a decrease in the
insulin response during adolescence, when hormonal
changes are observed, mainly due to the level of
growth hormone and sex hormones [16].

CONCLUSION

When changing laboratory parameters of glycated
hemoglobin level, average daily glycemia, and
glycemic variability, there appear significant changes
in the spectrum of UV-induced fluorescence of the
skin in children with type 1 diabetes mellitus.

It was revealed that significant differences in the
skin autofluorescence spectra under UV excitation
were detected both in the overall signal level and at
wavelengths coinciding with the absorption peaks of
hemoglobin in the Soret band region, alpha and beta
bands, isosbestic points of oxy and deoxy hemoglobin,
the fluorescence peak of NADH, and porphyrins.
In this regard, the discovered relationship of skin
autofluorescence in the region of the porphyrin peak
at 660 nm with the degree of glycemic variability in
children with T1DM is poorly understood.

The results obtained in the study enable to conclude
that it is possible to create a non-invasive method for
monitoring various metabolic changes in diabetes
mellitus based on UV-induced autofluorescence
spectroscopy of the skin, which simultaneously
solves the problems of such diagnostic methods
as determining the level of glycated hemoglobin,
average daily glycemia, and glycemia variability.
This possibility can be realized through metabolic
connections of the indicated clinical indicators with
endogenous chromophores and fluorophores of the
skin.
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Response of Systemic Hemodynamic Parameters to Changes
in Blood Viscosity in Spontaneously Hypertensive Rats
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ABSTRACT

Aim. To study the response of systemic hemodynamic parameters to a decrease in blood viscosity in spontaneously
hypertensive rats (SHR) compared to normotensive Wistar rats.

Materials and methods. Systemic hemodynamic parameters were recorded using the MP150 system (Biopac
Systems, Inc., USA). Blood viscosity was measured using a Brookfield DV-II+Pro rotational viscometer
(Brookfield Engineering Labs Inc., USA) at 36°C and a shear rate of 450 s™'. Blood viscosity was reduced using
isovolemic hemodilution.

Results. The decrease in the blood viscosity in Wistar rats was not accompanied by significant changes in the
parameters of systemic hemodynamics. Only a slight decrease in the mean blood pressire was revealed, probably
associated with the experimental conditions and the effect of isoflurane anesthesia. Unlike normotensive animals,
in SHR isovolemic hemodilution led to a marked decrease in total peripheral vascular resistance, heart rate, blood
pressure, and an increase in stroke volume. At the same time, in SHR rats, the hypotensive reaction of blood
pressure in response to a decrease in blood viscosity was 3 times greater than in Wistar rats, which indicates
impaired vascular tone regulation in response to a change in shear stress.

Conclusion. Thus, in normotensive animals, a decrease in blood viscosity as a result of isovolemic hemodilution
does not cause changes in the main parameters of systemic hemodynamics. In contrast, in spontaneously
hypertensive animals, total peripheral vascular resistance and blood pressure decrease alongside with blood
viscosity, indicating impaired endothelium-dependent vascular tone regulation in response to changes in shear
stress. The results obtained substantiate the use of drugs that reduce blood viscosity as a promising direction in the
complex pharmacotherapy of hypertension and its complications.

Keywords: arterial hypertension, blood pressure, blood viscosity, total peripheral resistance, minute blood volume,
stroke volume, normotensive Wistar rats, spontaneously hypertensive rats
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Peakuunsa napameTpoB CUCTEMHOWN reMOANHAMUKIN HA N3MEHeHne
BA3KOCTUN KPOBU Y CNOHTAHHO rmnepTeH3UBHbIX KPbIC

CupexmeHoBa A.B.", AHnweHko A.M." 2, Annes O.WU.", Ynaxuna O.A.",
MNonewyk O.U.", MnoTHukos M.B.’

! Hayuno-uccnedo8amensckuil uHCmumym gapmaxonoauu u pecenepamuenoi meouyunvt (HUHDuPM)

um. E.J]. l'onvobepea, Tomckuii HayuonanvHulil ucciedosamenscekutl meouyunckutl yenmp (HUMI]) Poccutickoti
axkademuu HayK

Poccus, 634028, Tomcxk, np. Jlenuna, 3

2 Cubupcruil 2ocyoapemeennulit meouyunckuti ynusepcumem (Cuol MY)
Poccus, 634050, Tomck, Mockosckuti mpakm, 2

PE3IOME

ue.l]b: HCCIICIOBAHUE pCAKIUU MapaMETPOB CHCTEMHOW T'e€MOJINHAMHUKHU B OTBET Ha CHIDKCHHE BSI3KOCTH KpoBHU
Y CIIOHTAHHO T'HIIEPTEH3UBHBIX KPbIC IMHUN SHR no CpaBHEHHNIO C HOPMOTEH3UBHBIMU KPbICAMHU CTOKaA BI/ICTap.

MatepuaJbl 1 MeToAbI. [lapaMeTpsl CHCTEMHOM TeMOJUHAMUKH PETUCTPUPOBAIIN C MOMOIIBbI0 cucTeMbl MP150
(Biopac Systems, Inc., CILIA). Bsi3kocTs KpOBH H3MEPSUIH Ha pOTAIMOHHOM BHCKo3umeTpe Brookfield DV-II+Pro
(Brookfield Engineering Labs Inc., CIITA) ua ckopoctu casura 450 ¢ !. CHIKeHHE BA3KOCTH KPOBU IPOBOINIIH C
TIOMOIIBIO N30BOJIEMHUYECKON TEMOIHTIOLHH.

Pe3yabTaThl. CHIKEHHE BSI3KOCTH KPOBH y KPbIC CTOKA BucTap He cONpoBOXKAanoCch 3HAUMMBIMU W3MEHEHUSI-
MH T1apaMEeTPOB CHCTEMHON I'€MOJIMHAMHKH, BBISABICHO JIMIIb HEOONIBIIOE CHIDKEHNE apTePHAIBHOTO JABIICHMS,
BEPOSTHO, CBA3aHHOE C YCIOBUSIMH 3KCIIEPUMEHTA U AeiicTBUEM H30(IIypaHOBOTO HapKo3a. B oTianuue or HopmMo-
TEH3UBHBIX )KUBOTHBIX Y Kpbic SHR M30BoIEMHUYECKast reMOAMITIONHS IPHBOIMIIA K BBIPAXXEHHOMY CHIKEHHUIO 00-
IIero nepudepuyeckoro CONPOTUBICHHS COCYIOB, YACTOTHI CEPACUHBIX COKPAILCHHUH, apTEePHAIBHOTO JIABJICHUS
U YBEIMYEHHUIO yrapHoro oobema. [Ipu 3tom y kpbic SHR runorensuBHas peakuust apTepuaibHOTO JABICHUS B
OTBET Ha CHIDKEHHE BA3KOCTH KPOBH Obla B 3 pasa Goiblile, 4eM y KpbIC cToka Bucrap, uTo CBUAETENBCTBYET O
HapyIIEHNUH PeryJIsIuK TOHyca COCYJIOB B OTBET HAa H3MEHEHUE HAIPSKEHUS CIBUTA.

3akaouenne. Takum 0o0pa3oM, y HOPMOTEH3UBHBIX KUBOTHBIX CHIDKEHHUE BSI3KOCTH KPOBH B PE3YJIbTAaTe H30BO-
JIEMUYECKOM I'eéMOJUIIIOIIMY HE BbI3bIBACT U3MEHEHUI OCHOBHBIX IapaMeTPOB CUCTEMHON remoanHaMuku. Hampo-
THUB, y CIIOHTaHHO THUIIEPTEH3UBHBIX )KUBOTHBIX 001IIee eprdepruueckoe CONPOTHBICHHE COCYA0B H apTepHaNIbHOe
JlaBJIeHHE IIACCUBHO CIIEIYIOT 33 CHIDKEHHEM BSI3KOCTU KPOBHU, UTO CBHJIETENBCTBYET O HapyILICHUU 3HIO0TEINH3a-
BUCHMOM peryisiuy TOHyca COCy0B B OTBET Ha U3MEHEHHE CIIBUIOBOro HanpsikeHus. I[loaydeHHble pe3ynbTaTbl
00O0CHOBBIBAIOT MPUMEHEHNE NPENapaToB, CHINKAIONIUX BA3KOCTh KPOBH, B KaUeCTBE MEPCIIEKTHBHOTO HaIlpaBlie-
HUSI KOMILUIEKCHOIT (hapMakoTepanuy apTepuaabHON THIIEPTEH3UH H €€ OCJIOKHEHUH.

KaroueBble ciioBa: aprepuanbHas TUIIEPTEH3US, apTepUalbHOE AAaBIEHUE, BI3KOCTh KPOBH, oOIee nepudepude-
CKO€ COTPOTUBIICHNE, MUHYTHBII 00BEM KPOBH, yAapHbIH 00beM, HOPMOTEH3HUBHBIE KPBICHI CTOKa Bucrap, cros-
TaHHO TUIEPTEH3UBHbIC KPbICHI TMHUU SHR

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

Hcrounuxk ¢unancupoBanus. VccnenoBanue BBIIONHEHO 3a cUeT rpaHTa Poccuiickoro HaydHoro ¢onHza
Ne 23-25-00175, https://rscf.ru/project/23-25-00175/.

CooTtBercTBHE NMpUHIMIIAM ITHKH. [IpoTokon uccnenoBanuii (Ne 207012023) yTBepk/IeH KOMUCCUEH 1O KOH-
TPOJTIO 32 COJIEPKAHUEM U UCTIOJIb30BaHUEM J1a00paTOpHBIX )KUBOTHEIX HUW®uM um. E.J1. Tonpadepra Tomcko-
ro HUMII.

Jas uurupoBanus: Cunexmenosa A.B., Aanmenko A.M., Anues O.U., Yisaxuna O.A., [loneuryk O.U., [Tnot-
HuKoB M.b. Peakuus napaMeTpoB CUCTEMHON I'€éMOJMHAMUKN HA WU3MEHEHUE BSI3KOCTU KPOBM y CIIOHTAHHO T'H-
MePTEH3UBHBIX KpPbIC. Broiemens cubupckoil meouyunst. 2025;24(2):91-97. https://doi.org/10.20538/1682-0363-
2025-2-91-97.
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INTRODUCTION

Arterial hypertension (AH) is a major risk factor for
cardiovascular diseases [1]. Despite the availability of
a number of highly effective and well-tolerated drug
therapies for AH, blood pressure control parameters
leave much to be desired [2]. This justifies the need to
search for new therapeutic strategies for the treatment
of patients with AH.

The hyperviscosity syndrome that develops in
AH is one of the links in the pathogenesis of this
disease [3, 4, 5]. Increased blood viscosity (BV)
in AH significantly contributes to an increase
in total peripheral resistance, impaired systemic
hemodynamics, and microcirculation disorder [3, 4].
However, there are complex relationships between
BV and hemodynamic parameters [4, 6]. BV has two
opposite effects on total peripheral vascular resistance,
which includes effects on hydrodynamic resistance
and on vascular tone through mechanotransduction
involving the vascular endothelium. On the one hand,
an increase in BV in AH leads to an increase in total
peripheral resistance [3]. On the other hand, BV
determines the shear stress acting on the endothelium
of the vascular wall, and with an increase in BV, the
shear stress on the vascular endothelium increases,
which can lead to a decrease in vascular tone [7].

Experimental studies have been conducted
to investigate the relationship between BV and
blood pressure [8, 9]. However, these studies
contain contradictory data on changes in systemic
hemodynamic parameters in response to changes in
BV in normotensive animals. Similar studies have not
been conducted on spontaneously hypertensive rats
(SHR). At the same time, SHR are the most adequate
model of essential arterial hypertension.

The aim was to study the reaction of systemic
hemodynamic parameters in response to a decrease
in blood pressure in SHR compared to normotensive
Wistar rats.

MATERIALS AND METHODS

The experiments were conducted on 8 outbred
male Wistar rats aged 13—-14 weeks, obtained from
the Department of Experimental Biological Models
of Goldberg Research Institute of Pharmacology
and Regenerative Medicine of Tomsk NRMC and
9 spontaneously hypertensive male rats aged 13-14
weeks, obtained from the vivarium of the Institute of
Bioorganic Chemistry, Russian Academy of Sciences,
Pushchino. In the vivarium of Goldberg Research

Institute of Pharmacology and Regenerative Medicine,
the animals were kept in a partial barrier system with
the following environmental parameters: temperature
of 20-24 °C, relative humidity of 50+20%, air
exchange rate of 12—-15 room volumes per hour, and
light conditions of 12:12 h. The animals were kept and
cared for in accordance with the rules of the European
Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes
(Directive 2010/63/EU). The research protocol (No.
207012023) was approved by the Committee for the
Control of the Care and Use of Laboratory Animals
of Goldberg Research Institute of Pharmacology
and Regenerative Medicine. The experiments were
conducted under isoflurane anesthesia. For isoflurane
inhalation, an Ugo Basile 21050 anesthesia apparatus
(Ugo Basile, Italy) was used. A decrease in BV was
achieved using isovolemic hemodilution, which was
carried out by equivolume replacement of 10% of
the circulating blood volume with plasma obtained
from a donor rat. The circulating blood volume was
determined for each rat based on 7.5% of the body
weight [10]. The isovolemic hemodilution procedure
was performed in recipient rats by withdrawing blood
from the jugular vein and simultaneously transfusing
plasma from a donor rat into the femoral vein using an
SN-50C6infusionsyringe pumpatarate of0.17 ml/min.
Blood was collected from donor rats through a
catheter from the common carotid artery; heparin was
used as an anticoagulant. The blood was centrifuged at
1600 g for 15 min to obtain plasma. The mean arterial
pressure (MAP) was recorded in the common carotid
artery of the animal. The stroke volume (SV) of the
heart was determined using the tetrapolar rheography
method. The SV of blood was calculated using the
formula:

SV =p - (L/Z) dz/dt__- LVET

where p is the specific resistance of the blood;
L is the distance between the outer measuring
electrodes; Z is the total impedance (resistance);
dz/dt  is the amplitude of the first derivative of
the rheogram; LVET is left ventricular ejection
time. Based on the SV, heart rate (HR) and animal
weight, the values of the cardiac index (CI) and total
peripheral resistance (TPR) were calculated. The
parameters of systemic hemodynamics were recorded
using a high-speed data acquisition and analysis
system MP150 (Biopac Systems, Inc, USA) with
a DA100C MAP recording unit with a TSD104A
sensor and an EBI100C impedance recording unit
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with the AcqKnowledge 4.2 for MP150 software. BV
was assessed on a Brookfield DV-II+Pro rotational
viscometer (Brookfield Engineering Labs Inc., USA)
at a shear rate of 450 s! at a temperature of 36 °C.

Registration of systemic hemodynamic parameters
and BV was performed before isovolemic hemodilution
and 30 minutes after.

Statistical processing of the obtained results was
performed using the Statistica 8.0 statistical software
package. The data are presented as M=SE, where
M is the mean value, SE is the standard error of the
mean. The nonparametric Mann—Whitney U-test was
used to assess the statistical significance of intergroup

differences. The differences were considered

statistically significant at p < 0.05.

RESULTS

The baseline of the BV in Wistar rats was 3.64+0.07
mPa-s (Fig. 1a). After isovolemic hemodilution, the
BV in Wistar rats significantly decreased by 16%
compared to the baseline. The HR, SV, CI, and TPR
indices in Wistar rats after isovolemic hemodilution
did not differ from the baseline (Fig. 1c, Fig. 1d, Fig.
le, Fig. 1f). A slight decrease in MAP was revealed
after isovolemic hemodilution in Wistar rats (by
7+2%) (Fig. 1b).
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Fig. 1 Changes in blood viscosity («), mean arterial pressure (b), stroke volume (c), heart rate (d), cardiac index (e) and total
peripheral resistance (f) in normotensive Wistar rats and SHR after isovolemic hemodilution. * — statistically significant difference
(»<0.05) compared to values in Wistar rats; * — statistically significant difference (p <0.05) compared to values before hemodilution.
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The baseline of BV MAP, SV, and TPR in SHR
was significantly higher, and HR was lower than in
Wistar rats (Fig. 1a, Fig. 1b, Fig. 1c, Fig. 1d, Fig. 1f).
Isovolemic hemodilution in SHR resulted in a 19%
decrease in BV compared to the baseline. In SHR,
isovolemic hemodilution resulted in a statistically
significant decrease in HR (by 22%) and TPR (by
29%), while SV increased (by 50%). After isovolemic
hemodilution, a statistically significant decrease in
MAP by 214+2% was observed in SHR. Moreover, the
hypotensive reaction of arterial pressure in response
to a decrease in BV in SHR was 3 times greater than
in Wistar rats.

DISCUSSION

To correct the syndrome of increased BV and
microcirculation disorders in hypertension, the use
of pharmacological agents that reduce BV seems
to be a theoretically sound approach. However, the
ambiguous effect of BV on TPR requires further study
of this phenomenon.

Data on changes in hemodynamic parameters
after a decrease in hematocrit and, consequently, in
BV were obtained in normotensive animals. The
experiments of Bonnin et al. demonstrated that in
Wistar rats, with a change in hematocrit in the range
of 35-46%, arterial pressure, CI, and blood flow in the
renal artery remain stable [8]. A decrease in hematocrit
in awake Syrian hamsters by 8.4% caused an increase
in arterial pressure and CI, while vascular resistance
remained stable [9]. In our study, a decrease in BV
in normotensive animals did not lead to significant
changes in the parameters of central hemodynamics.
A slight decrease in arterial pressure after isovolemic
hemodilution in Wistar rats was probably associated
with the experimental conditions, in particular, the
effect of isoflurane anesthesia [11]. The absence
of changes in central hemodynamic parameters
after a decrease in BV in Wistar rats is associated
with the involvement of endothelium-dependent
mechanotransduction in the regulation of vascular
tone.

In SHR, unlike normotensive animals, isovolemic
hemodilution resulted in significant changes in central
hemodynamic parameters. A decrease in BV in SHR
resulted in a decrease in TPR, indicating a disturbance
in the regulation of vascular tone in response to
a change in shear stress. A decrease in TPR and
HR with a decrease in SV in SHR after isovolemic
hemodilution could lead to an increase in SV. A
decrease in MAP in SHR after hemodilution was

more pronounced than in Wistar rats and is probably
associated, in addition to the effect of anesthesia, with
a decrease in TPR due to a decrease in BV. A previous
study showed that in normotensive animals, before and
after hemodilution, there are no correlations between
BV and arterial pressure. Whereas in SHR, there is a
positive correlation of medium strength between BV
and arterial pressure, which persists after isovolemic
hemodilution [12].

The involvement of endothelial cells in the
regulation of vascular tone with changes in shear
stress has been proven in a number of studies.
Thus, inhibition of eNOS and NO production in
normotensive animals resulted in a direct relationship
between changes in BV and peripheral resistance [8,
13]. Violation of the relationship between blood flow
velocity and tail artery diameter was demonstrated in
normotensive Wistar rats with endothelium damaged
by the CHAPS detergent, as well as in SHR [14].
Endothelial cells play a key role in the regulation
of vascular tone due to their ability to respond to
increased shear stress with increased NO production.
In hypertension, elevated blood pressure adversely
affects the vascular endothelium [15], which leads to
a decrease in its vasodilating activity in response to
humoral stimuli [15, 16, 17] with the development of
endothelial dysfunction [18, 19]. In addition, patients
with hypertension develop a syndrome of increased
BV [3, 4, 5], and increased viscosity negatively affects
endothelial function [20].

CONCLUSION

Thus, in normotensive animals, a decrease in
BV as a result of isovolemic hemodilution does
not cause significant changes in the parameters of
central hemodynamics. Conversely, in spontaneously
hypertensive animals, TPR and arterial pressure
passively follow a decrease in BV, which indicates
a violation of the regulation of vascular tone in
response to a change in shear stress. The obtained
results substantiate the use of drugs that reduce BV as
a promising direction in the pharmacotherapy of AH
and its complications.
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Polymorphic Variant of NQO17 rs1800566 and Antipsychotic-induced
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ABSTRACT

Aim. To conduct an associative analysis between antipsychotic-induced metabolic disorders and the polymorphic
variant NQO! rs1800566.

Materials and methods. The study included 603 patients with schizophrenia, who underwent a comprehensive
clinical, anthropometric and laboratory examination. Metabolic syndrome (MetS) was established based on the
2005 International Diabetes Federation criteria. Genotyping of the polymorphic variant NOO! rs1800566 was
performed in the studied sample of patients. Statistical processing of the results was performed using Statistica 12.0
software package (StatSoft, Russia).

Results. Among patients receiving basic therapy with atypical antipsychotics, the T allele had an effect
predisposing to the development of MetS (odds ratio: 1.63, 95% confidence interval: 1.01-2.62), while the C
allele was statistically significantly more common among patients without metabolic syndrome (odds ratio: 0.61,
95% confidence interval: 0.38-0.99). In carriers of the 77 genotype, serum triglyceride levels are statistically
significantly higher than in carriers of the CC or CT genotypes (p = 0.049).

Conclusion. The results of the study for the first time revealed associations of the polymorphic variant NOOI
rs1800566 with MetS and hypertriglyceridemia in patients with schizophrenia receiving pharmacotherapy with
second-generation antipsychotics. The results of this study confirm the contribution of the genetic component to
the development of metabolic disorders in patients with schizophrenia and open up prospects for further search for
genetic markers for the prevention and correction of this undesirable phenomenon.

Keywords: molecular genetics, NQOI, single nucleotide polymorphism, metabolic disorders, schizophrenia,
antipsychotics, adverse effects of therapy
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Monumopoubin Bapnaut NQO17 rs1800566
M aHTUNCNXOTUK-NHAYLNPOBaHHbIe MeTabonnyeckre HapyLieHuA
y NaLMeHTOoB C WwnsodppeHnen

TuryHues B.B., MegHoBa U.A., Noxunaaes U.B., Muxanuukas E.B., Metkyn 1.A.,
Banosa H.M., MNapepuHa A.3., KopHetrosa E.l'., UBaHoBa C.A.

Hayuno-uccnedosamenvcxuti uncmumym (HUHU) ncuxuueckozo 300poswsi, Tomckuil HayuoHaibHoli
uccneoogamenvckuil meouyunckutl yenmp (HUMI]) Poccuiickotl akademuu HayK
Poccus, 634014, 2. Tomck, yn. Aneymckas, 4

PE3IOME

eunn. IIpoBecTr acCOLMATHBHBIH aHAIN3 MEXITY aHTUIICHXOTHK-HH/YIHPOBAaHHBIMH MeTa00IMYECKMMH HapyIIe-
HUSIMHA ¥ ToauMopdHbIM BapuaHToMm reHa HAJI(®)H-xunoHOKCcHI0peaykTassl-1 (NQOI) rs1800566

MarepuaJbl 1 MeTObl. B rccnenoBanne BIroueHs! 603 nanuenTa ¢ mu3oppeHneii, y KOTOpbIX ObIIIO MPOBEACHO
KOMIIJIEKCHOE KJIMHHUYECKOE, aHTPOIOMETpUUYECKoe U j1abopaTopHoe obcneoBanue. Metabosnyeckuii CuHAPOM
(MC) ycranaBnuBaics Ha OCHOBaHUM KputepueB MexayHapoanoit gpenepannu auadera (IDF), 2005. IIposexne-
HO TEHOTHNHUpoBaHue noauMopduoro Bapuanta NOO! rs1800566 B nccnemyemoii Beioopke manueHToB. CtaTtu-
cTryeckas 00paboTKa pe3yIbTaTOB OCYLIECTBIICHA C UCIIOIB30BAaHUEM IPOTPaMMHOT0 obecriedeHus Statistica for
Windows V.12.0 (StatSoft, Poccwust).

PesyabTatel. Cpeny manyeHToB, NPUHAMAIOIINX 0a30BYI0 TEPAIHIO aTUIMYHBIMH AHTUIICUXOTHKAMH, aJlleib
T obnanan s¢dexrom, npeapacronararomum K pazsutnio MC (otHomenue nrancos (OIID) 1,63; 95%-it noBepu-
tenbHbIN uHTEepBal ([AM1): 1,01-2,62), B To Bpems kak amiens C CTaTUCTUYECKU 3HAYMMO Yallle BCTPeyacs cpeiud
narnueHToB 6e3 Metabommuyeckoro cuaapoma (O 0,61; 95%-it JIN: 0,38-0,99). YV Hocuteneii renotumna 77 ypos-
HH TPHUTIIULEPUIOB B CBIBOPOTKE KPOBU CTATHCTHYECKHU 3HAUYMMO BBIle, 4eM y Hocutesel renorunoB CC mwim CT
(p = 0,049).

3aka04enne. B pe3ynbTaThl IPOBEICHHOTO HCCIIEJOBAHUS BIIEPBBIC ObIIN OOHAPYKEHBI aCCOIHAIMH TTOJIMOp-
¢uoro Bapuanta NQO! rs1800566 ¢ MC n runepTpurinnepuieMueii y 00JIbHBIX MU30(ppeHNeH, TPUHIMAIOMINX
(hapMakoTepanuio aHTUIICHXOTHKAMH BTOPOTO MOKOJEHHS. Pe3yiabTaTel JaHHOTO HCCIEIOBAHMS MOATBEPKAAIOT
BKJIaJ] TEHETHUECKOH KOMITOHEHTHI B Pa3BUTHE META0OIMIECKUX HApYIICHN y OOIBHBIX MN30(PEHHEH U OTKPHI-
BaIOT IIEPCIIEKTUBBI A JaJIbHEHIIEro NOUCKA TeHETUYECKUX MAPKEPOB C LIENIBIO IPEBEHIIMU U KOPPEKIUH ITOr0
HEKEJIATeIIbHOT'O SIBJICHUSL.

Kawuessble ciioBa: mosiekysipHas renetuka, NOO1, OHOHYKJICOTHIHBINA MOTUMOPPH3M, META00THICCKUE HAPY-
HICHUSI, W30 PEHNUS, aHTUIICHXOTHKH, HeXKelaTeabHbIe 3)(EKThI Teparum

KoHpaukT uaTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIMAIBHBIX KOHMOIUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJIMKAIMEl HACTOSIIEH CTaThH.

Hcrounuk ¢punancupoBanms. Pabora noxnepxana rpantom Poccuiickoro Haydnoro gonga Ne 23-75-10088
«Ponb aHTHOKCHAAHTHBIX (PEPMEHTOB M CHHTA3 OKCHJA a30Ta B MEXaHM3MaX (pOpMHUPOBAHHS METa0OINYECKOro
CHHApOMa TIpH 3o penun», https://rscf.ru/project/23-75-10088/

CooTBeTcTBHE NPUHIHMIAM THKH. Bee manmenTs!, BKIIOYEHHBIE B UCCIICIOBAHNE, TTOANKCAIN JOOPOBOIBHOE
napopMupoBanHoe cornacue. McciaenoBanue ogodpeHo studeckum komureroM HUU meuxmdeckoro 310poBbs
Tomckoro HUMII (mpotoxon Ne 165 ot 18.09.2023).

Jasi uutupoBanusi: Turynues B.B., Meanosa W.A., Tloxunaes W.B., Muxamuukas E.B., Ilerkyn .A.,
Bsimosa H.M., TTagepuna /1.3., Kopuerosa E.I'., isanosa C.A. [Tomumopdusiii Bapuant NQO1 rs1800566 u an-
TUTICUXOTHK-UHIyIIAPOBAHHBIC META0OINYCCKUE HAPYIICHUS Y TAIMCHTOB C MIU30(ppeHucii. broiiemens cubup-
ckoti meouyunwl. 2025;24(2):98-105. https://doi.org/10.20538/1682-0363-2025-2-98-105.
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INTRODUCTION

The ambiguity of the use of long-term
antipsychotic pharmacotherapy lies in its dual effect
on the organism of patients with mental disorders.
On the one hand, these drugs successfully reduce
the psychopathological symptoms of schizophrenia,
which has been proven by numerous studies [1, 2]. On
the other hand, antipsychotics, especially with long-
term use, cause serious somatic, neurological, and
other complications [2—4].

Both conventional and atypical antipsychotics
can lead to weight gain, although the pathogenesis
of this adverse effect is somewhat different.
Conventional antipsychotics more often lead to
hyperprolactinemia by blocking D2 dopamine
receptors in the tuberoinfundibular pathway [5],
while atypical antipsychotics cause dyslipidemia,
increase insulin resistance [6], and thereby contribute
to the development of obesity or metabolic syndrome
(MetS). Increased body weight significantly reduces
the quality of patients life, often leading to a decrease
in their compliance and even to a complete treatment
refusal [5].

Oxidative stress is characterized by increased
synthesis of free radicals, in particular active forms of
oxygen: singlet oxygen, superoxide radical, hydrogen
peroxide, etc., as well as disruption of the prooxidant
and antioxidant systems. Typically, free radical
oxidation plays an important role in the bactericidal
action of neutrophils, regulation of blood pressure,
polymerization of proteins, and lipid peroxidation. In
pathology, oxidative stress leads to the formation of
atherosclerotic plaques, the development of coronary
heart disease, hypercholesterolemia, carcinogenesis,
and a predisposition to thrombosis [7].

One of the aspects of schizophrenia pathogenesis
is considered to be the development of oxidative
stress [8], which leads to impaired neuroplasticity and
increased neurodegeneration and is detected regardless
of whether patients have taken antipsychotics [9] or
not [10]. There is evidence that oxidative stress is a
probable mechanism for the development of tardive
dyskinesia, one of the most severe adverse effects of
conventional and some atypical antipsychotics [11, 12].

It has also been shown that lipid peroxidation
processes occur rapidly in obesity [13], which in
itself can cause oxidative stress. Progressive growth
of adipose tissue leads to increased production
of reactive oxygen species and pro-inflammatory
mediators, disruption of the balance of prooxidant

and antioxidant systems and, consequently, to the
development of oxidative stress [14, 15], which forms
a vicious circle [7].

The NQOI gene encodes the flavoenzyme NAD(P)
H quinine oxidoreductase-1. This enzyme catalyzes
the reduction of quinones to less toxic hydroquinones
and is also involved in the detoxification of superoxide
radicals to hydrogen peroxide. NQOI expression
increases in oxidative stress [16]. There is also
evidence that NOO! is found in the brain, where it is
involved in dopaminergic neurotransmission [17] and
neuroprotection [18].

Genetic factors have been proven to play significant
role in the development of schizophrenia, the formation
of'its clinical picture and the severity of drug-induced
side effects of antipsychotic therapy [19, 20]. The
polymorphic variant NOQO! rs1800566 is functional:
it leads to the replacement of proline with serine and
a significant decrease in enzyme activity [21]. In this
regard, we hypothesized that polymorphic variants
of the NOOI gene may participate in the formation
of metabolic disorders in patients with schizophrenia
when they are receiving antipsychotic therapy.

Thus, the aim of the study was to analyze the
associations between antipsychotic-induced metabolic
disorders and the NQOI 151800566 polymorphic
variant.

MATERIALS AND METHODS

Patients. The study was conducted at the
Department of Endogenous Disorders of the Mental
Health Research Institute of Tomsk National
Research Medical Center. A total of 603 patients
with schizophrenia (302 men and 301 women)
were examined. All patients included in the study
underwent in-patient treatment, signed a voluntary
informed consent, and received antipsychotic therapy
in the average therapeutic doses recommended by the
manufacturer.

Inclusion criteria were as follows: age 18—55 years;
follow-up history of at least 1 year; Slavic ethnicity;
verified diagnosis of schizophrenia according to ICD-
10 criteria; consent to participate in the study.

Exclusion criteria were as follows: the presence
of organic, neurological, severe somatic diseases
leading to organ failure; the presence of concomitant
addictive or other mental disorders; refusal to
participate in the study.

All subjects completed the “Basic card of socio-
demographic and clinical-dynamic features for
patients with schizophrenia” [22], which we had
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previously tested in clinical trials.

Mental status assessment. The severity of the
mental state was verified using the Positive and
Negative Syndrome Scale (PANSS) [23] in the
adapted Russian version (SCI-PANSS) [24].

Anthropometric study. All subjects underwent
anthropometric  measurement, which included
the measurement of height, weight, and waist
circumference, and the calculation of body mass index
(BMI). Waist circumference was measured midway
between the lower rib and the iliac crest.

Laboratory parameters. Blood for biochemical
tests was taken on an empty stomach between 8.00
and 9.00 a.m. Glucose, triglycerides (TG), and high-
density lipoproteins (HDL) were measured in blood
serum samples using standard biochemical methods.

Metabolic syndrome. MetS was defined according
to the criteria of the International Diabetes Federation
(IDF) (2005) [25]:

— abdominal obesity: waist circumference > 94 cm
in men or > 80 ¢cm in women;

— dyslipidemia: elevated triglyceride (TG) levels >
1.7 mmol/l;

— dyslipidemia: low HDL levels < 1.03 mmol/l in
men or < 1.29 mmol/l in women;

— blood pressure > 130/85 mm Hg;

— fasting plasma glucose levels > 5.6 mmol/I.

Molecular genetic analysis. Genotyping of the
polymorphic variant NQO1 rs1800566 was performed
by real-time PCR using SNP Genotyping Assay kits
(ThermoFisher Scientific, USA) on a StepOnePlus
device (Applied Biosystems, USA).

Based on the genotyping results, patients were
divided into 3 groups according to the identified
genotypes for further comparison of quantitative
indicators.

Statistical analysis was performed using Statistica
for Windows V.12.0 software (StatSoft, Russia). The
Shapiro—Wilk test was used to test whether data set was
normally distributed. The obtained data did not obey the
normal distribution law. Therefore, they are presented
as the median with the interquartile range Me [Q,; O].
Qualitative data are presented as frequency indicators
in absolute and relative units n (%). When comparing
qualitative data, Pearson’s x2 was used, including taking
into account the Yates correction, and Fisher’s exact
test (if one or more of the study groups had less than
5 people). Quantitative data were compared using the
Kruskal-Wallis test (H). The odds ratio (OR) with the
calculation of the 95% confidence interval (CI) was used
as a quantitative measure of the degree of association

of a genetic marker with MetS. The threshold level of
statistical significance is p = 0.05.

This study did not use animals in the experiments.
All the procedures performed comply with the ethical
standards of the research institute and/or national
Ethics Committee and the Helsinki Declaration of
1964 and its subsequent amendments or comparable
standards of ethics.

RESULTS

Socio-demographic and clinical characteristics of
patients are presented in Table 1.

Table 1

Socio-Demographic and Clinical Characteristics of the
Examined Patients

Characteristic Parameter

Sample size, n 603
Men: 302 (50.1%)
Women: 301 (49.9%)

Gender, 1 (%)

Age, years, Me [Q; O,] 39 [31;49]
Age of manifestation, years
’ ? 24 [20; 30
Me[Q, 0] [20:301
Duration of disease, years, Me
’ ’ 13[7;21
[0,: 0] 7 21]

Total score: 102 [92; 102]
Positive symptoms: 23 [19; 27]
Negative symptoms: 25 [22; 29]

PANSS, points, Me [O; O,]

General psychological symptoms:
52 [46; 58]

Duration of basic therapy,
years, Me [O,; O,]
Chlorpromazine equivalent,
mg, Me [Q; O]
Pharmacological profile of
antipsychotics, n (%)

8[3; 17]

434.8 [225; 758.7]

Conventional: 370 (61.4)
Atypical: 234 (39.3)
Yes: 156 (25.9%)
No: 447 (74.1%)

Metabolic syndrome , 7 (%)

At the first stage of the study, an association
analysis was performed between the frequency of
occurrence of genotypes and alleles of the selected
single-nucleotide  polymorphic  variant NQOI
rs1800566 and MetS. No statistically significant
associations were found in the total sample of patients.
At the second stage, patients were divided into groups
depending on the pharmacological profile of the
basic antipsychotic. In the case of using conventional
antipsychotics, no relationship was found between
the selected polymorphic variant and MetS. Among
patients receiving basic therapy with atypical
antipsychotics, the T allele had an effect predisposing
to the development of MetS, while the C allele was
statistically significantly more common among
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patients without MetS (Table 2).

Anthropometric and laboratory parameters were
compared among patients receiving basic atypical
antipsychotic therapy, for which they were divided
into subgroups with different genotypes of the studied

polymorphic variant NQOI rs1800566. It was shown
that in carriers of the TT genotype, serum triglyceride
levels were statistically significantly higher than in
carriers of other genotypes (Table 3).

Table 2

Comparison of Genotype and Allele Frequencies of the NOOI Rs1800566 Polymorphic Variant in the Group of Patients Receiving
Basic Therapy with Atypical Antipsychotics, » (%)

OR
Pol hi i ithout M ith M */F
olymorphic variant Without MetS With MetS Value | 95% CI bt P
General sample
Cw cC 309 (65.7) 92 (57.1) 0.69 0.48-1.00
=
§ §u § CT 140 (29.8) 63 (39.1) 1.51 1.0-2.20 4.71 0.09
§ - T 21 (4.5) 6(3.7) 0.96 0.38-2.45
>3 C 0.806 0.767 0.79 0.58-1.07
2128 2.29 0.13
< T 0.194 0.233 1.26 0.93-1.72
Patients receiving conventional antipsychotics as basic therapy
- cC 182 (65.2) 52 (59.1) 0.77 0.47-1.26
gl 2a| cr 84 (30.1) 34 (38.6) 1.42 0.86-2.34 291 0.23
S| &
§ T 13 (4.7) 2(2.3) 0.54 0.12-2.46
>3 C 0.803 0.784 0.89 0.59-1.35
Sl=l 0.29 0.59
© T 0.197 0.216 1.21 0.74-1.69
Patients receiving atypical antipsychotics as basic therapy
o cC 111 (68.1) 37 (53.6) 0.54 0.30-0.96
=]
L\% §n § CT 46 (28.2) 28 (40.6) 1.83 1.00-3.32 434 0.11
§ B T 6(3.7) 4 (5.8) 2.00 0.53-7.48
Sl b ow C 0.822 0.739 0.61 0.38-0.99
i 4.13 0.04*
< T 0.178 0.261 1.63 1.01-2.62
* statistically significant differences (here and in Table 3).
Table 3

Comparison of Anthropometric and Biochemical Parameters in a Group of Patients Receiving Basic Therapy with Atypical
Antipsychotics with Different Genotypes of the NOOI Rs1800566 Polymorphic Variant, Me [0, O]

Genotype
Parameter cC CT TT H p

Waist size, cm 87 [78; 98] 87 [78; 100] 91 [83; 96] 0.61 0.73
BMI, kg/cm? 26.2 [22.5; 31.1] 23.2[20.5; 26.3] 27.6 [22.5;31.5] 0.31 0.86
Glucose, mmol/l 491 [4.5; 5.48] 5.1[4.5;5.42] 5.21[5;5.8] 1.78 0.41
Triglycerides, mmol/l 1.32[1; 1.92] 1.310.9; 1.84] 1.94 [1.6;2.3] 5.65 0.049*
HDL, mmol/l 1.01 [0.82; 1.25] 1[0.82; 1.3] 1.09 [0.6; 1.45] 0.003 0.999
DISCUSSION promoting the activation of adipocyte transcription

Along with the choice of the most effective
pharmacotherapeutic tactics in the treatment of
schizophrenia, the problem of genetic predisposition
to the development of certain undesirable metabolic
phenomena when using antipsychotic drugs has
remained no less relevant for biological psychiatry for
a long time.

It is assumed that NQO! acting as an antioxidant
enzyme prevents the overproduction of reactive
oxygen species, leading to vascular dysfunction,

factors and disruption of the regulation, and synthesis
of fatty acids and lipids [26]. The results obtained
in the course of the study may mean that carriers
of the mutant allele have reduced NQOI activity
and, consequently, a shift in the balance towards
the prooxidant system. Together with the increased
risk of cardiometabolic disorders when taking
some atypical antipsychotics and the development
of oxidative stress with increased formation of
adipose tissue, which could explain the differences
obtained.
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There is no information in the literature on studies
of'the association of polymorphic variants of the NQO1
gene with antipsychotic-induced metabolic disorders.
The overwhelming majority of publications regarding
the sought-after polymorphic variant are devoted to its
association with cancer [26—28], since oxidative stress
plays an important role in carcinogenesis processes.
Therefore, we consider the present study to be
a pilot. Anecdotal data on the presence or absence of
an association of this polymorphic variant, as well as
other polymorphic variants of the NOO! gene with the
development of metabolic disorders, obesity, or MetS
are presented.

A relationship was found between the T allele and
hypertriglyceridemia, and reduced HDL levels in a
Mexican population of patients suffering from MetS
[30]. Elevated triglyceride levels were associated
with carriage of the homozygous T allele [31]. Mice
homozygous for the knockout of the NQOI gene
have been shown to have increased TG levels [32].
While administration of beta-lapachone, a natural
NQOI substrate that activates the enzyme, to mice
was accompanied by a decrease in the concentration
of TG, cholesterol, free fatty acids, leptin, glucose,
insulin, and body weight in mice with an experimental
model of obesity and diabetes mellitus [33].

A number of studies involving patients with type
2 diabetes mellitus have not revealed associations
between this disease and the NQOI rs1800566
polymorphic variant [34, 35]. According to the authors,
the lack of associations may be due to the influence
of concomitant therapy with fibrates and statins [34].
This further emphasizes the importance of assessing
the effect of antipsychotic therapy in our study.

It is worth mentioning that one of the limitations of
this study is the fact that the sample was recruited from
patients with chronic schizophrenia. Patients received
long-term antipsychotic therapy; however, it cannot
be confirmed that all patients had high compliance in
the long term. However, the results were obtained on
a sufficient sample size and through correct statistical
processing and therefore reflect objective clinical
data. In the future, they can form the basis for a more
detailed study of the contribution of oxidative stress
to the development of antipsychotic-induced obesity
in patients with schizophrenia.

CONCLUSION

For the first time, we have found found associations
of the polymorphic variant NOQOI rs1800566 with
MetS and hypertriglyceridemia in patients with

schizophrenia receiving pharmacotherapy with
second-generation antipsychotics. The obtained data
confirm the contribution of genetics to the development
of metabolic disorders in patients with schizophrenia
and open up prospects for further search for genetic
markers for the purpose of preventing and correcting
this on-treatment adverse event.
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Predictors of Positive Steps in the Five-Step Stress Echocardiography
Protocol in Patients with Postinfarction Cardiosclerosis
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ABSTRACT

Aim. To study the frequency and predictors of positive steps in five-step stress echocardiography (SE) in patients
with previous myocardial infarction (MI).

Materials and methods. The single-center study included 75 patients (61.6 + 9.8 years, 84% men) with previous
MI. The median duration of MI was 1,231.0 (381.5; 2,698.5) days. All patients underwent exercise SE according to
the five-step protocol. At step A wall motion abnormalities (WMA) were detected, at step B — the sum of B-lines, at
step C — contractile reserve (CR) of the left ventricle (LV), at step D — coronary reserve (CorR) in the left anterior
descending artery, and at step E — heart rate reserve.

Results. The frequency of positive steps was 36.0% for step A, 18.7% for step B, 80.0% for step C, 53.3% for step
D, and 50.7% for step E. Following the multivariate analysis, predictors of a positive step A (resting diastolic blood
pressure (BP), p = 0.030, resting WMA index, p = 0.007), step B (taking B-blockers, p = 0.035; left ventricular
(LV) mass index, p = 0.005), step C (increase in systolic BP (SBP), p =0.011; increase in LV end-diastolic volume,
p = 0.019; increase in LV ejection fraction, p = 0.008), and step D (taking angiotensin II receptor blockers,
p = 0.026; increase in SBP, p = 0.012; increase in LV force, p = 0.038) were revealed.

Conclusion. Identification of predictors of WMA during exercise, subclinical pulmonary congestion, and a
decrease in CR and CorR in patients with previous MI may be a target for therapeutic intervention in order to delay
the development of adverse cardiovascular events.

Keywords: ABCDE stress echocardiography, myocardial infarction, contractile reserve, coronary reserve,
chronotropic reserve
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MpeanKkTOpbI NONOXKUTENbHON NPOO6bI NATUCTYNEHYATOro NPOTOKoa
cTpecc-3xoKapauorpadum y naneHToB C NOCTUHPAPKTHbIM
KapANoCKIepo30oMm

TumodeeBa T.M." %, CadpapoBa A.®." 2 Nasnukos I'.C.% Bnagenbwumkona [.H.’,
Ko6anasa »K.[4.'

! Poccutickuil ynueepcumem opyoicovl napooos (PYIIH) um. Hampuca Jlymymool
Poccus, 117198, . Mockea, yr. Muxnyxo-Maxkaasi, 8

2 Vnueepcumemcxast knunudeckas bonvhuya um. B.B. Bunoepadosa, punuan PYIH um. lampuca JIymymowl
Poccus, 117292, 2. Mockea, yn. Basunosa, 61

PE3IOME

Henab. M3y4nTh 4acTOTY M HPEIMKTOPHI IOJOKHUTEIBHBIX IIArOB IATUCTYNEHYATOH CTpecc-3XOoKapanorpaduu
(CD) y mauueHToB ¢ nepeHeceHHbIM HHpapkToM Muokapaa (MM).

MarepuaJjibl 1 MeTOABI. B oHOIICHTpOBOE HCCIen0BaHye BKIIOUeHB! 75 manuenToB (61,6 + 9,8 net, 84% — Myx-
4uHbI) ¢ nepeHeceHHbM M. Menuana nasaoctu UM cocrasuia 1231,0 (381,5; 2698,5) cyr. Beem nanuenram
6b11a poBesieHa CD ¢ Gpu3nUecKoi Harpy3KoM 110 MATHUIIArOBOMY IPOTOKOTy. Ha 1mare A BBISABISIIN HapylIeHHE
nokansHOH cokparumocty (HJIC), na mare B — cymmy B-nunwmii, Ha mare C — coxparutensHsiii peseps (CP) se-
Boro xexynouka (JK), na mare D — xoponapHusiii pe3eps (KP) B 1eBoii nepeiHeii HUCXOSIIEH apTepHy, a TakxkKe
pe3epB YacTOThI CEPJICUHBIX COKpalleHuil Ha miare E.

Pe3yabTaThl. YacToTa MONIOKUTEIBHBIX PE3yIbTaTOB cocTaBmia 36,0% mis mara A, 18,7% — muis mara B, 80,0% —
qutst mara C, 53,3% — i mara D u 50,7% — ms mara E. B pe3ynbraTe MHOTO()aKTOPHOTO aHATH3a BBISBICHEI
MIPEAUKTOPHI MOJIOKUTEIBFHOTO 1ara A (Iuacroiamyeckoe aprepuaibHoe nasinerue (A/l) B mokoe, p = 0,030; uH-
nexc HJIC B mokoe, p = 0,007), mara B (mpuewm B-610katopos, p = 0,035; nanexcupoBanHas macca muokapaa JIK,
p = 0,005), mara C (mpupoct cuctommueckoro AJl, p = 0,011; mpupocT KoHeUHO-1HuacTomImdeckoro oosema JIK,
p = 0,019; mpupoct ¢dpakuuu JDK, p = 0,008) n mara D (mpuem OJ0KaTOpPOB peLenTopoB aHrmoTeHsuHa I,
p =0,026; mpupoct cucrommyeckoro AJl, p = 0,012; mpupoct cuisl JOK, p = 0,038).

3axuouyenne. Beisisnenne npenukropoB HJIC Ha Harpyske, CyOKIMHMYECKOTO JIETOYHOTO 3acTosl, CHIKeHus1 CP
n KP y manmenTtos ¢ nepeHeceHHBIM 1IM MOeT ObITh MUIIEHBIO JJIS1 TEPATIEBTUYECKOTO BO3ACUCTBHSA C LEIBbIO
OTAaNeHUs pa3BUTHS HEOIArONPUATHBIX CEPAEUHO-COCYAUCTBIX COOBITHIA.

Kawuessble cnoBa: ABCDE-crpecc-3xokapanorpadusi, ”HPapKT MAOKap/aa, COKPaTHUTEIbHBINA pe3epB, KOpOHAp-
HBIN pe3epB, XPOHOTPOIIHBIN pe3eps

KOHq).]Il/lKT HUHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SAIBHBIX U INOTCHIUAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6JII/IKaIII/Ieﬁ HaCTOS{H.[eﬁ CTaTbu.

Hcrounnk ¢punaHcHpPOBaHHUS. ABTOPHI 3asBISIOT 00 OTCYTCTBUM (PMHAHCHPOBAHMS MPHU MPOBEICHUH HCCIIE0-
BaHMSI.

CooTBeTcTBHE NPUHIHUIIAM 3THKH. Bee nina noanucany nHGOPMUPOBAHHOE COTTIACHE HA y4acTHE B HCCIIEI0BA-
Huu. MccenenoBanue ogo0peHo0 KOMUTETOM 10 3THKe Meauiunackoro uaerturyra PY JIH.

Jns nutupoBanusi: Tumodeena T.M., Cadaposa A.®., [Tasnukos I'.C., Bmagensumkosa J[.H., Kob6anasa XK. 1.
ITpeMKTOPBI MOJIOKUTEIBHON TPOOBI MATUCTYIIEHYATOTO MPOTOKOJA CTPECC-3XOKapauorpaduu y MalueHTOB
¢ TOCTHH(APKTHBIM KapAWOCKIepo3oM. broanemens cudupckoi meduyunsi. 2025;24(2):105-115. https://doi.
org/10.20538/1682-0363-2025-2-106-115.

Bulletin of Siberian Medicine. 2025; 24 (2): 106-115 107



Timofeeva T.M., Safarova A.F., Pavlikov G.S. et al.

Predictors of Positive Steps in the Five-Step Stress Echocardiography Protocol

INTRODUCTION

Cardiovascular diseases and primarily myocardial
infarction (MI) are the most urgent problems of
practical public health care due to high mortality and
disability rate. Given wide introduction of reperfusion
therapy methods into medical practice, the number of
surviving patients after acute MI (AMI) is growing,
and, accordingly, the prevalence of heart failure
(HF) and mortality is increasing [1, 2]. The role of
imaging techniques for risk stratification of distant
complications after AMI is being actively studied.
The modern protocol of stress echocardiography
(SE) can provide the physician with important
additional information. The procedure can help reveal
induced myocardial ischemia, subclinical pulmonary
congestion, and decreased contractile (CR) as well
as coronary (CorR), and chronotropic reserves,
which is currently regarded as the pathophysiological
cascade in ischemic stroke and can be of fundamental
importance in determining the patient management
strategy to improve their prognosis [3—6].

Cardiac  function testing with ABCDE-CE
provides a comprehensive view of patient’s risk
factors using an extremely simple, low-cost test with
minimal risk and zero radiation exposure. An exercise
protocol is the most physiologic of all stress testing
options. The main practical applications of ABCDE-
SE include identification of functional mechanisms of
disease and symptoms, long-term risk stratification for
therapy adjustment or objective assessment of therapy
efficacy, and evaluation of long-term prognosis in a
broad group of patients.

There is evidence in the literature of the impact of
each ABCDE-SE component on patient’s prognosis
in terms of the development of various adverse
cardiovascular events [3—15].

Each step in the protocol defines a specific
phenotype, a risk biomarker, and a potential selective
target of personalized therapy [10]. Abnormal step
A indicates the need for anti-ischemic therapy with
beta-blockers, calcium channel blockers, or nitrates
and, possibly, revascularization. Diuretic therapy is
recommended in patients with pulmonary congestion,
which is identified qualitatively and quantitatively
in step B. Angiotensin-converting enzyme inhibitors
are recommended in patients with asymptomatic
left ventricular (LV) dysfunction after MI, which is
identified by a decrease in CR in step C. Selectively
abnormal step D implies the presence of coronary
microvascular disease, and statins are recommended.

Abnormal step E implies reduced cardiac sympathetic
reserve, potentially amenable to treatment with various
techniques that reduce overactive sympathetic nervous
system by blockade of the B-adrenergic or renin—
angiotensin—aldosterone systems or neuromodulation
therapy aimed at restoring the autonomic balance
by a sympathomodulatory intervention, such as, for
example, renal denervation. All these parameters
individually and combined may be important for the
selection or adjustment of therapy to prevent adverse
events [10, 15, 16].

Thus, the practical and prognostic value of
revealing possible predictors of positive steps in the
five-step protocol is beyond doubt, as it may help
potentially identify possible additional variants of
therapeutic intervention on various markers of stress-
induced ischemia.

The aim of the study was to investigate the
predictors of positive steps in five-step SE in patients
with a history of MIL.

MATERIALS AND METHODS

The single-center study included 75 patients
with a history of MI receiving therapy according to
current guidelines. The vast majority of patients in the
experimental group were men (n = 63.84%), mean age
61.6 = 9.8 years. Median time elapsed from MI was
1,231.0 (381.5; 2,698.5) days.

All patients underwent exercise testing on a
Schiller treadmill (TM) ergometer MTM-1500 Med or
a Schiller Ergosana ERG 911S/LS horizontal bicycle
ergometer (BE) as part of a clinical examination [17].
Criteria for discontinuation of the test included new
areas of wall motion abnormality (WMA), severe
chest pain, diagnostic ST segment displacement,
excessive blood pressure elevation (systolic blood
pressure (SBP) > 240 mm Hg, diastolic blood pressure
(DBP) > 120 mm Hg), exercise-limiting dyspnea,
maximum predicted heart rate (HR), and significant
arrhythmias. Antianginal medications were usually
not discontinued before testing.

Step A included an assessment of WMA. The
WMA index (wall motion score index — WMSI)
was calculated in each patient at baseline and at
peak exercise. Step B evaluated B-lines using lung
ultrasound and simplified scanning at four points: from
the mid axillary to the mid clavicular line at the third
intercostal space. Step C detected CR as a stress-to-
rest ratio of force; LV force was calculated as the ratio
of SBP to LV end-systolic volume (ESV). Coronary
flow velocity reserve (step D) was assessed as the
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ratio of peak-to-rest left anterior descending artery
(LAD) blood flow velocities. HR reserve (step E) was
calculated as the ratio of peak-to-rest HR from ECG
data. Criterion A was considered to be positive when
new areas of WMA appeared or viable myocardium
was identified. Subclinical pulmonary congestion
was diagnosed when the sum of B-lines increased by
2 or more. A load-to-rest ratio < 2.0 was taken as a
decrease in CR. Step D was considered to be positive
when the ratio of velocities in LAD at peak and at
rest was < 2.0. A decrease in chronotropic reserve
was recognized as a decrease in HR by less than 1.8
times [10]. We calculated an increase in LV ejection
fraction (EF) at loading compared to rest (A LV EF),
LV end-diastolic volume (A LV EDV), LV force (A
LV force), double product ((DP), SBP multiplied by
HR at the peak of the load).

The sample size was calculated according to the
method of K. A. Otdelnova (set power of the study 80%;
significance level 0.05). SPSS software (version 22.0)
was used for statistical data processing. Quantitative
variables were described as the arithmetic mean and the
standard deviation M + SD (for normal distribution),
or as the median and the interquartile range Me =+
IOR (for non-normal distribution). The significance
of differences between the studied distribution and
normal distribution was assessed by the Lilliefors-
corrected Kolmogorov — Smirnov test. The differences
were statistically significant at p < 0.05. The direction
and strength of the correlation between the parameters
were evaluated using the Spearman’s rank correlation
coefficient. The dependence of binary parameters on
quantitative and categorical ones was revealed by
binary logistic regression (single- and multivariate
analysis) with the determination of the odds ratio.

RESULTS

The most common comorbidities were hypertension
(n=170,93.3%), dyslipidemia (n = 64, 85.3%), obesity
or overweight (n = 33, 44.0% and n = 30, 40.0%,
respectively), and NYHA class 1-2 chronic HF (n
=30, 40%). The median NTproBNP level was 50.3
(27.5; 118.9) pg/ml. Smoking history and/or current
smoking was reported by 19 (25.3%) patients, alcohol
abuse — by 4 (5.3%) patients. Chest pain bothered 48
(64.0%) patients (nonanginal — 4 (5.3%), atypical — 8
(10.7%), typical — 36 (48%)).

Coronary angiography data were known in 71
patients. Fifty-one patients (68.0%) had multivessel
coronary lesions. The most frequent lesion site was the
LAD (59 (78.7%) cases). Stenting was performed in

59 (78,7%) patients, coronary artery bypass grafting —
in 1 (1.3%) individual. There was a stent in the LAD
in 35 (46.7%) patients, in the right coronary artery —
in 26 (34.7%) patients, in the circumflex branch —
in 18 (24%) patients, in the trunk of the left coronary
artery — in 5 (6.7%) patients. Sinus rhythm was
registered in all patients at the time of the study, left
bundle branch block was registered in 2 patients, and
nonspecific ST depression was registered in 5 patients.
The most frequent components of therapy were
B-blockers (n = 54, 72.0%), statins (n = 62, 82.1%),
and antiplatelet agents (n = 63, 84.0%).

The exercise test was performed ona BE in 57 (76%)
patients and on a TM in 18 (24%) patients. Reasons
for discontinuation of the test were reaching the preset
HR (n = 28, 37.3%), appearance of new WMA zones
(n =17, 9.3%), intolerable fatigue / dyspnea (n = 26,
34.7%), and increased arterial hypertension (n = 14,
18.7%). The achieved % of predicted HR was 94 (85;
100)%, and the % of predicted physical activity was
79 (68.5; 96.0)%. The mean DP was 252 + 43. The
most frequent complaints of patients were fatigue
(n = 35, 46.7% of patients) and dyspnea (n = 21,
28.0%). Low exercise tolerance was demonstrated by
7 (9.3%) patients, moderate — by 17 (22.7%) patients,
and high and very high — by 45 and 6 (68%) patients,
respectively. A hypertensive response to exercise was
registered in 33 (44%) patients.

LV contractility at rest was preserved in 55 patients
(73.3%). Diastolic dysfunction was most often of
grade 1 (E/e’ 3.68 £ 1.08; left atrial volume index
was 27.54£7.1 ml/m?), concentric LV remodeling
was registered in more than half of the patients (43
patients, 57.3%). The resting and load-dependent
echocardiography parameters are presented in Table
1. The results of the SE are presented in Table 2.

Table 1
Quantitative Parameters of SE Stages

Parameter Rest Load
LV EF, %, M + SD 539+75 57.0+84
ALV EF, %, M + SD 3+6
LV EDV, mL, Me + IQR 93+£32 | 86 (70; 110)
ALV EDV, mL, M + SD —1.0 (-8.0; 13.5)
LV ESV, mL, Me + IQR 41 (30; 53) 36 (29; 49)
GLS, %, M +SD —142+3.2 -159+3.4
WMSI, Me + IQR 1.10 (1.00; 1.43) | 1.13 (1.00; 1.50)
B-lines, Me = IQR 0 (0;0) 0(0;1)
SBP / DBP, mm Hg, 132 (120; 189 (175;207)/97
Me + IQOR 144)/80 (75; 85) (88; 100)
LV force, mm Hg/ml,
Me + IOR & 3.3(2.5;3.9) 5.1(3.8;6.8)
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End of table 1

End of table 3

Parameter Rest | Load
ALV force, mm Hg/ml, .
Me = IOR 1.7 (0.6; 2.9)
Contractile reserve, .
Me + IOR 1.6 (1.2;1.9)
V. \p SM/s, Me £ IOR 23 (19; 26) | 40 (31;50)
Coronary reserve, M + SD 1.76 + 0.40
HR, beats/min, M + SD 7512 | 132+ 14
Chronotropic reserve, 1.8 (1.6; 2.0)

Me + IOR

Note: EDV —end-diastolic volume, GLS — global longitudinal strain,
V- Vvelocity in the left anterior descending artery.

Predictor COR; 95% CI p AOR;95%CI | p
0.986
bp (0.974; 0.998) 0.019
0.888
LV EF load (0.826: 0.954) 0.001

Note: COR — crude odds ratio (univariate analysis); AOR — adjusted
odds ratio (multivariate analysis); 95% CI — 95%- confidence interval
(here and in Tables 4-7). DP — double product.

Univariate and multivariate regression analysis
was performed to identify predictors of subclinical
pulmonary stasis as part of the SE protocol in

Table 2 . . . S .
e patients with previous MI. Significant influence of the
Results of the Five-Stage SE following parameters on the outcome was revealed
Parameter Rest (Table 4).
17 (22.7) - Table 4
ischemia, 1
A (1ls3c 3e)nllvai;1b(l)e Characteristics of the Association of Predictors with the
) & Probability of Positive Step B in the Five-Step SE Protocol
f+ ste R AOR; 95%
F .
reduency ot step, B 14 (18.7) Predictor | COR;95%CI | p S I
" < 00 (50.0) 0.233 (0.061 =
40 (53.3), not Male gender ’ (0.061; 0.034
D . 0.889)
assessed in 9 (12.0) ok 0232 (0,066 0235
aking . .066; .
E 38 (50.7
0 2 E5 3)) f-blockers 0.811) 0.022 (0.056;0.902) 0.035
- 0.941 (0.904; 0.940 (0.900;
; ; (;g.;)) LVMI 0.981) 0.004 0.981) 0.005
Sum of scores, n (%) 3 ) 529'3;
2 9(12.0) Note: LVMI — left ventricular mass index.
5 3(4.09 .. o . .
_ 1(DP > 278) 22 (29.3) Univariate and multivariate regression analysis
FF‘HCth"tal FI‘LSS gfagl' 2 (DP 218-277) 38 (50.7) was performed to identify predictors of CR reduction
1mna pectoris ouble . i . . . .
Emdfct " (%)y 3 (DP 161-217) 14 (18.7) within the SE protocol in patients with previous MI.
4 (DP < 150) 1(1.3) Significant influence of the following parameters on

After identifying correlations of positive SE steps
with clinical parameters, univariate and multivariate
regression analysis was performed to determine their
predictors.

The following parameters were found to have
a significant effect on the probability of new WMA
zones (Table 3).

Table 3

Characteristics of the Association of Predictors with the
Probability of Positive Step A in the Five-Step SE Protocoll

Predictor COR; 95% CI p AOR;95%CI| p

0.934 0.936 (0.882;

DBP rest (0.882; 0.989) 0.019 0.994) 0.030
0.908

LV EF rest (0.845: 0.976) 0.009

WMSI rest 10.0 (2.0;49.4) | 0.005 |9.0(1.8;44.2)|0.007

WMSI load 33.0(5.0;217.7) | <0.001

LV ESV load | 1.03(1.00; 1.05) | 0.026

the outcome was revealed (Table 5).

Univariate and multivariate regression analysis
was performed to identify predictors of decreased LV
CorR within the SE protocol in patients with previous
MI. Significant influence of the following parameters
on the outcome was revealed (Table 6).

Statistically significantmodels have been developed
for steps A, B, C, D to calculate the probability of an
abnormal step given the identified predictors.

Univariate and multivariate regression analysis
was performed to identify predictors of decreased
chronotropic reserve as part of the SE protocol in
patients with previous MI. The univariate analysis
revealed significant influence of the following
parameters on the outcome (Table 7).

We did not find any statistically significant
effect of clinical, anamnestic, and echocardiography
parameters on the scores resulting from the five-stage
SE protocol in patients with previous MI.
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Table 5

Characteristics of the Association of Predictors with the Probability Oo Positive Step C in the Five-Step SE Protocol

Predictor COR; 95% CI p AOR; 95% CI p
SBP load 0.965 (0.939; 0.991) 0.010
LV ESV load 1.058 (1.007; 1.111) 0.024
DP 0.984 (0.968; 0.999) 0.039
LV EF load 0.918 (0.848;0.993) 0.033
LV peak force 0.767 (0.635; 0.926) 0.006
Chronotropic reserve 0.105 (0.013; 0.887) 0.038
A SBP 0.942 (0.910; 0.974) 0.001 0.851 (0.751; 0.964) 0.011
ALV EDV 1.120 (1.056; 1.189) <0.001 1.422 (1.060; 1.909) 0.019
ALV EF 0.877 (0.789; 0.973) 0.014 0.561 (0.365; 0.861) 0.008
A LV force 0.419 (0.270; 0.652) <0.001
+E 3.596 (1.027; 12.591) 0.045
Table 6

Characteristics of the Association of Predictors with the Probability of Positive Step D in the Five-Step SE Protocol

Predictor COR; 95% CI p AOR; 95% CI P
V?;E';Z‘;gigicg‘fg E‘X‘(’}nzza 3.0(1.1;7.9) 0.026 4.6(1.2;17.2) 0.024
% of BCA occlusion 1.045 (1.010; 1.081) 0.012
Taking ARB 4.1(1.2; 14.0) 0.026 23.3(2.3; 240.7) 0.026
DP 0.987 (0.974; 0.999) 0.039
LV peak force. 0.827 (0.689; 0.992) 0.041
Contractile reserve 0.375 (0.145; 0.968) 0.043
ASBP 0.974 (0.951; 0.998) 0.033 0.945 (0.904; 0.988) 0.012
A LV force 0.419 (0.270; 0.652) <0.001 0.741 (0.558; 0.983) 0.038

Note: CAG — coronary angiography; BCA — brachiocephalic arteries; ARB — angiotensin I receptor blockers.

Table 7

Characteristics of the Association of Predictors with the
Probability of Positive Step E in the Five-Step SE Protocol

Predictor COR; 95% CI P

Diabetes mellitus 1.926 (1.088; 3.411) 0.025
Glycemic index 1.668 (1.071; 2.596) 0.023
BP rest 1.051 (1.014; 1.098) 0.006
DBP rest 1.090 (1.027; 1.155) 0.004
LVMI 1.027 (1.002; 1.052) 0.030
Type of LV remodeling 2.251 (1.128; 4.495) 0.021
Left atrial volume index, load 1.215 (1.004; 1.469) 0.045
ASBP 0.973 (0.952; 0.996) 0.019
+C 3.596 (1.027; 12.591) | 0.045
DISCUSSION

In our study, one of the predictors of a positive
step A among clinical, laboratory, anamnestic, and
instrumental parameters was resting WMSI (AOR
9.0, p = 0.007). These results are consistent with
the current knowledge about the pathophysiology,
diagnosis, and prognostic value of coronary structural

and functional disorders [7, 8, 16-18], as well as
with the recommended management strategy in the
detection of asynergy zones [16]. Another predictor
in the multivariate analysis was resting DBP
(AOR 0.936, p = 0.030, that is, an increase by 1 mm
Hg leads to a 1.1-fold decrease in the chance of a
positive step A).

Currently, there are little data on the correlation
between the level of DBP and the risk of adverse
events in patients. On the one hand, observational
cohort studies report an increased incidence of CAD
and a risk of AMI in individuals with very low
DBP because the heart is perfused during diastole
[19-21], which is consistent with our results. On
the other hand, it is important to evaluate not only
office measurements of DBP, because in this
way it is possible to overlook patients receiving
antihypertensive therapy with masked diastolic
hypotension. Thus, the problem of diastolic arterial
hypertension and hypotension in the light of SE may
acquire new directions for study.
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B-lines in lung ultrasound determine stasis at
rest and, more often, during exercise in various
cardiovascular diseases characterized by possible
occurrence of increased pulmonary artery occlusion
pressure and accumulation of extravascular fluid in
the lungs [22]. We identified predictors of a positive
step B: taking B-blockers (AOR 0.225; p = 0.035,
that is taking drugs of this group decreases the
chance of subclinical pulmonary congestion by 4.4
times) and LVMI (AOR 0.940; p = 0.005, that is an
increase in LVMI per 1 g/m? decreases the chance
of subclinical pulmonary congestion by 1.1 times).
Taking B-blockers as a factor reducing the chance
of subclinical pulmonary stasis can be explained by
its pharmacologic actions, contributing to a decrease
in pulmonary artery occlusion pressure (reduces the
activity of blood plasma renin, decreases the increased
total peripheral resistance). The increase in LVMI as
a negative predictor of subclinical pulmonary stasis
is probably explained by the fact that patients with
higher LVMI in our study received more intensive
antihypertensive  therapy, including diuretics.
However, these data require confirmation in larger
studies.

Predictors of a decrease in LV CR in the
multivariate analysis were an increase in SBP at the
peak of load (AOR 0.851; p=0.011, that is an increase
in SBP by every 1 mm Hg decreases the chance of
LV CR reduction by 1.2 times), an increase in LV
EDV (AOR 1.422; p = 0.019, i.e. an increase in LV
EDV at exercise by every 1 mL increases the chance
of CR reduction by 1.4 times); an increase in LV EF
(AOR 0.561; p = 0.008, that is a rise in LV EF by 1%
decreases the chance of CR reduction by 1.8 times).
The obtained results on the SBP increase as a negative
predictor of reduced LV CR correlate with the results
of the study conducted by Bouzas-Mosquera et al. —
the frequency of adverse cardiovascular outcomes
studied by them was significantly higher in patients
with a normotonic response to stress (p < 0.001 for all
comparisons), which is associated with increased LV
CR [23].

The correlation of LV EDV at stress and CR was
also studied by Bombardini et al. They evaluated the
effect of decreased LV CR, chronotropic reserve,
and increased LV EDV on the decrease in cardiac
index using the data of 1,344 patients. The binary
logistic regression analysis revealed that reduced
preload reserve (increase in LV EDV at SE) (OR
5.610), chronotropic incompetence (OR: 3.923), and
abnormal LV CR (OR: 1.579) were independently

associated with the lowest tercile of cardiac index
reserve at peak exercise [5]. Thus, ABCDE-SE
plays an important role in identifying the causes
of decreased functional cardiac output reserve,
which may be underlying separate but not mutually
exclusive mechanisms (decreased chronotropic or
contractile reserve) [24]. Finally, the increase in LV
EF upon exercise as a negative predictor of reduced
CR is explained by the methods of calculation of these
values: at the same EDV, LV EF increases due to the
decrease in ESV and LV CR, although the CR value
is also affected by the increase in SBP. Thus, this
result may be one of the examples of integration of
LV EF (as a key factor for clinical classification, risk
stratification, and therapeutic decision making) with
other indices of LV function and may improve the
characterization, in particular, of the hypercontractile
phenotype [25].

Finally, independent predictors of LV CorR
reduction in our group of patients were the number
of affected coronary vessels according to CAG (AOR
4.6; p = 0.024, an increase in the number of affected
vessels by 1 raises the chance of LV CorR reduction
by 4.6 times), ARB intake (AOR 23.3; p = 0.026);
increase in SBP (AOR 0.945; p = 0.012, an increase
in SBP by 1 mm Hg decreases the chance of LV CorR
reduction by 1.1 times), a rise in LV force (AOR
0.741; p=0.038, an increase in LV force by 1 mm Hg
/ ml decreases the chance of LV CorR reduction by
1.3 times). The SBP increase as a negative predictor
of reduced LV CorR correlates with the data in the
study by Rimoldi et al. It was revealed according to
positron emission tomography data that in patients
with stage 1-2 hypertension and LV hypertrophy,
LV CorR is reduced due to a lack of a proper stress
response, which is inversely proportional to SBP
(p < 0.001 for epicardial CorR; p = 0.003 for
endocardial CorR). In patients, the degree of
impairment of epicardial (R = 0.52, p = 0.003) and
endocardial CorR (R =0.51, p = 0.004) was inversely
proportional to SBP [26].

Theuseof ARBasapositivepredictorofreduced LV
CorR is probably explained by frequent prescription of
these drugs to patients with hypertension and previous
MI to reduce the risk of associated cardiovascular
morbidity and renal protection (in patients with type
2 diabetes mellitus), as part of the combined therapy
of chronic HF.

Changes in force and, consequently, in LV CR can
be caused by microvascular and/or epicardial disease
of coronary arteries, as well as by myocardial scar,
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necrosis and/or disease of the subepicardial layer, and
reduced LV CorR [27]. The heart responds to inotropic
stimuli by increasing its contractile function, which is
accompanied by an increase in coronary blood flow
[28]. Thus, in our study, LV force increment acted as
a negative predictor of LV CorR reduction.

CONCLUSION

Identification of predictors of WMA at exercise,
subclinical pulmonary congestion, and decreased CR
and CorR as functional mechanisms of disease and
symptoms in patients with MI may be a target for
therapeutic intervention to delay the development of
endpoints.

LIMITATIONS OF THE STUDY

The results relate to a limited number of patients
with previous MI of different duration, with different
intensity of coronary lesions, different degrees of
comorbidity, initial symptomatology, and different
therapy regimens. Not all patients had available CAG
results within six months from the date of SE, and
the diagnostic power was calculated with the actual
number of studies per index hospitalization and
anamnestic data in the remaining patients, and the
conclusions were applied to the whole group. Thereisa
clear need for a large randomized clinical trial to study
the relationship between SE steps and the detection of
significant coronary lesions, as well as their prognostic
significance with respect to the functional status and
prognosis in patients with previous MI.
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Associations of Visceral Adipose Tissue Adipokines with Metabolic
Disorders in Abdominal Obesity
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ABSTRACT

Aim. To identify associations of visceral adipose tissue adipokines with metabolic disorders in abdominal obesity.

Materials and methods. The study included 101 individuals aged 25-65 years (51 men). For all patients,
questionnaires were completed, anthropometric measurements and 3 measurements of blood pressure were
performed, fasting blood was sampled, and biopsies of visceral adipose tissue were collected during elective
surgery. The parameters of the lipid profile and glucose levels were determined in the blood by enzymatic methods.
Homogenates from biopsies of visceral adipose tissue were prepared. The blood levels of adiponectin, adipsin,
lipocalin-2, plasminogen activator inhibitor type 1 (PAI-1), and resistin were measured, and homogenates of
adipose tissue were obtained by the multiplex analysis. Sex hormone levels in the blood of all patients (estradiol in
women, testosterone in men) were determined by the enzyme-linked immunosorbent assay (ELISA) kits.

Results. We identified correlations between serum levels of adipsin and adipose tissue and between adipsin
from adipose tissue and PAI-1 in the blood serum. A weak negative relationship was found between the level of
adiponectin and waist circumference, body mass index, and insulin resistance indices: triglyceride glucose index
(TyG), lipid accumulation product (LAP), and visceral adiposity index (VAI). The level of adiponectin in visceral
adipose tissue was inversely correlated with overweight in males and in the 45-65 age group. The level of resistin
in visceral adipose tissue showed an inverse correlation with diastolic blood pressure, which persisted in the age
group of 2544 years.

Conclusion. Of the studied adipokines, a relationship with cardiometabolic parameters was shown for adiponectin
and resistin. At the same time, adiponectin was inversely correlated with overweight in the group of men and in the
age group of 45-65 years, while resistin was inversely correlated with diastolic blood pressure in the age group of
25-44 years.
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Accoumaumm aguNnoKNHOB BUCLIEPaNibHON XKNPOBOIN TKaHN
C MeTabonnyeCcKnMmn HapyLweHNAMN Npyn abAOMNHaNIbHOM OXKNPEeHUN

TysoBckas O.B., NonoHckasn A.B., Fap6y3sosa E.B., KawtaHoBa E.B., Paruxo 10.U.

Hayuno-uccneoosamenvcruii uncmumym mepanuu u npouiakmuyeckoi meouyunst — puauan Pedepanvhoeo

UCCNe008AMENbCKO20 yenmpa «HHcmumym yumoJaocuu u ceHemuxku CU6MpCK020 omoenenus Poccutickoti akademuu

nayky (HUHUTIIM — ¢unuan UlJul” CO PAH)
Poccus, 630089, 2. Hosocubupck, ya. b. boeamkosa, 175/1

PE3IOME

].Ie.]'lb! BbBISIBUTBH acCOUAIU MEXKIAY aJUIIOKMHAMU BPICL[CpaHBHOfI )KI/IpOBOﬁ TKAHU C META0OIMYECKUMU Hapyuie-
HUAMU ITIPU a6ﬂ0MI/IHaJH)HOM OXKHUPCHUU.

Marepuajbl 1 MeTobl. B uccienoBannu npunsuim yyactue 101 genoBex B Bozpacte 25-65 net. [IpoBoamiocs
AQHKETUPOBAHKE, AaHTPOIIOMETPHS, U3MEPEHHUE apTEPHAIBHOTO IaBJICHHMS, a TAKXKE 3a00p KPOBU HATOLIAK U OHOMTa-
TOB BHUCLIEPAJILHON )KHPOBOH TKaHM BO BPEMs IIAHOBOMW OIEpaliy. DH3MMATHYECKUMU METOJaMU B KPOBU OBbUIH
OIIpE/ICIICHBI MOKa3aTeN! JIMIHIHOTO MPOQHIL U TII0KO3bI. VI3 OMONTATOB BUCLEPAIbHOH KUPOBOIl TKAaHU OBUIH
HPUTOTOBJICHBl TOMOTEHATBI, B KOTOPBIX METOJOM MYJbTHIUICKCHOTO aHajIn3a OINpEIessuIcs yPOBEeHb a/IUIIOHe-
KTUHA, aJWICHHA, JUIOKAINHA-2, HHTHOUTOpa aKkTHBaTopa miasMuHoreHa 1 tuma (PAI-1), pesuctuna. Y Bcex
MAIMEHTOB ¢ MOMOIILI0 HabopoB enzyme-linked immunosorbent assay (ELISA) nmpoBeneHo n3MepeHue B KpOBU
YPOBHSI IOJIOBBIX TOPMOHOB (Y JKEHILIMH — 3CTPA/INO0IIA, Y MY’KYHH — TECTOCTCPOHA).

Pe3yabTaThl. by BBISBICHBI CBS3U MEX/Y YPOBHSAMH aJUIICHHA B CBIBOPOTKE KPOBHU U JKUPOBOI TKAaHU, aJUIl-
cuHa B )kupoBoi Tkauu u PAI-1 B ceiBopoTke kpoBu. OOHapyskeHa ciadasi OTpulaTesbHast CBSI3b MEXK/Y YPOBHEM
AIUIIOHEKTHHA 1 MOKa3aTC/IAMU OKPYKHOCTHU TaJIMU, UHACKCA MAaCChl T€J1a U MHACKCAMHU UHCYJIMHOPE3UCTECHTHO-
ctu (unzaekc Tpuriauuepuabl-riaookosda (TyG), nnnexc lipid accumulation product (LAP), visceral adiposity index
(VAI)). YpoBeHb aJuIIOHEKTHHA B BUCLEPATIBbHOM KHUPOBOI TKAHH 00PATHO aCCOLMUPOBAH € U30BITOYHON Maccon
TeJa CPE/IM JIMIL MY>KCKOT'O 110J1a M B BO3pacTHOM rpyrmrie 45-65 net. YpoBeHb pe3ucTHHA B BUCIIEPATIBHOM JKUPO-
BOM TKaHU JIEMOHCTPHPOBAJ 0OPATHYIO 3aBUCHUMOCTb OT JHACTOIMYECKOr0 apTepHaIbHOIO IaBJICHHS, YTO COXpa-
HSUIOCH JUTsl BO3PACTHOM rpynnbl 25-44 ner.

3aka0ouyenne. M3 n3ydeHHBIX HAMH aJUTIOKHHOB CBSI3b C KapIHOMETa00IMUeCKUMH NTapaMeTpaMy OblIa MoKa3aHa
JUISL JTUTTOHEKTHHA U pe3ucTHHA. [IpH 5TOM agMNOHEeKTHH 00paTHO acCOIMMPOBAH C N30BITOYHON MAcCOH Tela B
rpymnme My>4uH ¥ Bo3pacte 45—65 51eT, a pe3UCTHH — C AUACTOJUYECKUM apTEePUAIIbHBIM JAaBICHUEM B BO3PACTHOI
rpynmne 25-44 ner.

KuroueBsble ci1oBa: aqunokyH, BUCLEpaIbHAS )KUPOBAs TKaHb, aUIIOHEKTHH, aJIUIICUH, JTUnokaiuH-2, PAI-1, pe-
3UCTHH

KonpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIMAIBHBIX KOHMOINKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaNneil HACTOSIIECH CTaThH.

Hcrounuk ¢punancupoBanus. MccrienoBanue BEIIIOJIHEHO B paMKax OIO/UKETHOW TEMBI IO FOCYAapCTBEHHOMY
3ampannio Ne FWNR-2024-0004 u ipu ¢puHaHCOBOI moepxke rpanta Poccuiickoro nayanoro dgonna Ne 21-15-
00022.

CooTBeTcTBHE MPHHIUINAM ITHKH. Bece yuacTHnKY moanucany nHGOpMHUPOBAaHHOE COTIacHe Ha ydacTHe B HC-
cienoBannu. Vicenenosanue oo6peHo studeckuM komurerom HUUTIIM — duman UL ul” CO PAH (npotoxkon
Ne 66 ot 24.10.2023).

Jos nurupoBanusi: Ty3osckas O.B., [Tononckas 51.B., 'apOy3osa E.B., Kamranosa E.B., Paruno F0.1. Acco-
[UalMU aUIIOKHHOB BUCIEPAIBHON KUPOBON TKAHU ¢ METa0OJIMYECKUMY HAPYIICHUSIMU MPU a0OMHUHAIBHOM
O)kUpeHuu. bronemens cubupckoti meouyunsl. 2025;24(2):116—-123. https://doi.org/10.20538/1682-0363-2025-2-
116-123.
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Associations of visceral adipose tissue adipokines with metabolic disorders

INTRODUCTION

Obesity makes a significant contribution to the
pathogenesis of cardiovascular diseases (CVD) and
metabolic disorders, such as type 2 diabetes mellitus
(T2DM), arterial hypertension (AH), and dyslipidemia
[1]. The distribution of adipose tissue is a key factor
in this process. Abdominal obesity (AO), which
involves the accumulation of fat near internal organs,
is associated with the highest risk of developing
cardiovascular and metabolic diseases [1, 2]. Only
recently it has been discovered that adipose tissue is not
merely an energy storage but also an endocrine organ
[3]. Despite this, the list of biomolecules synthesized
by adipocytes, known as adipokines, continues to
grow. Currently it includes over 700 adipokines [4].
All of them are involved in the pathogenesis of obesity
and participate in the formation of other components
of the metabolic syndrome. Most studies are limited
to the determination of adipokines in the blood as
the most accessible biomaterial for study. The study
of these biomolecules in adipose tissue, in particular
in the visceral depot, is associated with a number of
limitations, therefore, the number of works on this
topic is not large [5-8]. Meanwhile, this issue is of
fundamental and clinical interest.

The aim of this study was to identify associations
between adipokines of visceral adipose tissue and
metabolic disorders observed in patients with AO.

MATERIALS AND METHODS

The study included 101 people aged 2565 years
who were hospitalized in the Surgical Department
of the City Clinical Hospital No.2 for elective
surgery (surgery for anterior abdominal wall hernia,
or cholecystectomy for cholelithiasis or polyps, or
diverticulosis of the colon).

The patients completed questionnaires covering
their medical history and underwent anthropometric
measurements (height, weight, waist circumference
(WC), and hip circumference (HC)). Body mass index
(BMI) was determined by the formula: BMI (kg/m?) =
weight, kg/height, m?. The examination included three
measurements of blood pressure (BP) (with an interval
of two minutes on the right arm in a sitting position
after 5-minute rest using an OMRON automatic blood
pressure monitor with the recording of the average
value of the three measurements).

Before surgery, blood serum samples were taken
from patients on an empty stomach, after a 12-hour
overnight fasting period. Enzymatic methods using

TermoFisher reagents on an automatic biochemical
analyzer KonelLab 30i (Finland) in the blood
were used to determine the parameters of the lipid
profile: total cholesterol (TC), triglycerides (TG),
high-density lipoprotein  cholesterol (HDL-C),
and glucose. The levels of low-density lipoprotein
cholesterol (LDL-C) were calculated using the
Friedwald formula [9], non-high-density lipoprotein
cholesterol (non-HDL-C) level was calculated using
the TC-HDL-C formula. We calculated the ratio of
TG/HDL-C. The TyG index was calculated according
to the formula (Ln (TG in mg / dl x glucose in
mg/dl))/2. The LAP (lipid accumulation product)
index was calculated according to the following
formulas: for men: (WC in cm — 65) x TG in mmol/l;
for women: (WC in cm —58) x TG in mmol/l. VAI
(visceral obesity index) for men was calculated
according to the formula: WC/(39.68 + 1.88 x BMI) x
(TG/1.03) x (1.31 / HDL-C); for women: WC/ (36.58
+1.89 x BMI) x (TG /0.81) x (1.52 / HDL-C), where
the values of TG and HDL-C are given in mmol/l [10].
In addition, the level of the following adipokines was
determined in blood by the multiplex analysis using the
MILLIPLEX MAP Human Adipokine Panel 1 kit for
the determination of human adipokines: adiponectin,
adipsin, lipocalin-2, plasminogen activator inhibitor
type 1 (PAI-1), and resistin.

During the surgery, visceral adipose tissue biopsies
(3-5 g) were collected. Homogenates were prepared
from the biopsies, in which the adiponectin, adipsin,
lipocalin-2, PAI-1, and resistin levels were determined
by the multiplex analysis using the MILLIPLEX MAP
Human Adipokine Panel 1 kit for the determination of
human adipokines.

Sex hormone levels (estradiol in women and
testosterone in men) were measured in all patients
using enzyme-linked immunosorbent assay (ELISA)
kits for subsequent standardization of this parameter
in statistical analysis.

Statistical processing of the results was carried out
using the SPSS software package (version 20.0). The
normality of data distribution was evaluated using
the Kolmogorov—Smirnov test. When comparing the
groups, the nonparametric Mann—Whitney U-test
was used for continuous data, and 2 was applied for
discrete data. The correlation analysis was carried out
using the Spearman’s rank correlation coefficient.
To find associations with cardiometabolic disorders,
the linear regression analysis was performed with
the inclusion of adipokines as dependent variables.
Categorical variables were presented as absolute (1)
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and relative (%) values, continuous variables were
presented as the median and the interquartile range Me
(Q,5; O.5). The critical significance level of the null
hypothesis was calculated at p < 0.05.

RESULTS

The patients were divided into 2 groups depending
on the presence of abdominal obesity (AO) according
to the criteria of the All-Russian Scientific Society
of Cardiology (2009): WC > 80 cm in women and
WC > 94 cm in men. The main group included 74
people with AO (44 men, 30 women), the control
group encompassed 27 people (7 men, 20 women)
(p=0.033). The groups did not differ in age: the median
age was 52.50 [41.00; 61.00] years and 51.00 [41.00;
63.00] years, respectively. Significant differences in
BMI were revealed: in the main group, the BMI was
31.62 [27.66; 35.51] kg/m?, in the control group —
23.63[20.31; 29.00] kg/m? (p < 0.001). There were no
significant differences for systolic (SBP) and diastolic
blood pressure (DBP), as well as in the presence of
AH, coronary heart disease (CHD), ischemic stroke,

T2DM, non-alcoholic fatty liver disease (NAFLD),
and smoking.

Among patients from the main group, the TG
level was 1.3 times higher (»p = 0.002), and HDL-C
was 1.3 times lower (p = 0.002) than in the control
group. In the main group, TG/HDL-C was 1.6 times
(p <0.001), TyG — 1.04 times (p = 0.002), LAP — 2.6
times (p < 0.001), and VAI — 1.4 times (p = 0.001)
higher than those in the control group.

Thus, among patients with AO, compared to
individuals without it, the following metabolic
disorders were identified: expected higher BMI, a
higher TG level, a lower HDL-C level, as well as
higher insulin resistance indices.

The next step was to determine the levels of
the studied adipokines in visceral adipose tissue,
depending on the presence of AO, overweight, and
obesity.

Adiponectin, adipokine, lipocalin-2, PAI-1, and
resistin did not demonstrate significant differences
in protein concentration in visceral adipose tissue
between patients from the main and control groups.

Table 1

Clinical Characteristics of the Patients Included in the Study, Depending on the Presence of
Abdominal Obesity, Me (O,; O,.)

Parameters Group without AO, Group with AO, »
n=27 n="74
Men 7 (26%) 44 (60%) 0.033
Age, years 51.00 [41.00; 63.00] 52.50 [41.00; 61.00] 0.923
BMI, kg/m? 23.63 [20.31;29.00] 31.62 [27.66; 35.51] 0.0001
sBP, mm Hg 126.50 [113.50; 138.00] 129.75 [120.50; 143.00] 0.171
dBP, mm Hg 82.00 [75.00; 87.00] 82.25[77.50; 91.13] 0.473
Smoking 6 (22%) 27 (36%) 0.178
History of AH 9 (33%) 41 (55%) 0.051
History of CHD 0 (0%) 6 (8%) 0.129
History of IS 0 (0%) 3 (4%) 0.291
History of T2DM 1 (4%) 10 (14%) 0.163
History of NAFLD 1 (4%) 12 (16%) 0.098
TC, mmol/l 5.35[4.41;5.87] 5.01 [4.04;5.71] 0.313
TG, mmol/l 1.18 [0.90; 1.69] 1.50 [1.20; 2.01] 0.002
HDL-C, mmol/l 1.69 [1.21; 2.00] 1.30[0.98; 1.55] 0.002
LDL-C, mmol/l 3.18[2.10; 3.71] 2.96 [2.07; 3.56] 0.602
non-HDL-C, mmol/l 3.67 [2.72; 4.44] 3.76 [2.78; 4.51] 0.724
Glucose, mmol/l 5.60 [5.40; 6.40] 6.05 [5.50; 6.70] 0.159
TG /HDL-C index 0.78 [0.56; 0.94] 1.2310.89; 1.73] 0.0001
TyG index 4.20[4.12; 4.34] 4.38 [4.23; 4.56] 0.002
LAP index 24.32 [13.84; 45.90] 64.40 [37.00; 96.06] 0.0001
VAI index 1.3210.72; 1.71] 1.80 [1.25;2.96] 0.001

Note: non-HDL-C — non-high-density lipoprotein cholesterol, VAI — visceral adiposity index, LAP —

lipid accumulation product.
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Table 2
Adipokines of Adipose Tissue Depending on the Presence of Overweight and Obesity, Me (0, O..)

Adipokines BMI<25.0kg/m? | BMI 25.0-29.9 kg / m? P, BMI<30.0kg/m?> | BMI>30.0kg/m> | p,
Adiponectin, mcg/mg of tissue | 10.15 [6.24; 11.99] 6.76 [4.95; 8.56] 0.015 | 7.25[5.77;10.78] 5.84[4.19; 8.38] | 0.030
Adipsin, mcg/mg of tissue 1.22[0.90; 2.11] 1.92[1.21; 2.82] 0.067 1.62 [1.05; 2.26] 1.76 [1.09; 3.17] | 0.273
Lipocalin-2, mcg/mg of tissue 0.12 [0.06; 0.23] 0.08 [0.05; 0.21] 0.378 | 0.09[0.05;0.21] 0.15[0.06; 0.39] | 0.041
PAI-1, ng/mg of tissue 0.89 [0.44; 1.17] 0.84 [0.51; 1.55] 0.715 | 0.85[0.50; 1.18] 1.05[0.53;2.65] | 0.144
Resistin, ng/mg of tissue 23.86 [3.74; 61.96] 13.45 [4.72; 25.13] 0.413 | 17.81 [4.46;37.34] | 17.85[7.05;65.37] | 0.277

Note: p, — significance of differences between groups of patients with normal weight and overweight, p, — significance of differences between
groups of patients without obesity and with obesity.

When studying these adipokines in visceral adipose

tissue, depending on the presence of overweight
(BMI < 25 kg/m? versus BMI 25.0-29.9 kg/m?), the
level of adiponectin in patients with normal body
weight was 1.5 times higher than in overweight
patients (p < 0.05).

Obese patients (BMI>30.0 kg/m?) had lower levels

of adiponectin in visceral adipose tissue compared to
non-obese patients (BMI <30.0 kg/m?). It was reduced
by 1.24 times (p < 0.05). Lipocalin-2, on the contrary,
was 1.67 times higher (p < 0.05) in individuals with
BMI > 30.0 kg/m? (Table 2).

When performing the correlation analysis to assess

the relationship between the studied biomarkers in the
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blood serum and visceral adipose tissue, a relationship
was found between the levels of adipsin (» = 0.316;
p = 0.007), as well as adipsin in the adipose tissue
and PAI-1 in the blood serum (r = 0.278; p = 0.019)
(Table 3).

The correlation analysis of adipokines of visceral
adipose tissue and clinical characteristics of patients
showed a weak negative relationship between the level
of adiponectin and WC (r = —-0.210; p = 0.044) and
BMI (r = —0.263; p = 0.011). An inverse correlation
was observed for adiponectin and insulin resistance
indices: for the TyG index » = —0.268 (p = 0.009),
for LAP r =-0.284 (p = 0.006), for VAI r = —0.205
(» =0.049) (Table 4).

Table 3
Correlation Analysis of Adipokines in Blood Serum and Visceral Adipose Tissue Using
the Spearman’s Rank Correlation Coefficient
Adipokines in
VAT Adiponectin, Adipsin, Lipocalin-2, PAI-1, Resistin,
Adipokines mcg/mg of tissue mcg/mg of tissue mcg/mg of tissue ng /mg of tissue ng/mg of tissue
in blood
Adinonectin. mee/ml 0.125 0.160 —0.044 —-0.220 —-0.015
P - MCE p=0.340 p=0211 p=0.732 p=0.091 p=0.906
Adipsin. mee/ml 0.123 0.316 —0.063 -0.221 —0.188
psin, meg »=0326 p=0.007 p=0.605 p=0.075 p=0.122
Lipocalin2. mee/ml 0.192 0.013 —0.067 0.056 —-0.016
P - meg p=0.122 p=0916 p=0.579 p=0.655 p=0.898
PAL1. n/ml 0.125 0.278 0.064 0.011 -0.017
- g p=0317 p=0.019 p=0.600 p=0928 p=0.892
Resistin. ne/ml 0.035 —0.059 —0.080 0.162 0.057
-8 p=0.784 p=0.628 p=0518 p=0.201 p=0.647
Table 4
Correlation Analysis of Visceral Adipokines and Metabolic Parameters Using the Spearman’s Rank Correlation Coefficient
Adipokines in VAT Adiponectin, Adipsin, Lipocalin-2, PAI-1, Resistin,
Metabolic parameters | mcg/mg of tissue mcg/mg of tissue mcg/mg of tissue ng/mg of tissue ng/mg of tissue
WC. em —-0.210 0.133 0.143 0.166 0.038
’ p=0.044 p=0.202 p=0.161 p=0.139 p=0.714
—-0.263 0.132 0.162 0.167 0.066
2
BMI, kg/m »=0011 »=0.203 »=0.113 p=0.137 »=0.524
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End of table 3

Adipokines in VAT Adiponectin, Adipsin, Lipocalin-2, PAI-1, Resistin,
Metabolic parameters | mcg/mg of tissue mcg/mg of tissue mcg/mg of tissue ng/mg of tissue ng/mg of tissue
SBP. mm H —0.082 0.116 0.015 —0.069 —0.090

i & p=0433 p=0.265 p=0.883 p»=0.539 p=0.388
—0.168 0.013 0.055 —-0.037 —-0.077

DBP, mm Heg »=0.109 2=0.901 p=0.59% p=0.743 p=0456
. —0.164 0.065 0.149 0.231 0.110

TG/ HDL-C index p=0.117 »=0532 p=0.146 p=0.038 »=0.290
TVG index —0.268 —0.011 0.170 0.161 0.194

M p=0.009 p=0.920 p=0.095 p=0.150 p=0.060
. —-0.284 0.058 0.169 0.198 0.124

LAP index »=0.006 =076 »=0.098 p=0.077 p=0.233
VAT index —0.205 0.023 0.169 0.215 0.118

p=0.049 p=0.823 p=0.098 p=0.054 p=0.254

The next stage of the study was to include the
studied adipokines of visceral adipose tissue in the
linear regression analysis. The independent variables
included cardiometabolic parameters (WC, BMI, SBP,
DBP, as well as the presence of obesity, overweight,
AO, BP, blood glucose > 6.1 mmol/l, HDL-C < 1
for men, 1.2 mmol/l for women, LDL-C > 3 mmol/l,
TG > 1.7 mmol) and insulin resistance indices (TG
/ HDL-C, TyG, LAP, VAI) with standardization by
age, sex, and sex hormone levels. As a result of this
analysis, it was found that the level of adiponectin in
the visceral adipose tissue was inversely associated
with overweight in the general group (-3.542
[-5.318; —1.766], p = 0.0001). This association was
also observed in men (—4.303 [-6.842; —1.764],
p = 0.0001) and in the 45-65 age group (—4.662
[-7.105;-2.219], p = 0.001).

The level of resistin in visceral adipose tissue, when
age, sex, AO, DBP, glucose, and TG were included
in the model, was found to be dependent on DBP in
the overall group (-3.891 [-6.979; —0.803], p = 0.014)
and in the 25-44 age group (—7.496 [-13.182; —1.810],
p=0.012).

No significant associations were found between
the levels of adiponectin, lipocalin-2, and PAI-1 in
visceral adipose tissue and the studied parameters.

DISCUSSION

Adiponectin is a protein with a complex tertiary
structure, synthesized by adipocytes. The impact of
adiponectin on the body is facilitated by the AdipoR1
and AdipoR2 receptors. One of the most significant
effects of adiponectin is its ability to overcome
insulin resistance. It enhances insulin sensitivity in
target organs, such as the liver and skeletal muscles,
by promoting fatty acid oxidation and stimulating
glucose utilization through the activation of the

AMPK signaling pathway. The level of adiponectin
in the blood serum is inversely proportional to BMI,
triglyceride levels, and insulin resistance [11].

Furthermore, adiponectin has the potential to
inhibit inflammation and possibly atherogenesis
by suppressing the migration of monocytes and
macrophages, as well as their transformation into
foam cells [12]. Studies on adiponectin in adipose
tissue are scarce and often conflicting. The study of
adiponectin was conducted in the visceral adipose
tissue of different localizations — the epicardial and
perivascular fat depots in patients with CHD. The
study by O.V. Gruzdeva et al. revealed a decrease
in adiponectin mRNA concentration in patients
with CHD. Moreover, the more pronounced the
atherosclerotic lesion of the coronary artery, the lower
the level of adiponectin gene expression [5].

In the study by A. Sirbu et al., no association
was found between the level of adiponectin mRNA
in visceral adipose tissue and BMI or WC, as well as
serum adiponectin. However, participants with obesity
and insulin resistance, as assessed by the HOMA-IR
index, exhibited lower adiponectin expression levels
compared to participants without insulin resistance
[13]. Studies by T. Horbelt et al. [14] and M.I. Jonas
et al. [15] demonstrated a decrease in adiponectin
levels in visceral and subcutaneous adipose tissue
in individuals with obesity. Our data also show an
inverse relationship between adiponectin in visceral
adipose tissue and overweight, with this relationship
persisting in men and in the older age group.

One of the first discovered functions of resistin
was the formation of insulin resistance, which is the
basis of its name. Subsequently, it was demonstrated
that resistin exerts a wide range of effects, including
influencing lipid metabolism, promoting the synthesis
and secretion of proinflammatory cytokines, and
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facilitating the differentiation of monocytes into
macrophages. Furthermore, it influences heart
contractility, smoothmuscle cell activity, angiogenesis,
endothelial permeability, and renal function [16].
Resistin was first discovered in rodent adipocytes
and was initially thought to be a protein exclusively
synthesized in adipose tissue. However, the highest
levels of its expression in humans were found in bone
marrow cells [17]. Elevated levels of resistin mRNA
and protein, accompanied by a simultaneous decrease
in adiponectin in subcutaneous adipose tissue, were
observed in individuals with obesity. However, no
significant differences were observed in the visceral
adipose tissue [15].

Another study concluded that there is a link between
adipose tissue resistin and impaired fasting plasma
glucose in South Asian women [18]. Our findings suggest
a link between resistin and DBP levels, first discovered
for adipose tissue. Interestingly, this relationship is
inverse, meaning that as DBP levels increase, resistin
concentrations decrease. However, the link between
BP, high normal blood pressure, and resistin levels has
already been established for its circulating form [19-
21]. The underlying mechanism of resitin action in the
presence of hypertension remains unknown.

A study conducted on mice suggests that the
activation of the renin—angiotensin—aldosterone
system (RAAS) by resistin through the TLR4/P65/
Agt pathway is responsible for this effect. This
activation leads to an increase in the expression of
angiotensinogen, the precursor of angiotensin II, the
primary effector of RAAS. This theory is further
supported by the absence of an increase in blood
pressure following the administration of resistin to
mice, even after pre-treatment with angiotensin-
converting enzyme inhibitors [22]. Another potential
mechanism involves reducing the expression of
endothelial nitric oxide synthase (eNOS) and
decreasing the bioavailability of NO, which in turn
disrupts  endothelium-dependent  vasorelaxation
[23]. Our discoveries necessitate further clarification
and explanation of the inverse relationship between
resistin levels and DBP.

CONCLUSION

Research on adipokines in adipose tissue,
particularly their association with cardiometabolic
parameters, remains limited. In our study, we
successfully established the link between adiponectin
and resistin of visceral fat tissue, as well as
cardiometabolic parameters. Adiponectin is inversely

associated with overweight in the male group and in the
45—65 age group, while resistin is inversely associated
with diastolic blood pressure in the 25-45 age group.
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ABSTRACT

Numerous studies addressing the fundamental aspects of atherosclerosis emphasize the importance of systematically
organizing the accumulated data. The second part of this lecture provides an analysis of the critical mechanisms
involved in the development of atherosclerosis. This analysis includes a discussion on the roles of inflammasomes,
hemodynamic disorders within the vascular wall, vasa vasorum pathology, endothelial cell dysfunction, matrix
metalloproteinases, and the Notch and Wnt signaling pathways in the process of atherogenesis. Additionally, it
explores the specific characteristics of the pathogenesis of vascular calcification associated with atherosclerosis.
A dedicated section thoroughly reviews contemporary pharmacotherapeutic strategies for managing atherogenic
dyslipidemia. A comprehensive analysis of current concepts regarding the pathogenesis of atherosclerosis, along
with promising approaches to drug therapy, will facilitate the identification of future research directions within the
field of lipidology. This endeavor has the potential to elevate preventive cardiology to a new standard.
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INTRODUCTION

Atherosclerosis is one of the primary challenges in
preventive cardiology, which has traditionally received
significant attention in the development of national
programs for the primary and secondary prevention
of atherosclerosis-associated cardiovascular diseases
(aCVD) and cardiac rehabilitation programs [1-4].

According to data from the multicenter study
ESSE-RF, which included respondents aged
25-64 years from 13 regions of the Russian Federation
(RF), the prevalence of hypercholesterolemia
(total cholesterol (TC) in the blood =5.0 mmol/L)
averaged 58.40+0.34%. This indicates an extremely
high frequency of atherogenic dyslipidemia within
the study population [5]. In the United States, data
from the National Health and Nutrition Examination
Survey revealed that levels of TC over 200 mg/dL
and low-density lipoprotein cholesterol (LDL) =130
mg/dL were found in 32.8% and 36.2% of examined
individuals, respectively [6]

According to the multicenter, cross-sectional,
observational study EURIKA (European Study on
Cardiovascular Risk Prevention and Management
in Usual Daily Practice), which included data from
12 countries (Austria, Belgium, Germany, France,
Greece, Turkey, and others, including Russia) with
a final sample size of 7,641 patients, the proportion
of individuals with atherogenic dyslipidemia was
over20% [7]. The EURIKA population comprised
European patients aged at least 50 years who had
at least one risk factor for cardiovascular disease
(CVD) but no history of CVD in their medical
records. Additionally, the STEPs 2021 study reported
that the proportion of individuals with atherogenic
dyslipidemia (based on all lipidogram indicators)
among the population of the Islamic Republic of Iran
was 81.0% [8].

A cross-sectional study conducted as part of the
China-PEACE project involved 2,660,666 individuals
aged 35 to 75 years from all provinces of the People’s
Republic of China between 2014 and 2019. Among
those examined, the prevalence of atherogenic
dyslipidemia was found to be 33.8% [9].

These findings indicate that atherogenic
dyslipidemia is a global problem, as evidenced by
the prevalence rates of lipid metabolism disorders
observed across diverse populations with varying
national dietary habits. Consequently, studying the
pathogenesis of atherosclerosis and developing new
therapeutic methods aimed at normalizing lipid

metabolism and stabilizing inflammatory status are
critically important. The role of inflammation in
the development of ASCVD is well established and
underscores the urgency of this research.

Currently, atherosclerosis is perceived by the
scientific community as an inflammatory disease of
the arteries that triggers the mechanisms of vascular
aging and damage to target organs [10, 11]. Given
this fact, the study of atherogenesis problems from
the standpoint of inflammatory theory is a relevant
fundamental direction with direct access to real
clinical practice [12-16].

In the second part of this lecture, attention will be
directed towards examining the clinically relevant
aspects of inflammation pathogenesis in the context of
atherosclerosis development. Furthermore, a summary
of therapeutic methodologies, grounded in the latest
progressions in clinical lipidology, will be presented.

The Role of Inflammasome in Atherogenesis

In the context of the leading role of inflammation
in the pathogenesis of atherosclerosis, it is worth
emphasizing the role of the inflammasome, since
this intracellular multiprotein complex is known
to play an crucial role in the relationship between
lipid metabolism and low-grade inflammation of the
vascular wall [17]. Cholesterol crystals and oxidized
lipoproteins activate monocytes and macrophages,
generating an inflammatory response followed by
the production of proinflammatory interleukins (IL)
- IL-1B and IL-18. Oxidized LDL is recognized by
CD36 receptors on recruited monocytes, which leads
to activation of the NLRP3 inflammasome [18].
In lipopolysaccharide (LPS)-treated monocytes,
saturated fatty acids can induce the release of IL-1p,
which is not observed with unsaturated fatty acids [19].
Like monocytes, endothelial cells also demonstrate
NLRP1 activation after stimulation with plasma
containing high levels of triacylglycerols and VLDL
[20]. In addition to lipid metabolism disorders, other
mechanisms are involved in triggering atherogenesis-
associated inflammation.

Hypoxia and hypoxia-associated signaling
through hypoxia-inducible factor (HIF)-la in
atherosclerotic plaques enhance NLRP3 expression
in macrophages and slow the degradation of prolL-1[3
[21].Hemodynamically induced shear stress increases
the expression of sterol regulatory element-binding
protein 2 (SREBP2) via mechanotransduction,
triggering a new wave of atherogenesis. In this
context, elevated NLRP3 expression in endothelial
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cells plays an crucial role in maintaining aberrant lipid
metabolism [22]. The development of dysfunctional
autophagy in atherosclerotic plaques is also significant
in the process of atherogenesis, as evidenced by the
increased expression of autophagy markers ATG13
and LC3 in aortic endothelial cells. Notably, in
mice lacking the ATGS protein which is essential
for autophagy, there is an increase in inflammatory
activity and plaque size. These findings underscore
the importance of autophagy in the pathogenesis of
ASCVD [23]. In mice fed a high-cholesterol diet,
hematopoietic deletion of NLRP3, ASC, or IL-1o/
IL-1pB resulted in reduced atherogenesis and lower
levels of IL-18 [24]. Furthermore, pharmacological
inhibition of NLRP3 with colchicine increases the
number of smooth muscle cells (SMCs) and collagen
within the atherosclerotic plaque, promoting its
transition to a more stable phenotype [25].

Vascular Shear Stress and Atherosclerosis

Under normal conditions, uniform laminar blood
flow acting on the intima of the arteries induces
the secretion of nitric oxide (NO). In turn, NO
released under physiological conditions regulates
the tone of the vascular wall and helps maintain the
anti-inflammatory and antithrombotic properties
of the endothelium. It is well established that the
formation and progression of atheroma occurs
focally, primarily around bifurcations or at the points
where lateral branches depart from the artery, that is,
in areas characterized by uneven (turbulent) blood
flow [26]. This nature of the blood flow creates low
wall shear stress (WSS), which induces vascular
inflammation and contributes to the development of
atherosclerosis. WSS refers to the tangential force of
mechanical friction exerted by flowing blood, acting
longitudinally on the endothelium surface of the
arterial wall [27].

Specific endothelial biomechanical receptors
within the endothelial glycocalyx detect mechanical
stimuli and differentiate between laminar and turbulent
types of blood flow, converting WSS into biochemical
signals [28]. Consequently, endothelial dysfunction
induced by WSS is closely linked to inflammation and
lipid metabolism disturbances in the vascular wall,
thereby promoting the progression of atherosclerosis.
It is worth noting that, although atherogenesis initially
occurs in regions of the arterial wall exposed to
low WSS, areas of high WSS that develop around
growing atherosclerotic plaques are associated
with the formation of an unstable plaque phenotype

[29].As WSS increases, the functioning of the
mechanoreceptor KLK 10 diminishes, which mediates
the transformation of the normal transcriptome
signature of arteries into an emergency response
profile [30]. Inflammatory changes within the plaque
lead to hypoxia, initiating neovascularization from
the adventitial vasa vasorum, which contributes to
increased plaque vulnerability [31]. In discussing the
vasa vasorum, it is important to highlight the theory
that atherosclerosis may initiate specifically from these
microvessels within the vascular wall of the arteries
[32]. The microvascular network of the vasa vasorum
(including arterial, venous, and lymphatic vessels of
varying calibers) serves as a crucial anatomical and
functional structure that meets the metabolic needs of
the adventitia and perivascular adipose tissue, as well
as the outer part of the medial layer of large arteries
[33]. Dysregulation of blood flow in the vasa vasorum
is implicated in the pathogenesis of atherosclerosis, as
evidenced by the presence of multiple neuroimmune
cardiovascular interfaces (NICIs) in the outer layers
of atherosclerotic arteries. These interfaces are
characterized by axon terminals located near the
SMC media and macrophages in perivascular adipose
tissue [34].Numerous newly formed vasa vasorum are
abundant in lipid-rich plaques and express elevated
levels of cell adhesion molecules, such as ICAM-1
and VCAM-1. This expression facilitates an excessive
influx of immune cells and is associated with plaque
instability [35].

Although the concept of initial vasa vasorum
pathology in the initiation of atherogenic changes
currently has several gaps, their role in atherogenesis
is extremely important, both within the framework
of the “outside-in” concept and in the classical
approaches to study. During vascular wall
inflammation, vascular endothelial (VE) cadherin is
phosphorylated by Src kinase 3 at the intercellular
junctions of the endothelium. Concurrently,
dephosphorylation of VE cadherin by VE protein
tyrosine phosphatase (VE-PTP) prevents its
internalization and stabilizes the adhesive junctions
between endothelial cells [36, 37].

Additionally, the dissociation of VE-PTP from VE
cadherin leads to leukocyte diapedesis and increased
vascular permeability in vivo, as demonstrated in
a model induced by vascular endothelial growth
factor (VEGF) and endotoxin [38]. It is known
that lymphocyte binding to the adhesion molecule
VCAM-1, along with the stimulation of endothelial
cells by VEGF, triggers a common signaling cascade
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that includes Ras-associated botulinum toxin
substrate C3, NADPH oxidase, reactive oxygen
species, and proline-rich tyrosine kinase 2 [39, 40].
However, the molecular mechanisms regulating the
kinetics of the interaction between VE-PTP and VE-
cadherin remain largely unexplored. Signaling protein
2 containing the CUB-EGF domain (SCUBE2) ensures
the integrity of the vascular wall by recruiting VE-
PTP to dephosphorylate VE-cadherin. This process
promotes the stabilization of endothelial adherens
junctions and preserves the barrier function of the
intima [41]. Studies involving genetic overexpression
and pharmacological induction of SCUBE2 further
support the concept that therapeutic regulation of
SCUBE2 may be beneficial for stabilizing the vascular
bed [42].

Inflammation also stimulates the development
of dystrophic calcification in the necrotic lesion of
atherosclerotic plaques as a healing response to the
inflammatory activation of macrophages [43]. The
death of macrophages and SMCs releases vesicles
that serve as “nucleation sites” for the deposition of
hydroxyapatite crystals. Their aggregation leads to
the formation of microcalcifications with diameters
of less than 50 pm, which can penetrate the fibrous
cap of the plaque [44, 45]. Microcalcifications
significantly contribute to the instability of
atherosclerotic plaques; furthermore, they induce
mechanical stress within the fibrous capsule,
generating new inflammatory impulses within the
plaque [46]. It is also important to note that ectopic
deposition of calcium hydroxyapatite salts occurs
long before the onset of atherocalcinosis.

In  atherosclerotic  inflammation,  various
cell types, including wvascular SMCs, resident
pericytes, circulating stem cells, and adventitial
cells, differentiate into osteoblastic cells, leading to
vascular calcification [47]. For example, SMCs lose
part of their contractile phenotype, as evidenced by
downregulation of a-smooth muscle actin (a-SMA)
and SM-22 expression, followed by abnormal
upregulation of genes involved in osteogenesis,
such as Runt-related transcription factor 2 (Runx2),
osteopontin, osteocalcin, etc. [48, 49]. Vascular
calcification is initiated by matrix vesicles produced
by osteoblast-like cells that serve as deposition sites
for hydroxyapatite crystals [50]. Meanwhile, the
overexpression of matrix metalloproteinase MMP-
9 leads to the degradation of elastin, which in turn
promotes the transition of SMCs from a contractile to
a producing phenotype [51].

The Role of Inflammation in Plaque
Destabilization

Atherosclerotic plaques are primarily composed of
extracellular matrix (ECM), which includes collagen,
elastin, proteoglycans, and glycosaminoglycans
synthesized by SMCs in the arterial wall [52]. Under
conditions of atherogenic inflammation, cytokines
such as IL-1B andtumor necrosis factor o (TNF-a)
induce the secretion of metalloproteinases, particularly
MMP-1, MMP-8, MMP-9, MMP-12, and MMP-13,
by macrophages under the regulation of microRNA
[53-55].

MMPs catalyze the destruction of interstitial
collagen, leading to thinning and weakening
of the fibrous capsule, which contributes to plaque
instability [56]. In addition, the stability of the
fibrous capsule is influenced by the cross-linking
of collagen fibers, a process mediated by the
enzyme lysyl oxidase (LOX), which is expressed by
endothelial cells [57]. Endothelial dysfunction and
the phenotypic transition of SMCs are associated with
a decrease in LOX activity, resulting in abnormal
collagen cross-linking. This weakens the fibrous
capsule and increases the presence of soluble collagen
forms that are subject to MMP-mediated degra-
dation [58].

In unstable atherosclerotic plaques, the activity
of MMP-7 and MMP-9 is increased, and tissue
expression of MMP-2 and MMP-9 raises alongside a
decrease in the expression of type IV collagen [59].
Among the three types of unstable atheromas, lipid-
type plaques exhibit the highest tissue expression
of MMP-9 compared to dystrophic-necrotic and
inflammatory-erosive types, while type IV collagen
expression is predominant in dystrophic-necrotic
atherosclerotic plaques. In addition to MMPs, an
8-fold significant increase in APOE gene expression
(»<0.001) was observed in unstable atherosclerotic
plaques of the dystrophic-necrotic type. In contrast,
stable atherosclerotic plaques showed an 8-fold
statistically significant increase in LDLR and APOB
gene expression (p<0.001) [60].

Interestingly, the level of adiponectin in an
atherosclerotic plaque 1is directly proportional
to serum levels of HDL-C, while secretin levels
are inversely proportional. Furthermore, the
glucagon levels in conditionally intact intima are
2.1 times lower than those in fragments with stable
atherosclerotic plaque; it has also been established
that secretin levels are directly associated with plaque
stability [61].
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In recent decades, more and more attention has
been paid by researchers to such a phenomenon as
atherosclerotic plaque erosion. Plaques that have
undergone superficial erosion demonstrate less lipid
accumulation, a less pronounced necrotic core, a
moderate number of inflammatory cells, and an intact
fibrous capsule [62]. Thrombi formed as a result of
superficial erosions are white and rich in platelets,
while thrombi associated with plaque rupture are red
(rich in fibrin and erythrocytes) [63].

Parallels between Notch and Wnt Signaling
Pathways and Atherosclerosis

Notch is a cellular signaling pathway that mediates
intercellular communication and is involved in the
regulation of homeostasis [64]. The Notch cascade
protects against endothelial dysfunction induced
by pro-inflammatory cytokines and regulates the
phenotypic transition of cells [65]. Increasing evidence
suggests that Notch plays a crucial role in signaling
related to changes in WSS [66].

Activation of the Notch pathway creates an
anti-inflammatory, anti-atherogenic  environment
that helps maintain endothelial integrity, including
the preservation of adherens junctions between
endothelial cells [67]. Additionally, Notch is a key
signaling cascade for regulating the structure and
function of SMCs. Expression of Notch receptors 2
and 3, as well as the primary ligand Jagged1, has been
observed in SMCs [68]. Mutations in Notch 2 and 3
can lead to defects in SMC development, providing
a strong evidence for the involvement of Notch
signaling in regulating vascular differentiation during
angiogenesis [69]. Furthermore, Jaggedl-Notch3
signaling mediated through nidogen-2 is essential for
maintaining the contractile phenotype of SMCs in
vitro and in vivo [70].

Wnt is a multitarget signaling cascade
characterized by three main intracellular signaling
pathways: the canonical pathway (Wnt/p-catenin), the
non-canonical Wnt/PCP pathway (which regulates
cytoskeletal dynamics through the activation of JNK
(C-Jun N-terminal kinase) by small G proteins), and
the Wnt/Ca*-dependent pathway [71]. In addition
to its roles in cell proliferation and differentiation,
the Wnt pathway is also involved in regulating lipid
metabolism [72]. The stabilization of B-catenin via
Wnt signaling, along with the activation of fatty acid
synthesis via Akt/mTOR signaling, plays a central
role in lipid metabolism in steatotic liver [73]. An
inverse relationship has been demonstrated between

Wnt activation and the severity of atherosclerosis.
Specifically, activation of the Wnt pathway following
lipid depletion enhances the IL-4 response in
macrophages via the PGE2/STAT3 axis. Dickkopf-2
(DKK2),a negative regulator of Wnt/B-catenin
signaling, is implicated in macrophage activation
during atherosclerosis [74].

Knockdown of DKK2 significantly reduces the
expression of genes associated with the polarization
of macrophages toward the pro-inflammatory M1
phenotype while increasing the level of polarization
markers associated with the anti-inflammatory
M2 phenotype. This knockdown also significantly
attenuates the formation of foam cells [75].

The Role of Microrna in the Pathogenesis
of Atherosclerosis

The role of microRNA in atherosclerosis is
multifaceted. For example, miR-520c-3p protects
endothelial cells from damage and stabilizes
endothelial function by regulating key aspects of
pathogenesis, such as cell proliferation, apoptosis,
and endothelial cell adhesion [76]. Moreover, miR-
181a-5h, miR-181a-3p, and miR-250bmodulate
the severity of chronic low-grade inflammation in
the vascular wall by suppressing the expression
of the nuclear factor NF-xB, thereby slowing the
progression of stromal-vascular dystrophic changes
[77]. Conversely, miR-488 [78] and miR-183-5p
[79] exhibit proatherogenic effects by stimulating
functional reorganization of SMCs and exacerbating
inflammatory infiltration in the vascular wall.
MicroRNAs also demonstrate a dual effect on
macrophages. Thus, miR-10a, miR-210, and miR-
383 stabilize mitochondrial metabolism and the redox
status of cells, leading to a reduction in apoptosis and
necroptosis [80]. Notably, miR-181a-3p/5p and miR-
155-5p have pronounced atheroma-stabilizing effects
[81]. However, high levels of miR-155 correlate
with NLRP3 activation via ERK1/2 kinase [82]. In
addition, miR-216a exhibits proatherogenic potential
by enhancing inflammation through the Smad3/NF-
kB cascade [83].

A Look at Lipid-Lowering Therapy through the
Prism of the Inflammatory Theory of Atherogenesis

In parallel with the active study of the molecular
mechanisms of atherogenesis, the drug arsenal of
lipid-lowering therapy is expanding, which increases
the capabilities of modern cardiology.

The basic drugs of lipid-lowering therapy are
traditionally considered to be HMG-CoA reductase
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inhibitors — statins (in particular, rosuvastatin,
pitavastatin and atorvastatin) both without and in
combination with ezetimibe - a selective inhibitor of
cholesterol absorption targeting the sterol transporter
Neimann-Pick-likel (NPC1L1)[84]. This combination
is considered generally accepted and complies with the
recommendations of both the Russian and European
Cardiology Societies.

In the context of this lecture, it is important to
focus on the anti-inflammatory potential of statins.
Analyzing the mechanism of action of statins reveals
that part of their pleiotropic effects can be attributed to
the blockade of the mevalonate pathway of cholesterol
synthesis, which reduces the levels of isoprenoid
intermediates such as farnesyl pyrophosphate and
geranyl-geranyl pyrophosphate. A decrease in
these levels changes the prenylation of proteins,
influencing the effects of statins on autophagy and
inflammation [85]. Moreover, statins can suppress
the adhesion and migration of inflammatory cells by
reducing the expression of the integrin dimer CD11,
the immunoglobulin superfamily protein VCAM-
1, and leukocyte functional antigen-1 (LFA-1).
They also decrease the expression of monocyte
chemotactic protein-1 (MCP-1) and interleukin-8
(IL-8) [86].

Another anti-inflammatory mechanism of statins
is their ability to reduce the levels of interferon y
(INF-y), oxidized LDL (oxLDL), and serum apoA-I
[87, 88]. Several potential mechanisms through
which statins exert their anti-inflammatory effects
via Toll-like receptor (TLR) signaling pathways have
also been identified: inhibition of the prenylation
of regulatory proteins, direct or indirect inhibition
of NF-kB and MyD88/NF-kB axis, and activation
of antioxidant response elements (ARE) [89]. In
addition, statins can reduce signaling mediated by
transforming growth factor TGF-1p in T lymphocytes,
suppress oxLDL-induced maturation of human
dendritic cells, impair T lymphocyte activation, and
stimulate the pool of regulatory T lymphocytes [90].
Further studies are needed to elucidate the complete
molecular mechanisms and multifaceted anti-
inflammatory potential of statins.At the same time,
several issues persist regarding statin use, particularly
their side effects, such as statin-induced myopathy and
hyperglycemia. Other concerns include partial and
complete resistance to statins, the presence of residual
cardiovascular risk, and elevated levels of triglyceride-
rich lipoproteins, despite achieving target levels of
total cholesterol, LDL cholesterol, and triacylglycerols

[91-97]. In light of these challenges, new drugs aimed
at normalizing cholesterol metabolism are currently
being actively developed and introduced into clinical
practice. Among the extensive list of lipid-lowering
agents, the most promising include

1) PCSKY9-modifying agents

Proprotein convertase subtilisin-kexin type 9
(PCSK9) inhibitors, particularly evolocumab and
alirocumab, are innovative drugs that are actively
utilized in modern clinical practice [98-100]. The
pivotal studies demonstrating the lipid-lowering
potential of evolocumab and alirocumab are
FOURIER [101] and ODYSSEY-OUTCOMES [102]
trials. According to a meta-analysis of 41 randomized
clinical trials, which included a cumulative sample
of 76,304 patients(49,086 received evolocumab and
27,218 received alirocumab), PCSK9 inhibitors
significantly reduce the risk of myocardial infarction,
coronary artery restenosis, and ischemic stroke.
Furthermore, these agents are well-tolerated and
considered safe drugs while effectively lowering LDL
cholesterol levels [103]. In addition to their significant
beneficial effects on lipid metabolism and the the
reduction of major adverse cardiovascular outcomes
(MACE) [104], PCSK9 inhibitors also demonstrate
significant anti-inflammatory effects. A study from
the European Collaborative Project on Inflammation
and Remodeling of the Vascular Wall in Intravascular
Ultrasound (ATHEROREMO-IVUS) demonstrated
that serum PCSKO9 levels are associated with increased
absolute inflammatory plaque volume and necrotic
core size [105]. A clear correlation was also observed
between serum PCSK9 levels and the concentrations
of pro-inflammatory cytokines, including IL-6,
IL-1B, TNF-a, macrophage colony-stimulating
factor (M-CSF), and high-sensitivity C-reactive
protein (hs-CRP) [106]. It has been established that
PCSK9 enhances the infiltration of inflammatory
monocytes into the vessel wall due to the interaction
of PCSK9-LDLR (less pronounced with LRPS)
with plaques. This interaction directly contributes to
plaque destabilization [107]. PCSK9 itself induces
inflammation and exacerbates  atherosclerosis
independently of the LDL receptor. Research has
shown that PCSK9 worsens atherosclerosis in mice
with a knockout of the LDL receptor gene. Adenylate
cyclase-associated protein 1 (CAP1) serves as the
primary transducer for mediating the inflammatory
actions of PCSK9, including the induction of cytokines,
Toll-like receptor 4, scavenger receptors, and the
lectin-type oxidized low-density lipoprotein receptor
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1 (LOX-1) [108]. Key mediators of this inflammatory
cascade include spleen tyrosine kinase (Syk) and
protein kinase C delta (PKC3), which are activated
following the formation of the PCSK9-CAP1 complex
[109]. In human peripheral blood mononuclear cells,
it has been established that PCSK9 levels positively
correlate with the phosphorylation of Syk, PKCS
and p65 [110]. Thus, the anti-inflammatory effect
of PCSKY inhibition is evident and holds significant
clinical relevance. In discussing drug approaches
targeting PCSKD9, it is important to highlight inclisiran,
a drug based on small interfering RNA (siRNA) [111,
112]. Inclisiran is a double-stranded modified siRNA
linked to N-acetylgalactosamine (GalNAc), which
acts as a ligand for the asialoglycoprotein receptor
expressed by hepatocytes. The drug specifically
binds to the matrix RNA transcribing the sequence
of the gene encoding PCSK9 [113]. By disrupting
the translation of PCSK9 through mRNA cleavage,
inclisiran effectively reduces its production. The
ORION study series [114] provides robust evidence
regarding its hypolipidemic potential, supported by
meta-analyses [115, 116] that confirm its clinical
efficacy in achieving target lipidogram indicators and
reducing adverse cardiovascular outcomes. It is worth
noting that some studies within the ORION series are
still ongoing today.

2) Lipoprotein (a) inhibitors

Lipoprotein (a) or Lp(a), is an independent factor
contributing to both overall and residual risk of
CVD [117, 118]. Individuals with elevated Lp(a)
levels (>125 nmol/L; >50 mg/dL) exhibit increased
activity of arterial inflammation, characterized by
endothelial activation due to oxidized phospholipids
carried by Lp(a). This process leads to the recruitment
of circulating monocytes, resulting in heightened
secretion of chemoattractants and pro-inflammatory
cytokines, increased expression of adhesion
molecules, and enhanced leukocyte migration
through the wvascular wall [119]. Unfortunately,
lifestyle modifications have minimal impact on Lp(a)
levels; therefore, extracorporeal therapies, such as
namely lipoprotein apheresis may be necessary.
This approach is supported by latest American
Heart Association consensus on LP(a) apheresis
published in 2024 [120]. Lp(a) particles can cross the
endothelial barrier, persist in the arterial wall, and
promote the development of atherosclerotic plaques
[121]. The oxidized phospholipids carried by Lp(a)
can trigger macrophage apoptosis and contribute to
the “instability” of atheromas [122]. Additionally,

Lp(a) promotes inflammation within the arterial wall
by increasing monocyte extravasation and endothelial
activation [123].

These effects are mediated through adhesion
molecules such as ICAM-1 and are associated with an
increase in the activity of the enzyme 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase (PFKFB)-3
induced by Lp(a) [124]. The development of drugs
targeting high Lp(a) levels represents an innovative
approach to lipid-lowering therapy, as elevated Lp(a)
levels are a strong and independent risk factor for
ASCVD. As of 2024, several drugs have emerged
in this category: pelacarsen [125], olpasiran [126],
zerlasiran [127], lepodisiran [128], and muvalaplin
[129]. Notably, clinical trials involving these agents
have generated great interest within the scientific
community, particularly studies such as OCEAN(a)-
DOSE [130], KRAKEN [131], ALPACAR [132],
among others.

3) Antisense oligonucleotides

Volanesorsen and olezarsen are antisense
oligonucleotides targeting apolipoprotein C3 (APOC3)
mRNA and are currently under active investigation
for the treatment of familial chylomicronemia
syndrome [133]. Volanesorsen blocks the synthesis
of apolipoprotein C3 in the nucleus of hepatocytes by
inhibiting APOC3 mRNA. Two main clinical trials
have been conducted with volanesorsen: APPROACH
[134] and its open-label extension (OLE) [135], as well
as the COMPASS trial [136]. Olezarsen represents an
advancement over volanesorsen, as it is conjugated
to N-acetylgalactosamine, an aminosaccharide
that exhibits a strong binding affinity for the
asialoglycoprotein type 1 receptor, thereby enhancing
its targeting to hepatocytes [ 137]. Evidence supporting
the efficacy of olezarsen comes from a double-blind,
placebo-controlled study [138], which demonstrated
that olezarsen reduces levels of apolipoprotein C3,
triacylglycerols, and atherogenic lipoproteins in
patients with moderate hypertriacylglycerolemia who
are at high risk or have established cardiovascular
disease.

4) Bempedoic acid

Bempedoic acid is a long-chain tetramethyl-
substituted ketodiac acid characterized by a linear
molecule structure. It belongs to the family of “rogue”
fatty acids [139].

As a hypolipidemic agent, bempedoic acid
functions as an inhibitor of the enzyme ATP-citrate
lyase, which catalyzes one of the key reactions in
cholesterol synthesis [140]. It is the first drug in its
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class to act by inhibiting adenosine triphosphate citrate
lyase [141]. A significant aspect of bempedoic acid’s
mechanism of action is that its active metabolite is
formed exclusively in the liver, which minimizes the
risk of muscle-related adverse reactions [142]. The
safety and efficacy of long-term use of bempedoic
acid have been evaluated in the CLEAR (Cholesterol
Lowering via BEmpedoic Acid, an ACL-inhibiting
Regimen) program, which encompasses four phase
3 studies: CLEAR Tranquility [143], CLEAR
Harmony [144], CLEAR Wisdom [145], and CLEAR
Serenity [146].

Bempedoic acid promotes the activation of
LDL receptor expression, leading to lower LDL
cholesterol levels, attenuation of atherogenesis,
reduction in hepatocyte lipid levels and body weight,
and improvement in glycemic control [147, 148]. In
this regard, both genetic inhibition of ATP-citrate
lyase (ACLY) in hepatocytes and pharmacological
inhibition with bempedoic acid suppress fatty
acid and cholesterol synthesis while enhancing
fatty acid oxidation without increasing circulating
triacylglycerol levels. Moreover, studies conducted
on murine and human hepatic stellate cells have
demonstrated that bempedoic acid also inhibits liver
fibrosis by targeting pathways involved in collagen
formation [149].

5) Evinacumab

Evinacumab is a monoclonal antibody that targets
angiopoietin-associated peptide 3 (ANGPTL3), a
circulating protein secreted by the liver that regulates
the hydrolysis of very low-density lipoprotein
(VLDL) triglycerides. This drug is typically used
for the treatment of refractory homozygous familial
hypercholesterolemia [150].

6) Lomitapide

Lomitapide lowers cholesterol levels by inhibiting
microsomal triacylglycerol transfer protein (MTP)
[151]. MTP is involved in loading triacylglycerols
onto apolipoprotein B100, which is essential for
VLDL assembly. After being secreted by hepatocytes,
VLDL is converted to LDL. By blocking VLDL
assembly, lomitapide reduces both VLDL release
and VLDL-mediated triacylglycerol secretion,
resulting in lower plasma LDL concentrations [152].
Lomitapide has been approved by the FDA and EMA
for the treatment of adult patients with homozygous
familial hypercholesterolemia as an adjunct to a low-
fat diet and other lipid-lowering therapies, with or
without LDL apheresis [151]. Despite the impressive
therapeutic potential of new drugs, their use is

limited due to the lack of large-scale double-blind
randomized studies, insufficient clinical experience,
and high costs. Consequently, they are considered
reserve therapies and are prescribed in cases where
target lipid profile indicators are not achieved with
the maximum tolerated dose of statins combined with
ezetimibe and/or when there is complete intolerance
to statins [153, 154].

7) Colchicine

In the context of trends in contemporary cardiology,
it is worthwhile to highlight the role of colchicine
in the treatment of atherosclerosis. Colchicine
is a significant medication whose mechanism of
action is linked to its effects on cellular structure
and function. This drug exhibits a biphasic effect
on microtubules; at low concentrations, it inhibits
microtubules growth, while at high concentrations,
it promotes their depolarization [155]. Colchicine
inhibits tubulin polymerization, disrupting the cellular
cytoskeleton and leading to impairment of various
intracellular processes, including mitosis, intracellular
transport, and phagocytosis [156]. In addition,
colchicine inhibits chemotaxis and the adhesion
of neutrophils to inflamed endothelium, including
indirectly through alterations in the expression of VE-
selectin on endothelial cells [157]. Colchicine also
inhibits L-selectin expression, preventing neutrophil
recruitment, and affects neutrophil function by
limiting their extravasation. Furthermore, colchicine
normalizes macrophage activity and inflammasome
functioning [158].Beyond its effect on neutrophils,
colchicine exhibits antithrombotic activity by
reducing leukocyte-platelet aggregation (including
both monocytes and neutrophils) as well as lowering
levels of surface markers associated with platelet
activity, such as P-selectin and PAC-1 (activated GP
Ib/111a) [159].

Thus, the diverse effects of colchicine, including
modulation of the cell cytoskeleton, anti-inflammatory
properties, and antithrombotic activity, determine its
high clinical significance in reducing both overall and
residual cardiovascular risk in atherosclerosis [160].
There is a substantial body of evidence supporting the
use of colchicine in atherosclerosis; notable studies
include COLCOT (COLchicine Cardiovascular
Outcomes) [161], LoDoCo (Low Dose Colchicine)
[162], COVERT-MI (Colchicine for Left Ventricular
Infarct Size Reduction in Acute Myocardial Infarction)
[163], and CONVINCE (Colchicine for prevention
of Vascular Inflammation in Non-CardioEmbolic
Stroke) [164].
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8) Biologically active compounds in contemporary
lipidology

In parallel with conventional drug therapy,
the role of various biologically active substances
with hypolipidemic activity is being actively
studied. Notable examples include chitosan, ursolic
acid, nattokinase, spermidine, taurine, grape and
pomegranate seed extracts, as well as many other
naturally derived compounds that are positioned
as atheroprotective and hypolipidemic substances
[165, 166]. This topic is traditionally considered
controversial. Unfortunately, the available data on
the effectiveness and safety of these compounds are
limited, difficult to compare, and sometimes even
contradictory. Nonetheless, this does not exclude their
potential benefits, which have been supported by large
placebo-controlled, double-blind randomized studies.
For example, the COSMOS (COcoa Supplements and
Multivitamin Outcomes Study) study demonstrated
a 27% reduction in cardiovascular mortality rates
associated with cocoa flavonoids [167]. Additionally,
a network meta-analysis encompassing 131 studies
with a total sample size of 13,062 patients compared
the effectiveness of various dietary supplements such
as artichoke, berberine, bergamot, garlic, green tea
extract, plant sterols/stanols, policosanols, red yeast
rice, silymarin, and spirulina. This analysis found
that bergamot and red yeast rice extracts exhibited
the most significant atheroprotective effect [168]. It is
important to note that in the vast majority of cases,
while the positive effects of these compounds are
statistically significant compared to placebo groups,
they are not comparable to those of statins. The
interpretation of data from existing studies is further
complicated by the high variability in the biological
properties of natural raw materials. These properties
can depend on factors such as the life cycle conditions
of the producing organisms and the conditions
under which they are harvested, processed, and
stored. Therefore, caution should be exercised when
interpreting these findings. However, the significance
of these results should not be underestimated; they
should be considered in clinical practice, particularly,
when developing personalized dietary interventions
that align with clearly defined treatment goals.

CONCLUSION

Our understanding of atherosclerosis has evolved
significantly beyond the concept of a mere lipid
metabolism  disorder.  Contemporary  research
highlights the pivotal role of inflammation throughout

the entire atherosclerotic process. Notably, both
innate and adaptive immune responses are activated
in atherosclerosis, initiating inflammatory reactions
that occur both locally and systemically, manifesting
as chronic low-grade inflammation. Consequently,
circulating cytokines not only serve as indicators
of heightened cardiovascular risk but also actively
contribute to the progression and destabilization of
atherosclerotic plaques. Understanding the role of
inflammation in the pathogenesis of atherosclerosis
presents significant clinical implications. The pursuit of
identifying a molecular signature of the inflammatory
cascade in atherosclerotic cardiovascular disease
(aCVD) may facilitate the development of targeted
anti-inflammatory strategies in the future. When
combined with personalized medicine approaches,
this advancement could significantly enhance the
capabilities of preventive cardiology.
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ABSTRACT

Cardiovascular diseases are the leading cause of death worldwide, and atherosclerosis is considered as the primary
pathological process responsible for their development. Numerous studies have shown that high levels of low-
density lipoproteins in the blood are one of the most significant risk factors for the development of atherosclerosis.
Various models using both small and large animals, including genetically modified models — transgenic and
knockout animals — are used to study the atherogenic process. Studies on hyperlipidemia and atherosclerosis
commonly combine an atherogenic diet with genetic manipulations. However, none of the available models
is ideal, as each has its own advantages and limitations in reproducing the lipoprotein profile and the extent of
atherosclerosis compared to human cases.

This review presents literature data on modern models of hyperlipidemia in the most frequently studied laboratory
animals: mice, rats, and rabbits.
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MMnepnunugemuna n atepocknepos: 3KcnepuMmeHTanbHble moaenu

DNaBnetoBa K.U., YepHonoBckas E.J1.

Hncmumym xumuueckoti 6uonocuu u pynoamenmanvhou meouyunst Cubupckozo omoenenusi Poccutickotl akademuu
Hayk (MXEDOM CO PAH)
Poccus, 630090, . Hosocubupck, np. Akademuxa Jlaspenmoesa, 8

PE3IOME

H3BeCTHO, YTO Cep/IeUHO-COCYANCThIC 3a00JICBAHUS SBIISIOTCSI OCHOBHOM MPHUYMHON CMEPTHOCTH BO BCEM MHUDE, a
IJIaBHBIM IATOJIOTMYECKUM ITPOLIECCOM, OIPEICIIAIOLINM HX Pa3BUTHE, CYUTAETCS aTEPOCKIEPO3. MHOTOUHCIIEHHbIE
HCCIIeJOBAaHMS IOKA3aJIi, YTO BHICOKHE YPOBHU JIMIOMPOTENHOB HU3KOM MJIOTHOCTU B KPOBH IPEICTABIISIOT COOO0M
OIMH M3 HamboJee 3HAYMMBIX (PAKTOPOB pHCKA PA3BUTHs ATEPOCKISPOTHYECKOTO MOpaXKeHHs aprepuid. J{ms
U3Y4YEHHUS aTepPOreHHOTro0 Mpolecca NPUMEHIIOTCS pa3InuyHble MOAETHN KaK MEJIKHX, TaK U KPYIHbIX )KUBOTHBIX, B
TOM YHCJIe TeHETHYECKH MOIU(DUIIMPOBAHHBIX — TPAHCTEHHBIX ¥ HOKAYTHPOBaHHBIX.
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Kax paBujIo, B UCCIICJOBAHUAX THIICPIUITUAEMUN U aTEPOCKIIEPO3a 4aCTO UCTIOJIB3YOT COUYETAHHOC IIPUMEHEHNUE
aTeporeHHoﬁ JUETBI U TCHETHYCCKUX MaHHHyJ’[HHHﬁ. Hu O/1Ha U3 MPEIIOKEHHBIX K HACTOALIEMY BPEMECHU Moueneﬁ
HC SABJISACTCA HﬂeaﬂLHOﬁ, TIOCKOJIbKY KaXKJaasi UMECT CBOU NPEUMYIIECTBA U Or'paHUYCHHS B BOCHPOU3BEICHUU
HpO(bPIJ'[S[ JIMIIONPOTEUHOB U CTEIEHU aTCPOCKIIEPOTUYECCKOTO MOPAKECHUA COCyI[PICTOﬁ CTEeHKH. B cBsi3u ¢ 3TuM
BI)I60p a}leKBaTHOﬁ MOJICJIN BaXXEH JI KaXXA0I'0 KOHKPETHOT'O UCCIICA0OBaHUS.

B nacTostimem 0630pe MPUBEACHBI JIUTECPATYPHBIC JaHHBIC O COBPEMEHHBIX MOJACIISIX T'MIICPJIUITNACMUN HA Hauboee
HJacTO UCIOJIb3yEMbIX HaﬁOpaTOpHI)IX JKUBOTHBIX — MbIIIAX, KpbICaX U KPOJIUMKaX.

KiroueBrble ciioBa: TUNICPIMITUIACMHUSA, aTEPOCKIICPO3, SKCIIEPUMEHTAJIbHBIC MOACIIA

KonpaukTt unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMANBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaKeil HaCTOSIIEH CTaThH.

Hcrounuku ¢punancupoBanus. PaboTa BbINOJIHEHA B paMKaX IPOEKTa 6a30BOT0 OI0KETHOTO (pHHAHCHPOBAHUS
NXBbOM CO PAH Ne 125012300659-6.

[ uutupoBanus: [lasnerosa K.1., Yepnonosckas E.JI. 'unepnunuaeMus u aTepocKiIepos3: SIKCIEPUMEHTANb-
Hble MoJienu. Broanemens cubupckoil meduyunst. 2025;24(2):141-152. https://doi.org/10.20538/1682-0363-2025-

Hyperlipidemia and Atherosclerosis: Experimental Models

2-141-152.

INTRODUCTION

Hyperlipidemia is a pathological condition
characterized by a significant increase in levels of blood
cholesterol and triglycerides [1]. Chronically elevated
blood cholesterol levels are a major risk factor for
cardiovascular diseases, resulting in the development
of atherosclerosis and exerting a negative effect on
the myocardium, primarily due to increased oxidative
stress, mitochondrial and endothelial dysfunction, as
well as induction of inflammation and apoptosis [2,
3]. Hyperlipidemia is classified either as primary, also
known as familial, developing due to genetic defects
and having a characteristic abnormal lipid profile, or
secondary, acquired as a result of cooccurring diseases
(diabetes, nephrotic syndrome, hypothyroidism, liver
disease, etc.), or following increased consumption
of saturated fats [1]. Clinically, hyperlipidemia is
characterized by increased levels of atherogenic
lipoproteins in the blood: low-density lipoprotein (LDL)
cholesterol, reflected in an increase in total cholesterol
in the blood, and very low-density lipoprotein (VLDL)
cholesterol, reflected in an increase in triglyceride levels
in the blood. Another important factor contributing to
atherogenesis is a decrease of anti-atherogenic high-
density lipoproteins (HDL) in the blood [1, 4].

The action of hypolipidemic drugs is aimed at
eliminating such disorders. Statins, known as HMG-
CoA reductase inhibitors, are first-line drugs for
reducing LDL cholesterol levels [5]. However, despite
adequate statin therapy, patients remain at significant
risk of atherosclerosis progression and, consequently,
at risk of developing cardiovascular complications

[6, 7]. Therefore, there is a need for new therapeutic
agents to effectively reduce the level of atherogenic
cholesterol.

An important role in studying the effectiveness of
new lipid-lowering drugs is attributed to experimental
modeling of hyperlipidemia and atherosclerosis in
laboratory animals. The following species are used
for this purpose: mice, rats, hamsters, guinea pigs,
rabbits, monkeys, zebrafish, minipigs, and farm
pigs [1, 8, 9]. Small animals, such as mice, rats, and
rabbits, are often used due to the ease of breeding,
low cost of maintenance, and a relatively short
period of development of hypercholesterolemia and
atherosclerosis [10]. However, none of the current
models accurately simulates the human lipid profile or
the progression of atherosclerosis, since each has its
own advantages and disadvantages [4, 10, 11].

This review summarizes current knowledge about
mouse, rat, and rabbit models of hyperlipidemia and
atherosclerosis. The review is based on the analysis
of experimental and review articles available in
the PubMed, Google Scholar, and eLIBRARY.ru
databases. Key search terms present in the title or
abstract were: hyperlipidemia, hypercholesterolemia,
cholesterol, atherosclerosis, experimental models,
atherogenic diet, mice, rats, rabbits, ApoE, LdIr,
APOE*3-Leiden, APOE*3-Leiden.CETP, PCSK9,
Fbnl, SR-B1, ApoB100, CETP, WHHL rabbits,
and SMHL rabbits. The search resulted in 9,767
publications: 7,915 English-language and 1,852
Russian-language articles. When studying the
abstracts, 65 English-language and 3 Russian-language
publications containing data from experimental and
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review articles available in full-text versions were
selected and included in the review.

EXPERIMENTAL MODELS

Mice, rats, and rabbits are resistant to spontaneous
development of hyperlipidemia, but atherogenic
diet and genetic manipulations make these
animals more susceptible to the development of
hypercholesterolemia [1]. The serum lipid profile of
experimental animals of different species differs — in
mice and rats, a significant part of the total cholesterol
is contained in antiatherogenic HDL, and in rabbits,
total cholesterol is more evenly distributed between
the lipoprotein fractions [4]. Additionally, rabbits are
characterized by high activity of the Cholesteryl Ester
Transfer Protein (CETP) in the plasma, while mice and
rats lack it [12]. However, the advent of technologies
for the creation of transgenic and knockout animals
partially solves the problem of reproducing the main
features of the human disease in animal models [10,
11]. In general, animal models of hyperlipidemia
and atherosclerosis are based on a combination of an
atherogenic diet and genetic manipulations [13].

MOUSE MODELS WITHOUT GENETIC
MANIPULATION

One of the widely used methods for inducing
hyperlipidemia in mice is long-term (3 weeks for
the development of hypercholesterolemia and 12
weeks for the formation of an atherosclerotic plaque)
use of a diet containing cholesterol (0.5-1.25%)
with additional substances, such as cholic acid
(0.1-0.5%), vegetable or coconut oil, as well as
corn starch and sucrose [1, 4, 14, 15]. This model
of hyperlipidemia varies in the ratio of ingredients
in the diet [16]. Overfeeding mice exclusively with
sucrose or fructose causes hypertriglyceridemia [1].
Among inbred mouse lines, C57BL/6 mice were more
susceptible to hyperlipidemia and atherosclerosis [ 10,
17]. Regarding the sex of mice, it is recommended to
include both sexes in studies on hyperlipidemia and
atherosclerosis due to the influence of sex hormones
on cholesterol levels [18]. However, in practice, most
studies on atherosclerosis are conducted only on male
mice aged 68 weeks [18].

GENETICALLY MODIFIED MOUSE MODELS

The rate of atherogenesis can be significantly
accelerated in genetically modified mice when fed
with a high-cholesterol diet, the variants of which are
presented in Table 1 [10,16—18]. Most atherogenic

diets contain varying percentages of saturated fat and
cholesterol, with or without cholic acid. The most
frequently used diets in research are the Western-type
diet and its modified analogues with a high cholesterol
content [16—18]. According to the literature, these
diets increase the level of total cholesterol within 2—3
weeks and lead to the formation of atherosclerotic
plaques in some species within 8 weeks [18]. As for
the Paigen diet and a similar modified Western diet
with cholic acid, they induce atherosclerosis, and
severe pulmonary hypertension and inflammatory
reactions often occur [16—18].

Table 1

Most Commonly Used Atherogenic Diets in Mouse
Hyperlipidemia Studies

Diet name Diet composition
21% fat, 0.2% cholesterol, 34%

sucrose [16]

Western-type diet

Modified Western-type diet with

high cholesterol

4.4% fat, 1.0% cholesterol [16]

Modified Western-type diet with
high cholesterol

15.75% fat, 1.25% cholesterol
[16]

Modified Western-type diet with
high cholesterol

21% fat, 1.25% cholesterol, 34%
sucrose [18]

Modified Western-type diet with
high cholesterol

21% fat, 1.25% cholesterol [18]

Modified Western-type diet with
high cholesterol

40% fat, 1.25% cholesterol [10]

Modified Western-type diet with
high cholesterol

21% fat, 1.25% cholesterol,
0.5% cholic acid [18]

High-sucrose diet

20% fat, 65% sucrose [18]

Palm oil diet

10% palm oil, 0.1% cholesterol
[16]

Semi-synthetic diets (low- and
high-fat)

2—-18 % fat, 0-1.25 %
cholesterol [16]

Paigen diet

15% fat, 1.25% cholesterol,
0.5% cholic acid [17]

The most commonly used mouse models for
studying hyperlipidemia and atherosclerosis are
apolipoprotein E  (ApoE”) and LDL receptor
(Ldlr") gene knockout mice. [19]. These two models,
however, are not universal and have both advantages
and disadvantages, depending on the objectives
of the study, since they differ in lipid and glucose
metabolism, as well as other mechanisms involved in
atherogenesis [20]. ApoE is synthesized by hepatocytes
and macrophages and has a number of important
antiatherogenic functions: it is a ligand for LDL
receptors and LDL-associated proteins, promoting the
capture of atherogenic particles from the bloodstream
[21]. Therefore, homozygous deletion of the ApoE
gene in mice results in a pronounced increase in blood
LDL and VLDL cholesterol levels [20, 21].
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The main disadvantage of the complete absence of
the ApoE protein is that the model is dominated by high
blood cholesterol levels compared to Ldlr”~ mice and, as
a result, they develop severe atherosclerotic lesions of
the aorta within a few weeks [19]. Significantly reduced
HDL cholesterol levels and altered HDL composition
are observed in ApoE” mice compared to Ldlr" mice
[10]. Another disadvantage of A4poE” mice is that most
of the cholesterol in the plasma is VLDL cholesterol,
compared to LDL cholesterol in humans [21].

Thus, a limitation of the use of ApoE~” mice is
that they do not have a lipid profile similar to that in
humans, unlike Ldlr" mice [13]. Ldlr” is a model that
reproduces familial hypercholesterolemia (in which
there is a genetic mutation in the LDL receptors),
however, its main drawback is a milder degree of
hyperlipidemia [1, 21]. First- and second-generation
statin therapy had no hypocholesterolemic effect on
ApoE"- and Ldlr" mice, in contrast to third-generation
statins, which, in turn, were effective only in the
context of a diet containing a relatively low amount of
cholesterol (0.15%) [21].

Third-generation statins were shown to suppress
atheromatous plaque development in ApoE” mice [18].
Administration of ezetimibe, which selectively inhibits
intestinal cholesterol absorption, effectively reduced
cholesterol levels in the VLDL and LDL fractions and
increased HDL cholesterol levels, resulting in reduction
of aortic atherosclerotic lesions in ApoE” mice fed with
a diet containing 0.15% cholesterol [20, 21]. These
results were consistent with clinical observations in
humans. Acyl-coenzyme A:cholesterol acyltransferases
inhibitor (avasimibe) reduced blood cholesterol levels
and prevented atherosclerosis in ApoE~ mice [20].

ApoE”~ and Ldlr” models are considered to
be unsuitable for evaluation of some drugs (e.g.
proprotein convertase subtilisin/kexin type 9 (PCSK9)
inhibitors), which can be explained by the fact that
human PCSK9 stimulates liver lipogenesis and
aggravates the progression of atherosclerosis through
mechanisms dependent on ApoE and LDL receptors
[10, 18]. It is also known that monoclonal antibodies
to PCSKO9 did not affect the level of total cholesterol
and the degree of atherosclerotic lesions in ApoE”
mice. However, such treatment reduced the level of
total cholesterol and triglycerides and weakened the
severity of atherosclerosis in another mouse model —
APOE*-3Leiden.CETP [10].

The next model was the ApoE”/ Ldlr” double
knockout mouse, which is a model with more severe
hyperlipidemia and atherosclerosis [13]. This mouse

model is considered to be suitable for studying the
effect of lipid-lowering drugs without the use of an
atherogenic diet [13, 21]. As for the therapeutic effect,
it is known that in these mice, the acyl-coenzyme
A:cholesterol acyltransferase inhibitor did not reduce
the level of cholesterol in the blood, but it did reduce
the degree of atherosclerotic damage to the aorta [21].

Transgenic APOE*3-Leiden (E3L) mice were
generated by introducing a construct containing the
human APOE*3-Leiden gene sequence into C57Bl/6
mice [21]. This apolipoprotein is associated with
a familial form of hyperlipidemia [13]. Compared
to ApoE” and Ldlr"~ mice, APOE*3-Leiden mice
develop moderate hyperlipidemia (ApoE”" mice have
severe hyperlipidemia, while Ldlr”~ mice have mild
hyperlipidemia) [21]. The advantage of this model over
ApoE"- mice is the absence of an inflammatory reaction
[13]. Statin therapy was found to have hypolipidemic
and antiatherosclerotic effects in APOE*3-Leiden
mice [10, 21]. Avasimibe also reduced cholesterol
levels and the extent of atherosclerotic lesions [23].

Transgenic APOE*3-Leiden.CETP mice were
generated by crossing APOE*3-Leiden mice with
mice expressing CETP [21, 23]. This model exhibits
elevated basal cholesterol levels and a human-like
lipoprotein profile characterized by a shift from HDL
to an increased VLDL/LDL fraction [22]. Thus,
APOE*-3Leiden. CETP mice are a preferred model
for studying lipid metabolism compared to ApoE
~ Ldlr", ApoE”/Ldlr", and APOE*3-Leiden mice
[23]. In addition, this model has well proven itself for
assessing the hypolipidemic and antiatherosclerotic
effects of drugs. In addition to statins, fibrates —
PPARa (peroxisome proliferator-activated receptor
alpha) agonists, PCSK9 inhibitors also demonstrated
their efficacy [10, 24-29]. APOE*-3Leiden. CETP
mice were a model of choice for evaluating the efficacy
of PCSK9 monoclonal antibodies (alirocumab and
evinacumab) in preclinical trials [26-29].

Various mouse models have been developed to
study the effects of PCSK9 on lipid metabolism and
atherosclerosis. PCSK9 plays an important regulatory
role in cholesterol metabolism, due to the degradation
of the LDL receptor [30]. Decreased LDL receptor
levels de-intensify LDL metabolism, which can lead
to hypercholesterolemia [30, 31]. Liver tissue is
characterized by the highest level of PCSK9 expression
in mice. However, it is also highly expressed in the
intestine, and lower expression is observed in the
kidneys, spleen, and aorta [31]. All plasma PCSK9
is secreted by the liver [31]. PCSK9 is known to be
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involved in the development of atherosclerosis, and its
inhibitors are now being used as new drugs to lower
cholesterol levels [26-29, 31].

Therefore, some of the most popular models are
those without germline editing that overexpress
the human protein PCSK9 [10]. Overexpression of
PCSK9, mediated by adeno-associated virus (PCSK9-
AAV) induced hyperlipidemia (after 3 weeks) and
atherosclerosis (after 12 weeks) in mice, when
combined with an atherogenic diet (21% fat and 1.25%
cholesterol) [30, 32, 33]. Phenotypically, this mouse
model mimics Ldlr”~ mice [34]. Also, a transgenic
mouse model (APCSK9tg) expressing the human
PCSK9 gene was developed [35]. A study comparing
the extent of aortic atherosclerosis in APCSK9tg/Ldlr
~and hPCSK9tg/ApoE"~ mice found that the latter had
a larger area of aortic atherosclerosis and higher levels
of total cholesterol and triglycerides in the blood [36].
Studies show that APCSK9tg mice are well suited for
screening various PCSK9 inhibitors (PKF8-mFc and
evolocumab) [37]. In PCSK9 knockout mice (Pcsk9™”
), a 2-3-fold increase in the number of LDL receptors
in the liver and very low levels of LDL cholesterol in
the blood were reported [38, 39]. In these mice, plasma
PCSK9 levels are undetectable, but LDL cholesterol
levels are reduced by only 60%, suggesting a role of
extrahepatic PCSK9 in their regulation [31, 37].

Mice with a mutation in the glycoprotein fibrillin-1
gene and knockout gene for the apolipoprotein
E (ApoE”/Fbnl¢%6*") were also created [13].
Mutations in the Fbnl gene lead to Marfan syndrome,
a genetic disorder characterized by fragmentation of
elastic fibers [40]. This model was developed primarily
to study unstable atheromatous plaques, with their
subsequent rupture and associated complications.
[13, 40]. It turned out that the area of atherosclerotic
lesions in the aorta in ApoE”/Fbnl¢"*5* mice was 3
times larger than in ApoE” mice [40]. A limitation of
this model is premature mortality of mice due to aortic
aneurysm rupture. [13].

Another model for studying atherosclerotic plaque
rupture is scavenger receptor class B type 1 (SR-B1)
and apolipoprotein E (SR-B1/ApoE”") knockout mice
[10]. SR-BI7/ApoE" mice developed severe coronary
artery disease and obliterating coronary atherosclerosis
even when fed with a standard diet [41]. The main
limitation of this model is early mortality at 5—8 weeks
ofage [10, 41].

Transgenic mice expressing ApoB100 and lacking
LDL receptor (APOBI100/Ldlr") were developed to
study hyperlipidemia and atherosclerosis. ApoB-100

is a component of VLDL and LDL which affects the
uptake and subsequent degradation of LDL by the liver
[42]. These mice, without the use of an atherogenic
diet, showed a lipid profile very similar to that in
humans, but their use is limited due to accompanying
locomotor disorders, which makes these mice useful
as a model of Alzheimer’s disease [42].

Currently, the optimal models for studying the
hypolipidemic and antiatherosclerotic effects of
drugs are transgenic APOE*3-Leiden. CETP mice. To
study different PCSK9 inhibitors, the PCSK9-AAV,
hPCSK9tg, hPCSK9tg/Ldlr", and hPCSK9tg/ApoE"
models are also common.

LIMITATIONS OF THE USE OF MICE
IN HYPERLIPIDEMIA
AND ATHEROSCLEROSIS STUDIES

Despite various genetic modifications and
atherogenic diets, mouse models still have a number
of shortcomings, primarily related to the distribution
of the atheromatous plaque and the structure of the
vascularwall [10]. Thus, the main site of atherosclerotic
lesions in mice is the aortic sinus and the innominate
artery, while in humans, it is the coronary and carotid
arteries, as well as peripheral vessels [10, 43]. In
mice, unlike humans, the arterial wall consists only
of endothelium, without a layer of elastic connective
tissue (subendothelium). In addition, the middle layer
(tunica media) is less thick, and vasa vasorum is
absent [44, 45]. Moreover, thrombotic lesions in the
lumen of the vessel may not persist in mice, since the
fibrinolytic balance is shifted towards lysis [43].

RAT MODELS WITHOUT GENETIC
MANIPULATION

Currently, a number of diets have been proposed
for the development of hyperlipidemia in Wistar and
Sprague Dawley rats. They are presented in Table
2 [4, 10, 46-49]. Notably, the most commonly used
protocol for inducing hypercholesterolemia, as in
mice, was the addition of 1.25% cholesterol, 21% fat,
and 34% sucrose to the animals’ diet for 2—-3 weeks to
develop hyperlipidemia and for 8—12 weeks to develop
mild atherosclerotic lesions in the aorta [46—49]. Also,
for the induction of hyperlipidemia, intraperitoneal
administration of Tween-80 or poloxamer 407 is
possible, which leads to a rapid increase in the level of
lipids in the blood, especially triglycerides. However,
after a single administration, lipid levels decrease on
day 5 [4, 50]. With regard to the development of an
atheromatous plaque, it has long been believed that
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rats are immune to the development of atherosclerosis
if they are fed with an atherogenic diet exclusively
[10]. For this purpose, vitamin D2, promoting aortic
lipidosis, was sometimes added to the diet [4].

A disadvantage of this model for studying the
therapeutic effect is the abnormal response to some

drugs, such as statins. Instead of decreasing the
activity of hepatic HMG-CoA reductase, reductase,
statins significantly increase it, resulting in the lack of
hypolipidemic effects [51]. Overall, there is currently
no compelling evidence that rat models may have
advantages over mouse ones [10].

Table 2

Most Commonly Used Atherogenic Diets in Rat Hyperlipidemia Studies

Diet name

Diet composition

Western-type diet

21% fat, 0.2% cholesterol, 34% sucrose [47]

Modified Western-type diet with high cholesterol

2% cholesterol, 0.2% cholic acid [46]

Modified Western-type diet with high cholesterol

21% fat, 1.25% cholesterol, 34% sucrose [47]

Modified Western-type diet with high cholesterol

21% fat, 1.25% cholesterol [48]

Modified Western-type diet with sucrose, cholic acid, and propylth-
iouracil

0.5% cholesterol, 0.2% cholic acid, 5% sucrose, 0.05% propylthiouracil

[46]

High-cholesterol diet

1% cholesterol [46]

Modified Western-type diet with high cholesterol

3% cholesterol, 0.5% cholic acid, 1.5% vegetable oil [49]

High-cholesterol and cholic acid diet

2.43% cholesterol, 0.49% cholic acid [46]

Modified Western-type diet with high cholesterol, cholic acid, and
propylthiouracil

3% cholesterol, 0.2% cholic acid, 0.5% propylthiouracil, 10% fat [46]

High-fat diet

33.5% fat, 1.5% soybean oil [46]

Modified Western-type diet with high cholesterol

1% cholesterol, 2% coconut oil [46]

High-cholesterol and cholic acid diet

2% cholesterol, 0.25% cholic acid [46]

High-cholesterol diet with cholic acid and propylthiouracil

4% cholesterol, 1% cholic acid, 0.5% propylthiouracil [46]

Modified Western-type diet with high cholesterol

12.5% palm oil, 12.5% fat, 5% cholesterol, 2% cholic acid [46]

High-cholesterol diet

2% cholesterol [49]

High-fat diet

60% fat [46]

High-fat diet

42% fat [46]

High-fat diet

33.5% fat, 1.5% soybean oil [46]

Modified Western-type diet with fat and sucrose

10% fat, 20% sucrose, 2% cholesterol, 1% cholic acid [46]

High-cholesterol diet

6% cholesterol [46]

High-cholesterol and cholic acid diet

2% cholesterol, 0.5% cholic acid [46]

Thomas-Hartroft diet

40% oil, 5% cholesterol, and 5% sodium cholate [10]

Paigen diet

15% fat, 1.25% cholesterol, 0.5% cholic acid [46]

High-fat, vitamin D, and nicotine diet

20% fat, vitamin D3 300 000 1U/kg/day, nicotine 25 mg/kg/day [4]

High-sucrose diet

The Prague hereditary hypercholesterolemic
(PHHC) rat is a rat line obtained by crossing with
Wistar rats. It models hypercholesterolemia on an
atherogenic diet [ 1]. In this line, most of the cholesterol
is VLDL cholesterol [1, 52]. However, despite the
presence of hypercholesterolemia, PHHC rats do not
develop atherosclerosis even after receiving a 2%
cholesterol diet for 6 months [51].

GENETICALLY MODIFIED RAT MODELS

In order to study hyperlipidemia and athero-
sclerosis in rats, similar methods to mouse models
were employed, i.e. knockout of the apolipoprotein E
gene (ApoE~") and LDL receptors (Ldlr"), as well as
double knockout of the ApoE"/Ldlr genes [10]. For
the formation of the atheromatous plaque, ApoE” u

20% fat, 65% sucrose [47]

Ldir" rats needed a diet with a high fat content (42%),
but even under these conditions, aortic damage was
insignificant [10, 53, 54]. ApoE~"/Ldlr" rats showed
significant atherosclerotic lesions in the aorta only
after a long time (48 weeks) [10, 54]. Additionally,
a more pronounced degree of hypercholesterolemia
was observed in models with double
knockouts [55].

Thus, it turned out that the formation of
atherosclerotic lesions in ApoE™”, Ldlr", and ApoE"/
Ldlr” rats requires a much longer period of time and a
diet with a higher fat content, compared to mice [10].
A less common model of hypercholesterolemia is the
rat overexpressing CETP protein (AhCETPtg), which
develops severe atherosclerotic lesions in the aorta but
shows significantly high mortality [1].
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LIMITATIONS OF USING RATS
IN HYPERLIPIDEMIA AND
ATHEROSCLEROSIS STUDIES

Rats, even genetically modified, were found to be
more resistant to the development of the atheromatous
plaque due to their low susceptibility to endothelial
inflammation caused by hyperlipidemia [56].

RABBIT MODELS WITHOUT GENETIC
MANIPULATION

Rabbits are often used as an experimental animal
model to study the atherosclerotic process because
their lipid metabolism is more similar to that of
humans than of mouse and rat [4, 12, 57]. Also, rabbits
are highly sensitive to a cholesterol diet, due to which
they quickly develop severe hypercholesterolemia,
leading to severe aortic atherosclerosis [12]. However,
recently there has been a trend towards a decrease
in the use of this animal model, probably due to the
availability of genetically modified mice [13, 58].

Currently, the following types of rabbit models
are used: rabbits on an atherogenic diet; rabbits with
Watanabe hereditary hyperlipidemia and St. Thomas
mixed hyperlipidemia; and genetically modified
rabbits [59]. In rabbits fed with an atherogenic diet,
more than 90% of cholesterol is VLDL and LDL
cholesterol [12]. Since female rabbits have higher
blood cholesterol levels than male rabbits, these
characteristics make males much more commonly
used for studies of hyperlipidemia and atherosclerosis
[12, 51].

New Zealand White rabbits are often used to study
hyperlipidemia and atherosclerosis [13, 58]. For this
purpose, various variants of the atherogenic diet have
been developed, presented in Table 3 [4, 13, 58].
However, when fed with a diet containing more than
1% cholesterol for a long time (more than 4 weeks),
rabbits develop high hypercholesterolemia and
severe atherosclerotic lesions exceeding those seen in
humans, so a diet with cholesterol in the range of 0.3—
0.5% is recommended [58]. Also, it is recommended
to use vegetable oils (3—8% soybean, coconut, or corn
oil) for 8 weeks to form hyperlipidemia and for 16
weeks to form the atheromatous plaque [58, 59]. A
cholesterol-free diet enriched with casein may also
cause hypercholesterolemia and atherosclerosis in
rabbits [60]. It is believed that a possible mechanism
of hypercholesterolemia in this case is associated
with a decrease in the synthesis of bile acids and the
excretion of fecal sterols, which leads to an increase in

the level of total cholesterol and LDL [60]. It is worth
noting that rabbits fed with casein developed less

severe aortic atherosclerosis than rabbits receiving a
cholesterol diet [58, 60].

Table 3

Most Commonly Used Atherogenic Diets in Hyperlipidemia
Studies in Rabbits

Diet composition

Diet name

3-8% soybean or corn oil,
0.3-0.5% cholesterol [13]
3-8% soybean or corn oil,
1.0-1.5% cholesterol [58]

Atherogenic diet for rabbits

Atherogenic diet for rabbits

Cholesterol-free diet contain-

. . 27% casein [60]
ing casein

Compared with  hypercholesterolemia  and
atherosclerosis in humans, rabbits fed with an
atherogenic diet show a number of differences. For
example, the main lipoproteins are not LDL but
VLDL, and there are large differences in blood lipid
levels and the extent of atherosclerotic lesions due to
individual differences in response to the cholesterol
diet [61-63].

Watanabe heritable hyperlipidemic (WHHL)
rabbits have a genetic mutation in the gene encoding
the LDL receptor, leading to high blood cholesterol
levels when fed with a normal diet, resembling human
familial hypercholesterolemia [63]. In experimental
studies of hyperlipidemia and atherosclerosis, the
advantages of using WHHL rabbits compared to
rabbits fed with an atherogenic diet include:

1) the lipid profile of WHHL rabbits is characterized
by high LDL and low HDL levels, whereas the major
lipoproteins in rabbits fed with an atherogenic diet
are VLDL and LDL, while HDL levels usually do not
change;

2) hypercholesterolemia is constantly present in
all homozygous WHHL rabbits on a normal diet,
and variations in plasma total cholesterol levels and
lipoprotein ratios are small compared to rabbits fed
with a special atherogenic diet;

3) in WHHL rabbits, atherosclerotic lesions have
a pattern similar to the same stage of atherosclerosis
in humans;

4) in WHHL rabbits, coronary atherosclerosis
and myocardial infarction are often observed, which
corresponds to clinical manifestations in humans
[61, 62].

Thus, the WHHL rabbits are particularly suitable
for studies aimed at developing lipid-lowering drugs.

St. Thomas mixed hyperlipidemic (SMHL)
rabbits receiving a normal diet have elevated total
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cholesterol levels, normal LDL levels, and normal or
elevated blood triglyceride levels [59, 60]. When fed
with a low-cholesterol diet, SMHL rabbits develop
hyperlipidemia associated with excess hepatic apoB
production and characterized by high levels of LDL
and VLDL [60]. This rabbit model is rarely used in
research [59].

When evaluating the effects of lipid-lowering drugs
in New Zealand rabbits receiving an atherogenic diet
and WHHL rabbits, such drugs as statins, ezetimibe,
and evolocumab were effective [50, 59, 64-66].
Fibrates (PPARa agonists) significantly reduced
plasma triglyceride levels in both humans and rodents,
but this effect was absent or weakly pronounced in
rabbits [60]. CETP inhibitors (torcetrapib, dalcetrapib,
anacetrapib, and evacetrapib) in rabbits on an
atherogenic diet showed a strong atheroprotective
effect and significantly increased HDL levels [60].

Thus, although WHHL rabbits are advantageous
for assessing the lipid profile and the extent of
atherosclerotic lesions, rabbits on an atherogenic diet
can also be used to assess the lipid-lowering and anti-
atherosclerotic activity of drugs.

GENETICALLY MODIFIED RABBIT MODELS

Advances in genetic engineering have made
it possible to create genetically modified rabbits
to study the pathophysiological features of the
atherosclerotic process, which may be useful in
studying the effectiveness of new lipid-lowering drugs
[41]. Thus, transgenic rabbits have been used to study
cardiovascular diseases and lipoprotein metabolism
over the past two decades [67, 68]. However, after
the creation of rabbits with knockout genes, they
began to be used as models of hyperlipidemia and
atherosclerosis [68].

Transgenes expressed in rabbits can be broadly
divided into three categories: 1) proteins that directly
bind to lipoproteins, such as apo: apoAl, apoAll,
apoB-100, apoClIll, apoE; 2) enzymes that participate
in lipid metabolism: hepatic lipase, lipoprotein lipase,
phospholipid transfer protein (PLTP), catalytic
polypeptide, lecithin-cholesterol  acyltransferase
(LCAT); 3) proteins that may participate in
the pathogenesis of atherosclerosis:  matrix
metalloproteinase-12 (MMP-12), 15-lipoxygenase
(ALOXI15), C-reactive protein, and vascular
endothelial growth factor (VEGF). [58, 67].

Currently, the most widely used models for
studying hyperlipidemia and atherosclerosis are rabbits
with knockout of the apolipoprotein E gene (ApoE™)

and LDL receptors (Ldlr”), as well as models with
double knockout of the ApoE"/Ldlr" genes [40, 68].
Thus, ApoE™ rabbits demonstrated a mild degree of
hyperlipidemia on a standard diet, and when fed with
an atherogenic diet (0.3% cholesterol and 3% soybean
oil), they developed severe hyperlipidemia (within 2
weeks) and atherosclerotic aortic lesions (within 10
weeks) [13, 68]. Compared to WHHL rabbits, 4poE™”
rabbits did not show changes in HDL cholesterol levels,
which is a drawback of this model [69]. Ld[r" rabbits
at 3 months of age had a 20-fold increase in total blood
cholesterol and a 35-fold increase in LDL cholesterol
compared to rabbits receiving an atherogenic diet
[68]. They also had elevated triglyceride levels and
reduced HDL cholesterol levels [68]. ApoE”/Ldlr"
double knockout rabbits do not require an atherogenic
diet to develop severe hyperlipidemia [68, 69].

LIMITATIONS OF USING RABBITS
IN HYPERLIPIDEMIA AND
ATHEROSCLEROSIS STUDIES

Limitations of using rabbits are related to the
anatomical and physiological features of atheromatous
plaque formation. Thus, atherosclerosis develops
predominantly in the arch and thoracic part of the
aorta, with minimal lesions in the abdominal part,
and coronary atherosclerosis is usually limited to
the left coronary arteries [13]. In addition, rabbits,
especially non-pedigreed ones, can respond differently
to an atherogenic diet and not develop pronounced
hyperlipidemia even on a high-cholesterol diet [58]. To
minimize differences, rabbits can be pre-examined by
feeding them with a cholesterol diet for a short period
of time, and then only the rabbits that showed high
levels of lipoproteins in the blood can be selected [60].

CONCLUSION

Taking into account the constant increase in life
expectancy and the spread of the Western-type diet
in the population, the treatment of hyperlipidemia
and the prevention of atherosclerotic lesions are an
urgent tasks. Currently, many models of experimental
animals and variants of atherogenic diets have been
proposed for the induction of hypercholesterolemia.

The most common animals for creating
hyperlipidemia and atherosclerosis are mice, rats, and
rabbits. Rodent models are characterized by a short
life cycle, high reproduction rate, and ease of research
manipulations, which makes them a convenient
model for studying hypercholesterolemia. It is worth
noting that various genetic manipulations with
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rodents made it possible to overcome the significant

difference in the lipid profiles of humans and

rodents. In terms of lipoprotein metabolism, rabbits

are superior to mice and rats due to their similarity in

the development of pathology to humans, but rabbit
hyperlipidemia and atherosclerosis models also have
their limitations.
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ABSTRACT

The lecture considers a place of food allergy in the profile of allergic and, in particular, atopic diseases and its
features, distinguishing this pathology from all other allergies. Three classes of food allergens are characterized,
and sensitization to them involving cells and regulatory molecules, such as neurotransmitters, neuropeptides,
cytokines, and others mediators, is described in detail.

At the current level of science, the mechanisms of oral tolerance and the causes of its breakdown are considered,
resulting in clinical manifestations of food allergies, characterized by high polymorphism and complexity of
diagnosis. Not only is a high rate of comorbidity of food allergies emphasized, but also its exceptional risks are
pinpointed in terms of the development of anaphylactic shock, which is a difficult issue to explain in nutrition and
digestion. The final part of the lecture is devoted to current and future therapeutic interventions in this pathology.
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PE3IOME

B nekimu paccMaTprUBaKOTCS BOMPOCHI MECTa IHUILEBON AJUIEPTHU B CTPYKTYpE aJIEPIrUYeCKUX U, B YaCTHOCTH,
aTONMUYeCKuX OONe3Hel, ee 0COOSHHOCTEH, OTIMYAIONINX JAHHYI0 (OPMY MATONOTHU OT BCEX APYTUX ajIepPrHil.
JlaeTcst XapaKTepHUCTHKA MTHIIEBBIX AJUIEPICHOB TPEX KJIACCOB U JETANTbHOE OMHUCAHUE MIPOLecca CEHCHOMIN3ALNH
K HUM C YYaCTHEM KIIETOK U PEryJISTOPHBIX MOJIEKYJI: HEHPOTPAaHCMUTTEPOB, HEHPOTIENTH/IOB, INTOKHHOB U JIP.

Ha COBPEMCHHOM YPOBHE PAaCCMOTPEHBI MEXaHU3MbI opam,Hoﬁ TOJICPAHTHOCTH U IPUYHHBI €€ CPbIBaA, YTO IIPU-
BOJIUT K KJIMHUYECKOMN MaHI/I(i)ecTaIII/II/I MHIIEBON aJJIepruu, xapaKTepmy}omeﬁcsI BBICOKOU HOJII/IMOp(i)HOCTbIO n
CJIO)KHOCTBIO JHArHOCTUKH. HOZ[‘{SPKHB&CTCSI HE TOJIBKO BBICOKas KOM0p6I/IZ[HOCTL MHIIEBON aJJIepruv, Ho U €€
HCKIIIOYUTCIIBHBIC PUCKHU B ACIICKTEC PAa3BUTUSL aHa(i)I/IHaKTI/I‘IeCKOFO 110Ka, 4TO ABJISICTCA TPYAHO 00BACHUMBIM BO-
IIpoOCoOM B (beHOMeHOJlOFI/II/I NUTaHUA U [MAIICBAPCHUS. B 3akmrounTenbHON 4acTu JIEKIUA paccMaTpuBarOTCs 11€P-
CHCKTHUBbI TepaHeBTH‘{eCKOﬁ WHTEPBCHIUU IIPpU JTaHHOU MaTOJIOTHU.
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HACTOSALIEH CTaTbH.
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Sensitization to Food Allergens in the Context of Atopic Comorbidity

INTRODUCTION

Food intake is a complex daily physiological
process, which is crucial for the existence and
functioning of the human body. Therefore, any
nutrition—related problems are unacceptable for good
health and well-being and the work of all organs and
systems, posing a threat to human life as well as an
obstacle to the evolution of the species. Unfortunately,

modern people often face food allergies [1], and almost
half of humanity faces food intolerance — another
form of pathology that is also associated with food
problems, but is not related to the immune system [2].

In recent years, it has been shown that the extent
to which the immune system is involved in the
pathogenesis of food allergies varies in different
patients. In this regard, several endotypes [3] were
described: dominant immunoglobulin (Ig) E-mediated

154 BlonneteHb cMbupckoi meguuuHbl. 2025; 24 (2): 153-161



Reviews and lectures

(with high involvement of T helper 2 cells (Th2) in the
pathogenesis), IgE-mediated (with low involvement
of Th2 cells), and non-IgE-mediated — independent
of the immune system. Special rare phenotypes are
also identified, for example, alpha-gal syndrome
(mammalian meat allergy).

According to various estimates, a steady increase
in the incidence of food allergies and other atopies has
been seen lately [4, 5]. At the same time, evolution
has formed mechanisms of oral tolerance that resist
the manifestations of food allergies [6]. In particular,
dietary fibers should be currently added to the list
of essential nutritional ingredients, which play the
key role in the development of tolerogenic cells, that
are crucial for maintaining oral tolerance. The sources
of this component are both proper nutrition itself
and the functioning of the beneficial gut micro-
biota [7, 8]. Although food allergies belong to the
category of atopic diseases and syndromes, the
development of oral tolerance mechanisms has
provided this pathology with a number of features

that other atopies lack: the absence of delineated
subtypes of food allergies, an episodic course, a
threat of severe anaphylaxis [6]. On the other hand,
food allergies are characterized by pronounced atopic
comorbidity [9].

The aim of the lecture was to analyze current
views on food sensitization, the mechanisms of its
development, and treatment approaches.

FOOD ALLERGIES AND SENSITIZATION
TO THEM

Not all food proteins are allergens; therefore, to
distinguish between allergen-containing and allergen-
free foods, an allergenicity criterion is used (Table 1)
[1, 10, 11]. Table 1 demonstrates, that allergenicity
depends on many factors, including the structure and
physicochemical properties of the allergen itself, as
well as the influence of cofactors and the host immune
system. Critical factors are the atopic constitution
[6], disruption of gut barrier integrity [12, 13], and
depleted tolerogenic gut microbiota [14—16].

Table 1

Allergenicity of Food Allergens [1]

Allergen-dependent factors

Biogenic cofactors Factors of the immune system

Primary amino acid sequence in allergen epitopes

Presence of molecular pat-
terns and adjuvants in food

Genetic predisposition to atopy

Molecular weight lower than 70 kDa

Disruption of oro-gastrointestinal
epithelial barrier

Small isoelectric point (charge),
low hydrophobicity, solubility in water

Route of exposure

Peculiarity of allergen molecule fold, and epitope proximity to one other

Depleted tolerogenic gut microbiota

Abundance in food

Insufficiency of sIgA

High stability and resistance to the extremes of food processing, as well

as to digestive enzymes

Among the large number of food allergens, eight
stand out, which are called the “Big Eight.” The Big
Eight shows the strongest allergenicity and causes
up to 90% of all food allergy reactions. With age,
the child outgrows allergies to cow’s milk, chicken’s
egg, and wheat, acquiring oral tolerance [17, 18].
However, peanut-, fish-, shrimp-, and soy-specific
memory cells tend to remain for life with a high
degree of probability of anaphylactic shock. However,
there is no definite answer to the question why some
people develop shock when consuming a causal food
allergen, while others do not [19-21]. Numerous
studies have been conducted, including genetic,
epigenetic, transcriptomic, and proteomic ones, which
have failed to identify accurate biomarkers associated

with a high risk of anaphylaxis in the target groups of
patients.

There is another classification, which distinguishes
three classes of food allergens [17, 22, 23]. Class 1
allergens are highly allergenic, and some of them
(cow’s milk, chicken’s egg, and peanuts) are part of
the Big Eight. They cause sensitization through the
gastrointestinal tract and display severe clinical signs.
Class 2 allergens (for example, apple, carrot, melon,
and other vegetables and fruits) are cross-reactive
dietary allergens with aeroallergens that trigger
sensitization through the unified airway and cause an
oral allergy syndrome that mimics seasonal pollen
allergies. Class 3 allergens include small proteins
weighing up to 10 kDa, dietary supplements, and
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colorants (e.g. tartrazine), which cause sensitization
through the unified airway or skin and frequently result
in occupational allergies. Thus, class 2 and 3 allergens
are comorbidity factors, while class 1 allergens may
be life-threatening in some patients.

Food sensitization begins when a food allergen
enters the body through one or more routes: 1) oral,
2) respiratory, and 3) cutaneous [17]. Another, rarer
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route is described — the urogenital one [6]. Following
the penetration of the food allergen via any of these
routes, a classic Th2-dependent IgE response develops,
which involves antigen-presenting dendritic cells
(DC), T helper 2 cells (Th2), and group 2 and group 3
innate lymphoid cells (ILC2 and ILC3). Subsequently,
allergic inflammation develops, in which mast cells and
eosinophils act as the main inflammatory cells (Fig,).
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Fig. Food allergen sensitization

The gut epithelium landscape is currently revised
due to a new transcriptomic technology, the single-
cell RNA-sequencing. Absorptive enterocytes in the
small intestine and colonocytes in the large intestine
are prevalent cell lineages. In total, the gut epithelium
consists of epitheliocytes and stem cells, and many
interepithelial cells perform the main function
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to protect the subepithelial region and internal
environment against invaders and allergens. However,
under certain conditions, food allergens can penetrate
the epithelial barrier using one or some of four routes:
(1) due to impaired epithelium integrity or leak; (2)
via specialized M cells; (3) by GAP; and (4) due to
uptake by long dendrites of DC.
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GAP — goblet cell-associated allergen passage,
DC — dendritic cell, Th2 — type 2 helper T cell, Tth —
T follicular helper cell, FDC — follicular dendritic
cell, ILC2 and ILC3 — group 2 and group 3 innate
lymphoid cells, TDC — tolerogenic dendritic cell,
pTreg — peripheral regulatory T cell, TLR — Toll-like
receptors

According to the Fig., there are four possibilities
for allergens to penetrate the intestinal epithelium
[12]. Following the penetration, food allergens get
to the submucosal layer filled with various cells of
the immune system. Activated epithelium produces
special alarmin cytokines [24]: interleukin (IL)-25,
IL-33, and thymic stromal lymphopoietin (TSLP),
stimulating ILC2, DC, and Th2 cells. Activated ILC2
secrete IL-5, IL-9, and IL-13 acting on mast cells and
eosinophils. Food allergens are phagocytosed by DC,
processed, and presented to Th2, which upregulate
a B cell-driven Th2 response with IgE production
and memory B and T cell formation. This process
occurs in lymphoid follicles — Peyer’s patches [25].
Th2 produce IL-4, IL-5, IL-9, IL-13, and IL-33 and
stimulate allergic inflammation. IL-33 is considered
as a major maturation factor for mast cells [19]. T
follicular helper (Tth) cells secrete 1L-21, IL-4, and
IL-13 that are important for plasma cell maturation,
switching to IgE synthesis, and affinity growth [6].
Tolerogenic neurotransmitters and neuropeptides of
the enteric nervous system, TDCs, and peripheral
regulatory T cells (pTreg) do not allow food allergens
to break allergen tolerance, however, if this occurs,
especially with repeated ingestion of food allergens,
food allergy manifests clinically. Its symptoms are
usually very polymorphic, which makes accurate
diagnosis difficult.

ORAL TOLERANCE

Oral tolerance is an essential result of evolution
which mitigates threats to modern civilization
associated with current changes in the nature of
nutrition [1]. Table 2 shows the main mechanisms for
maintaining allergen (oral) tolerance.

Table 2

Cellular and Molecular Mechanisms of Oral Tolerance

Mechanisms References
Tolerogenic dendritic cells, including CD103* [26, 27]
Peripheral allergen-specific FoxP3* pTreg cells [28, 29]
Subsets originated from pTreg: Trl, Th3, and
Trl-like cells [6,30-32]
Regulatory B (Breg) cells and blocking anti-

. [33]

bodies

End of table 2

Mechanisms References
Type M2a (alternatively activated) macrophages
localized close to the gut epithelium, in Peyer’s [6, 26, 34]
patches, and lamina propria
Protolerogenic cytokines: I1L-10, transforming [6, 35, 36]
growth factor (TGF) B, IL-35, and IL-27 N
Coinhibitory molecules [37]
Erotolerogenic neurotransmitters and neuropep- [6, 38, 39]
tides
Tolerogenic gut microbiota [14-16, 40, 41]

Note. FoxP3 is a master transcription factor of pTreg.

Oral tolerance depends on daily consumption of
dietary proteins, the dynamic gut microbiota, changing
influence of neurotransmitters and neuropeptides,
and continuous traffic of proinflammatory cells and
molecules. An important positive role is attributed to
a specialized subpopulation of CD103" TDC, acting
in the intestines and mesenteric lymph nodes with the
involvement of heterodimeric integrin aEB7 [27, 42].

In general, risk factors, especially for children,
can be genetic predisposition to atopy, epigenetic
modifications, and environmental effects [4, 43].
Among them, caesarean birth of an infant, exposure
to domestic and farm animals, smoking of parents, air
pollution, and insufficient care are of great importance
[43]. Disrupted integrity of the epithelial barrier in the
oral mucosa may predispose to food allergies, at least
in profilin-mediated allergic reactions to peanuts, kiwi,
celery, melon, etc. Histological signs of progressive
remodeling (increased acanthosis, angiogenesis,
and high-density collagen fibers) were found in the
oral mucosa of patients. These histological features
are comparable to those described in gingivitis and
periodontal disease [44].

On the whole, oral tolerance and its loss are the
result of a complex interaction between allergens in
food, the microbiota that inhabits the gut, and the
profile of immune and non-immune cells in gut-
associated lymphoid tissue (GALT) and specialized
neuromolecules found in the enteric nervous system.

FOOD ALLERGY AND ATOPIC
COMORBIDITY

It has been proven that all atopic diseases and
syndromes have a common basis — the atopic

constitution [6], which can be characterized as a
polygenic condition associated with an evolutionary
dead-end — hyperproduction of IgE on proteins found
in the genome of ancient mites (ectoparasites) on the
skin of humans who lived about one million years
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ago. This understanding resulted from genetic studies
of mites of the Dermatophagoides genus, which are
the main source of modern allergens, and their closest
relatives who live a parasitic lifestyle on mammals
and birds (Psoroptidia mites) [45, 46].

Food allergies often coexist with other atopic
diseases: allergic rhinitis, allergic asthma, and
atopic dermatitis. Children sensitized to food
allergens are two to four times more likely to have
asthma, particularly poorly controlled asthma [47,
48]. Consumption of snails by patients allergic to
Dermatophagoides mites can exacerbate the course
of severe asthma, while aeroallergens, such as wheat,
fish, and seafood, can lead to so-called food-induced
asthma [49, 50]. Children who are cosensitized to food
and aeroallergens suffer from more severe clinical
signs of allergic rhinitis [51]. In addition, exposure
to airborne food particles during air travel can cause
asthma attacks in predisposed patients [52].

Research has found that children with atopic
dermatitis are six times more likely to develop food
allergies than their healthy peers. In addition, the risk
of developing IgE-mediated food allergies is about
40% in children with moderate-to-severe atopic
dermatitis. It is known that allergy-free diets cannot
cure atopic dermatitis, but may have adverse effects,
such as nutritional deficiencies, slow body growth in
childhood, and reduced quality of life [53]. In most
cases, immune tolerance to causative allergens is
restored due to allergen-specific immunotherapy,
which results in prolonged remission of the disease.
However, in some patients, tolerance is not established,
and the disease may progress in the form of eczema,
lichenification, and reactivation of secondary bacterial,
fungal, and viral infections.

Given high comorbidity and a threat of fatal
anaphylactic shock in food allergies, developing
drugs for allergen-specific immunotherapy remains
urgent. The first such drug for the treatment of peanut
allergy was developed, passed all stages of clinical
trials, and was approved [54]. This is Palforzia®.
Alternative technologies are being developed for the
establishment of immune tolerance in exclusively
breastfed children from an early age by early
introduction of a potentially dangerous product [12,
55], which is based on the fundamental theory of
immune tolerance [56]. For example, after about 24
months of oral immunotherapy with hen’s egg, 75%
of children were able to tolerate a cumulative 5 g of
an egg [S5]. However, a fully effective result has not
been attained [57, 58].

Currently studies on biologics in food allergies and
other atopies are being carried out. In particular, phase
II clinical trials showed the efficacy of lebrikizumab,
a high-affinity IL-13 inhibitor based on monoclonal
antibodies, in moderate-to-severe atopic dermatitis
in adults [59]. However, we have to admit that new
approaches to intervention in food allergies have not
emerged in the last 57 years.

CONCLUSION

The steady increase in the prevalence of allergic
atopic diseases and syndromes is now becoming as
pressing as such problems as global warming, the
threat of famine, wars, and new pandemics, because
food allergies are a challenge to human civilization
and our species [6].

On the one hand, the gastrointestinal tract was
created by evolution as a zone of tolerance, but on the
other hand, it is here that the most severe and fatal
forms of allergies can originate — food anaphylactic
shock [60]. Other food allergy-related problems
should be mentioned [6]: significant difficulties in
accurate diagnosis, high-risk diagnostic procedures,
broad differential diagnosis due to the polymorphism
of symptoms, and harder to achieve therapeutic
efficacy compared to other atopies.

The enteric nervous system in the gastrointestinal
tract produces many neutrotransmitters and
neuropeptides [61, 62] and contains the largest
microbial community in the body [17]. It makes it
one of the control centers in the human body that
interacts with the brain via the gut — brain axis [63]. It
should be recognized that this system has not yet been
sufficiently studied, and its value in terms of function
and phenomenology is not fully understood.
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ABSTRACT

Intermittent hypoxia—hyperoxia therapy with individually dosed gas levels (ReOxy therapy) is a modification of the
long-known method of intermittent normobaric hypoxia training. Currently, ReOxy therapy can be considered as
an addition to physical training in programs of cardiological rehabilitation, primary and secondary prevention of a
wide range of cardiovascular diseases, as well as an alternative to physical exercises if it is impossible to perform
them.

This review examines the pathogenetic rationale, differences from traditional intermittent hypoxia training, and
clinical prospects for the use of intermittent hypoxia—hyperoxia therapy in cardiovascular diseases.
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PE3IOME

VHTepBanbHasi THIOKCH-THIIEPOKCUTEPAINS ¢ NEPCOHAIN3UPOBAHHBIM J03HPOBAHNEM HATpy3KH (pe-OKCH Tepa-
IIHST) SIBJISICTCSI PE3yJIbTATOM COBEPIICHCTBOBAHMS JJABHO M3BECTHOI'O METOJIa MHTEPBAJIBHBIX HOPMOOAPHUUECKIX
TUIIOKCUYECKUX TPEHHPOBOK. B HacToslee BpeMs pe-OKcU Tepanust MOXKET pacCMaTpUBATHCS KaK JOIOJIHEHUE
K ()M3MYECKHM TPEHHPOBKAM B IPOrpaMMax KapAHOJIOTHYECKOH peaOMINTaluy, NEepBUYHON W BTOPHIHOU ITPO-
(DMITAKTUKE MHOTOYHCIICHHOTO CIIEKTPA CePJIeYHO-COCYAUCTBIX 3a00IeBaHNH, a TAK)KE B KAUECTBE aJbTEPHATHBBI
(hU3MYECKUM TPEHHPOBKAM IIPH HEBO3MOXXHOCTH MX BBIOIHEHUSL.

B 0030pe paccmaTpuBaloTCsA MATOTCHETHIECKOe 0OOCHOBAHKE, OTIHUHS OT TPAJHUIIIOHHOTO METO/A THITOKCHYe-
CKH-HOPMOKCHYECKOTO BO3/CHCTBHS M KIMHHYECKHE MEPCHEKTUBBI MPUMEHEHUSI METO/ja NHTEPBAIBHON THITOK-
CH-TUTIEPOKCUTEPATIHH TIPU CEPACTHO-COCYTUCTHIX 3a00ICBAHMAX.

KuroueBble ciioBa: TUTIOKCUYECKU-TUIIEPOKCUICCKUEC TPECHUPOBKU, CEPACTHO-COCY AUCTHIC 3a60]’[eBaHI/I$I, Ppe-0KCH
Tepanusi, pea6I/IJ'H/ITaL[I/I$[

Konduaukt uHTEpecoB. ABTOPHI JACKIAPUPYIOT OTCYTCTBUE SBHBIX U MOTCHIMATBHBIX KOH(PIUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJUKAINEH HACTOSIICH CTAThH.

Hcrounuk ¢punancuposanus. PadoTa BeimoineHa B pamkax ¢ynnamentanbHold Temel HYM KIICC3 Ne 0419-
2022-0002.

Jos umrupoBanus: Jlebenesa H.B., Erne A.Il., Caxapuyk A.1O., Aprynosa 1O.A., bap6apam O.JI. Cospe-
MEHHBIE TPEICTABIEHUs O MEXaHU3MaX I'MIIOKCHYECKU-TUIIEPOKCHYECKMX TPEHUPOBOK M BO3MOXKHOCTH MX IPH-
MEHEHUS TPH CEPJCYHO-COCYAUCTHIX 3a00sieBaHUAX (0030p JTUTEPATYpPbI). biosiemensb CubOUPCKOU MEOUYUHDL.

2025;24(2):162—168. https://doi.org/10.20538/1682-0363-2025-2-162-168.

INTRODUCTION

The issues of treatment, prevention, and
rehabilitation after cardiovascular diseases remain
important in modern medicine. Various methods of
non-drug therapies are a key component of secondary
prevention and cardiac rehabilitation programs aimed
at restoring physical and social wellness, improving
the quality of life in the short term, and reducing
the risk of recurrent cardiovascular events, while
increasing life expectancy in the long term [1].

The most heavily researched and proven method
of cardiac rehabilitation is physical training (PT).
The indications for PT have evolved over time from
increasing exercise tolerance to the main method
of secondary prevention (evidence level 1A) [2, 3].
The evidence base for PT as a method of cardiac
rehabilitation is based on the study of the mechanisms
thatincrease physical tolerance and improve adaptation
to ischemia, as well as on the proven long-term
effect of reducing the risk of adverse cardiovascular
events. However, the implementation of rehabilitation
programs based on PT can be complicated.

The main problem is related to low adherence
of patients to PT. Recent studies have revealed that
only 18% of patients are compliant with physical
rehabilitation programs [4]. Moreover, current

advances in the treatment of cardiovascular diseases
have led to a change in the profile of a patient. The
number of patients with heart failure, multifocal
atherosclerosis, who underwent heart surgery, and
elderly patients with severe concomitant pathology,
including musculoskeletal disorders, has increased,
which significantly lowers their active participation
in physical rehabilitation programs [5]. These facts
indicate the need to find new effective and safe
methods of cardiac rehabilitation as an addition
or alternative to PT with a similar mechanism of
action and comparable clinical and prognostic
efficacy.

As such, researchers are engaged in the study of
hypoxia training which has been used to increase the
endurance of healthy individuals and later became a
method of prevention and rehabilitation after various
diseases in which hypoxia plays a key role [6—12]. The
results of experimental and clinical studies showed
that enhanced exercise tolerance can be observed upon
exposing a patient to short episodes of hypoxia that do
not exceed the physiological threshold. This resulted
in the development of intermittent hypoxia training
(IHT) [9, 10]. IHT consists in alternating inspiration
of hypoxic gas mixture and normal air for an average
of 5 minutes for 20-40 minutes [6]. Intermittent
hypoxia—hyperoxia therapy with individually dosed
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gas levels (IHHT, ReOxy therapy) is the improvement
of the long-known IHT method.

Aim. To substantiate the use of IHHT in the
rehabilitation of patients with cardiovascular
diseases based on the analysis of the best practices
of using IHT in cardiology and the mechanisms of its
therapeutic effect.

Methods. The authors carried out the analysis of
publications in eLIBRARY.ru and PubMed databases,
published from 2014 to 2024, using the following
keywords: hypoxic effects, intermittent hypoxic
training, hypoxia—hyperoxia therapy, ReOxy therapy,
pathophysiological mechanisms of hypoxia, hypoxic
preconditioning, and cardiac rehabilitation. The inclu-
sion criteria were the results of randomized trials,
systematic reviews, and original articles including a
control group.

MECHANISMS OF EFFECTS
OF HYPOXIA TRAINING

A number of studies have shown that hypoxia
increases body adaptive capabilities to hypoxic
conditions by activating numerous pathophysiological
mechanisms, includingmodulation of sympathoadrenal
reactivity, chemoreceptor sensitivity, anaerobic
and aerobic energy production pathways, increased
tissue resistance to hypoxia, activation of antioxidant
defense systems, and many others [7, 13—17].

Essentially, IHT is one of the methods of hypoxic
preconditioning that consists of short episodes of
hypoxia. Such training increases the activity of
the antioxidant system and trains the metabolic
mitochondrial systems of cells, which subsequently
prevents structural and functional damage to tissues,
including the heart and brain, in severe or acute
hypoxia [9, 18]. In terms of the action and end result,
IHT is very similar to PT, triggering numerous
hematological and non-hematological adaptation
mechanisms [13—-17, 19].

Currently, changes in the rate of reactive oxygen
species (ROS) generation and redox signaling in
the form of intracellular and intercellular electron
transport chains that provide a balance between
oxidative stress and antioxidant defense in the aerobic
body are considered as the main mechanism through
which therapeutic, modifying, and pathological effects
of hypoxia are implemented [20, 21]. ROS, including
free radicals and hydrogen peroxide, are generated
in all major biological aerobic systems and play
an important role in regulating vital processes and
forming a cellular response to external stimuli. During

hypoxia, a specific regulatory protein, the hypoxia-
inducible factor (HIF), is activated through ROS,
which plays a key role in body adaptation to hypoxia.

Currently, three types of HIF have been discovered:
HIF-1 (several subtypes), HIF-2, and HIF-3. While
HIF-1 and HIF-2 regulate multidirectional processes,
HIF-3 is possibly associated with negative effects of
hypoxia. HIF-la increases the expression of more
than 100 genes necessary for survival in conditions
of oxygen deficiency, including those that activate
endothelium-dependent vasodilation, angiogenesis
and angioedema, energy metabolism, mitochondrial
metabolism, cell division processes, erythropoiesis,
iron metabolism, and many others [22, 23]. Following
IHT, increased expression of HIF-la initiates
metabolic processes necessary for regeneration of
damaged myocardium and improvement of cardiac
functions after episodes of ischemia [23].

In 2017, the understanding of the pathophysiology
of hypoxia was expanded by C.W. Pugh and P. J.
Ratcliffe. They discovered that cells have a unique
mechanism of direct perception of oxygen fluctuations
in the blood, in which an oxygen-sensitive signal
ultimately increases the level of HIF-la through
the catalytic action of a number of 2-oxoglutarate-
dependent oxygenases [24]. Further in-depth studies
of the pathophysiological mechanisms and the
boundary between adaptive and pathological effects
of hypoxia have continued to this day. Their findings
will help us understand the effects of different IHT and
IHHT regimens depending on the severity, duration,
and intermittent regimen of hypoxia [25].

FEATURES AND MECHANISMS OF HYPOXIA
- HYPEROXIA TRAINING EFFECTS

Biofeedback-controlled IHHT represents the next
step in the development of IHT. ReOxy therapy is a
unique treatment that has two fundamental differences
compared to IHT: 1) the principle of hypoxia—
hyperoxia is used instead of hypoxia—normoxia;
2) individual selection of a hypoxia regimen is based
on a hypoxic test and collected biofeedback [26].

ReOxy therapy involves changing the oxygen
concentration in the gas mixture (ranging from 10
to 40% O, max) under the control of blood oxygen
saturation using pulse oximetry. The addition of
hyperoxia episodes (up to 40% oxygen in the gas
mixture) during the reoxygenation period makes it
possible to increase the dose of oxygen free radicals
without increasing hypoxia and is the main difference
from the IHT method. Moreover, the hypoxia—
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hyperoxia paradox serves as the physiological
basis for the combination of hypoxia and hyperoxia
episodes in one procedure. Cells perceive fluctuations
in the concentration of free oxygen (not its absolute
level) as hypoxia.

Thus, repetitive intermittent hyperoxia can induce
many molecular cascades and cellular mechanisms
that are normally induced by hypoxia. Hyperoxic
stimuli activate angiogenesis, mitogenesis, oxygen
consumption efficiency, and metabolic activity in
different tissues in the same way as hypoxia, but
without adverse consequences [11].

A number of studies have shown that ReOxy
therapy provides more significant activation of
the antioxidant enzyme system in response to a
moderate increase in the concentration of free radicals
compared to conventional IHT. As a result, the body
tissue resistance to hypoxia is more pronounced and
achieved faster [11, 27].

Personalized hypoxic load chosen after a hypoxic
test and biofeedback are other important differences
between ReOxy therapy and conventional IHT. The
selection of an adequate hypoxic and hypoxemic load
within one IHHT course is based on an individual
physiological response (SpO, level and heart rate)
to a hypoxic stimulus. It ensures high effectiveness
and safety of the procedure. Biological feedback
is collected by constant monitoring of the degree
of oxygen saturation in the blood, which allows
specialists to maintain an individually adjusted level
of hypoxemia.

BEST PRACTICES AND PROSPECTS
OF REOXY THERAPY IN CARDIOVASCULAR
DISEASES

The safety and effectiveness of IHHT in various
cardiovascular diseases has been actively studied.
Studies highlighting the effects of ReOxy therapy
in arterial hypertension [26], metabolic syndrome
[12, 28], acute and chronic coronary artery disease,
including after coronary bypass surgery [2, 29, 30],
in elderly patients and patients with comorbidities
[31-33], and chronic heart failure (CHF) have
been already published [34]. All these studies have
proven the safety of the method and demonstrated
the positive effect of IHHT on exercise tolerance
[29, 30], lipid and carbohydrate metabolism [12, 28],
cognitive functions [34], blood pressure levels and
normalization of its daily profile [26], and reduction
of depression [26, 31].

After ITHHT, patients with hypertension present

with blood pressure stabilization and a significant
systolic blood pressure decrease by 15—17% compared
to baseline [12, 26, 29]. ReOxy therapy in patients
with coronary heart disease improves physical
tolerance and lipid profile [7, 17, 29]. Moreover,
there is evidence that IHHT impacts all pathological
components of the metabolic syndrome: it mediates
weight loss due to a decrease in fat mass, increases
physical endurance in obese patients, lowers blood
pressure, glucose levels, cholesterol, triglycerides,
and low-density lipoproteins [12, 28]. The findings
indicate that ReOxy therapy is an effective way of
reducing cardiovascular risk factors in patients with
metabolic syndrome, even in the absence of physical
training [28].

In addition to the clinical and metabolic effects of
IHHT, there is evidence of a positive effect of IHHT
on myocardial remodeling and biochemical markers
in blood plasma, which explains the mechanisms of
the positive cardiological effects of ReOxy therapy
[29, 30]. Thus, arranging an IHHT course for patients
with myocardial infarction at the inpatient stage of
rehabilitation helped increase exercise tolerance,
significantly decrease the volume of the left ventricle,
and increase left ventricular ejection fraction by
12% compared to the controls (p < 0.05) [30]. In
another study, patients with stable coronary heart
disease presented with an improvement in physical
tolerance, an increase in hemoglobin levels, a
decrease in cardiovascular reactions, and an increase
in oxygen saturation during exercise [29]. Patients
with hypertension exhibited normalization of blood
pressure during ReOxy therapy due to increased levels
of nitric oxide and HIF-1 in plasma [26]. Studies
focusing on patients with CHF indicate an increase
in cardiopulmonary reserve due to IHHT, which was
confirmed by cardiopulmonary stress test results, and
a decrease in biochemical prognostic markers, such
as sodium uretic peptide, tumor necrosis factor (TNF)
o, and homocysteine, thus making this method quite
promising for management of patients with chronic
heart failure [34].

In patients with metabolic syndrome, IHHT
contributed to an improvement in the proinflammatory
status by lowering the level of CRP and heat shock
protein (Hsp70) [28]. Some studies show that
moderate IHHT protocols enhance the innate immune
system, while simultaneously exerting an overall anti-
inflammatory effect by suppressing TNFo and IL-4 by
more than 90% [30].

All abovementioned studies emphasize safety of
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the method ensured by an individual hypoxic test and
biofeedback and indicate the possibility of studying its
effects in patients with severe coronary artery disease
after surgical interventions on the heart and blood
vessels and in the postoperative period, in patients
with low left ventricular ejection fraction and acute
decompensated heart failure.

In addition, ReOxy therapy has a great potential
in neurology as a method of rehabilitation after
ischemic stroke, transient cerebral circulation arrest,
vascular dementia, Alzheimer's disease, chronic
progressive cerebral circulation insufficiency, and
rehabilitation after spinal cord injuries. Presumably,
this is due to mechanisms that are involved in
influencing neurophysiological biomarkers and
electrophysiological properties of the neural network,
and not only due to the mechanisms that are involved
in myocardial pathology [35-38].

CONCLUSION

According to the results of the conducted studies,
IHHT proved to be a very promising method of
cardiac rehabilitation, as an alternative to PT and as an
addition to it, aimed at increasing exercise tolerance,
reducing symptoms and improving the functional
status of angina pectoris and CHF, as well as improving
myocardial perfusion and metabolic status. ReOxy
therapy has a clinical and pathophysiological potential
to optimize long-term prognosis in cardiovascular
diseases. However, to confirm this, further studies are
required.
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ABSTRACT

Omics technologies, including proteomics and metabolomics approaches, provide promising opportunities to
improve the accuracy of diagnosis and monitoring of the course of inflammatory bowel disease (IBD). Integration
of these advanced research areas into clinical medicine not only allows for a more in-depth assessment of the
pathogenesis of IBD, but also opens avenues for innovative therapeutic strategies adapted to individual patient
profiles and patient cohorts.

The lecture analyzes trends in the identification of biomarkers with high sensitivity and specificity that can be used
both for diagnosis and prognosis of the course of IBD subtypes, and for predicting the response to therapy, which,
ultimately, will contribute not only to improved treatment outcomes, but also to an increase in the quality of life
of patients.

The authors conducted a non-systematic, descriptive review of the literature with a search depth of 10 years, aimed at
systematizing data on the achievements of proteomics and metabolomics approaches for the diagnosis, monitoring
of the IBD course, and personalization of therapeutic strategies. The search for literary references was carried out
using Scopus, Web of Science, MedLine, the Cochrane Library, EMBASE, Global Health, CyberLeninka, and
RSCI databases.

The analysis of the results of experimental and clinical studies allowed to identify a number of biomarkers — candidates
for testing and potential implementation in routine clinical practice. Convincing data were obtained on the potential
benefits of integrating proteomics and metabolomics studies with other omics approaches. The importance of an
interdisciplinary approach combining the results of clinical studies with modern approaches in bioinformatics and
molecular biology for the development of more effective diagnostic tools and strategies is obvious.

Keywords: inflammatory bowel disease, Crohn’s disease, ulcerative colitis, omics technologies, metabolome,
proteome
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TpeHAbl NPeLn3NOHHON ANArHOCTUKA U MOHUTOPUHIa BOCNaNuTeNbHbIX
3a6oneBaHN KNLWWEeYHNKA: NOTEHL AN NPOTEOMHbIX 1 MeTabosIOMHbIX

6momapkepoB

JlamuHa C.B., MaeB U.B., UBaHoBa T.W., KoxxeBHukoBa E.O., Kanuw C.B.

Poccutickuii ynugepcumem meouyunst (PocYrnuMeo)
Poccus, 127006, . Mockea, yn. [Joncopykosckas, 4

PE3IOME

OMHUKCHbIE TEXHOJIOTHH, B TOM YHCIIE IPOTEOMHbIE U METa0O0JIOMHBIE MTOAXO/bI, IPEAOCTABIISIOT MHOTO00CIIAI0-
1€ BO3MOXKHOCTH JJIs NMOBBILICHUS TOYHOCTH JMAarHOCTUKH 1 MOHMTOPHHIA TEYECHHsI BOCIAIMTENIBHBIX 3a00J1e-
Banuii kumeunuka (B3K). Marerpauns sTux nepeaoBbiX HANPaBICHUI HCCIEI0BAHUN B KIMHUYECKYIO MEIULIMHY
HE TOJIBKO TO3BOJIseT Oosee yriryOneHHo oueHuTh naroreHes B3K, HO u OTKpbIBaeT myTh K MHHOBALIMOHHBIM Te-
PANeBTUYECKUM CTPATEIHSAM, alallTUPOBAHHBIM K HHAUBUIYJIbHBIM NPO(QMIISAM NalMEHTOB U KOTOPT HALIMEHTOB.

Jlexmust TMOCBsALICHA aHAJIN3Y TPECHIOB BBIABJICHUSA 6I/IOMapKepOB C BBICOKOU YYBCTBUTCJIBHOCTBIO U CHCL[I/I(bI/I"I-
HOCTBIO, KOTOPBIE MOTYT OBITH UCITOJIB30BAHbI KaK JUTL TUArHOCTUKU U NPEAUKIUN TCUCHUS ITOATUIIOB B3K, TakK
1 MPOTHO3UPOBATH OTBETHYIO PEAKIHUIO HA TEpAIUI0, YTO B KOHECYHOM HTOIC 6yz1eT CIocoOCTBOBATh HE TOJBKO
YIyHHICHUIO PE3YJIbTATOB JICYCHW A, HO U MMOBBINICHUIO KAaY€CTBA JKU3HU IMMallU€HTOB.

ABTOpaMu MMpoBeICH HECUCTEMATHIECKHU I, OMICaTEeIBHBIN MTOMCK JINTEPATyphl ¢ rryOuHoit 10 j1eT, HarpaBIeHHBIH
Ha CHCTEMaTH3alNIO0 JaHHBIX O JOCTIDKCHHAX MOJXO0M0B MIPOTEOMHUKU M METaOOJTOMUKH JUIS IEJeH THAarHOCTUKH,
MoHuTopunra tedenust B3K u nepconanmsanum TepaneBTHdeckux crpateruil. [Iomck muTepaTypHBIX HCTOYHH-
KOB TIpoBOMIICS 110 0azam naHHBIX Scopus, Web of Science, MedLine, The Cochrane Library, EMBASE, Global
Health, CyberLeninka, PUHLI.

AHanus pe3ysibTaToB SKCIEPUMEHTAIBHBIX M KIMHUYECKUX MCCIIEIOBAHHMI MO3BOJIMI BBIACIUTH Psifi GOMapke-
POB — KaHIMJATOB JUIS TECTUPOBAHUS U MOTCHIMAIBHOTO BHEAPEHUS B PYTHHHYIO KJIMHHYECKYIO MPAKTUKY. [1o-
JIy4eHbl yOeuTebHbIC JaHHbIC O IOTEHIMAIbHBIX IPEUMYILECTBAX MHTETPALlMK IIPOTCOMHBIX U METa00IOMHBIX
UCCIIeJOBAHMI C IPYTUMH OMHKCHBIMH 110X04aMu. O4eBHIHA 3HAYMMOCTb MEKIMCIUIIIIMHAPHOTO OJIX0/1a, 00b-
€/IMHSIOLIETO PE3yJIbTaThl KIMHUYECKNX UCCIIEJOBAHUIA, COBPEMEHHBIE M0/1X0/1bl OHOMH(OPMATHKU M MOJIEKYJIsIp-
Holi Ouomnoruu g pa3padotku 6osee F3PpPEeKTUBHBIX AUATHOCTHYECKUX HHCTPYMEHTOB U CTPATETHIA.

KiroueBble €JI0Ba: BOCHAIMTEIbHBIC 3a00ICBaHNUS KHUIIICYHHKA, 0o0J1e3Hb KpOHa, SI3BEHHBIN KOJIUT, OMHUKCHBIC
TCXHOJIOTHUH, MCTa6OHOM, IpoTeOM

KOH(I)JIHKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SAIBHBIX U MOTCHIUAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J'IPIKaHPIeI>i HaCTOHH_[ef/’I CTaTbHU.

Hcrounuk punancupoBanus. Pabora BeimonHeHa npu ¢punancoBoii moaaepxkke @PI'BOY BO «Poccuiickuii yHH-
BEpCUTET MeAUIUHBDy Mun3apasa Poccun B paMkax peanu3aliiy HaydHOW TeMaTHKH Kageaphl MPONEJeBTHKH
BHYTPEHHHX 0OJIE3HEH M TacTPOIHTEPOIOTHH, HAyIHO-HNCCIESA0BATEIBCKOTO ICHTPa OMOMEIUIIMHCKUX UCCIENO0-
BaHUI.

Jass uutupoBanus: Jismuna C.B., Maes U.B., Usanosa T.U., KoxeBnukoa E.O., Kamum C.B. Tpenuabt
MPEIU3HOHHON JIMATHOCTUKA M MOHUTOPHHIA BOCIAIUTENLHBIX 3a00JICBAHMN KHIIEYHUKA: MOTEHIIUA [POTe-
OMHBIX ¥ METabOJIOMHBIX OHMOMapKepoB. broremens cubupckoi meduyunvl. 2025;24(2):169—178. https://doi.
org/10.20538/1682-0363-2025-2-169-178.

INTRODUCTION

Searching for disease biomarkers dates back to
the formation of medicine as a science. The search
for biomarkers in inflammatory bowel disease (IBD)
is of no exception (Fig. 1). Precision medicine and
diagnostic approaches associated with targeting

interventions are becoming new hotspots and trends
in modern medicine (Fig. 1). At the early stage of
diagnostic research in IBD, the focus was placed
on general characteristics and classical diagnostic
approaches. Currently, the trend in research is
increasingly shifting toward targeting IBD therapy
and improving the quality of life of patients [1].
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Fig. 1. Results of a bibliometric study of worldwide data

sources to identify hotspots and trends in the diagnosis of

inflammatory bowel disease: a — co-occurrence of keywords;

b — temporal scale of keyword clustering; ¢ — map of keyword

time zones in the literature on accurate diagnosis and treatment
of inflammatory bowel disease [1]
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Fig. 2. Current and potential biomarkers in inflammatory bowel disease, adapted from [3]
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Some of the most common keyword search
markers for the diagnosis and management in IBD
are C-reactive protein (CRP) and fecal calprotectin.
However, they are obviously not true biomarkers
of IBD, as they merely reflect the presence of
inflammation and its severity, but are not specific, and
changes in the values of these indicators are typical
of many other conditions. They have relatively low
sensitivity and specificity in patients with IBD [2].
Similarly, the evaluation of serologic biomarkers is of
uncertain value in predicting disease progression or a
response to treatment.

Today, omics biomarkers provide significant
additional advantages for the diagnosis and
management in IBD, including Crohn’s disease (CD)
and ulcerative colitis (UC) (Fig. 2). The introduction
of omics technologies, the identification of genomic,
proteomic, and metabolomic markers, and the in-depth
assessment of the intestinal microbiome allow not only
to assess the probability of disease development, but
also to provide in-depth and comprehensive evaluation
of the molecular basis and pathogenesis in IBD. Early
diagnosis and understanding of the pathogenesis of
CD and UC are extremely valuable for the choice of
reasonable personalized pathogen-specific therapy in
a variety of clinical manifestations.

Among omics biomarkers, the results of proteomics
and metabolomics studies attract the attention of
researchers and clinicians. Their significance as
promising tools for the diagnosis, management, and
control of IBD therapy in modern personalized and
precision medicine is undoubted.

Proteomics and metabolomics are among the most
dynamically developing areas of molecular diagnosis.
The undeniable advantage of these approaches is the
possibility of non-invasive assessment of a significant
number of indicators.

A proteomics analysis has already identified some
candidate IBD biomarkers for testing in clinical
practice, such as oncostatin M and avp6 antibodies
[4]. In addition, proteomics approaches have been
actively used for identifying stool protein and peptide
biomarker panels in patients at risk of IBD and in
treatment strategy adjustment [5].

Metabolomic profiling also allows to differentiate
IBD patients from healthy individuals and to identify
CD and UC with high accuracy. Such metabolites
as tryptophan and indole-3-acetic acid have been
identified as potential biomarkers in IBD, with
ROC curves showing high discriminatory power
(AUC: 0.9738 for CD and 0.9887 for UC) [6]. Data

from metabolomics studies also identify a number
of biomarkers with a potential diagnostic value [7].
Simultaneuosly, , the integration of metabolomics
data with other potential molecular biomarkers, such
as lipidomics, can be used as an additional diagnostic
advantage in IBD [8].

This work focuses on analyzing the results of
current omics studies evaluating proteomic and
metabolomic indices to identify potential biomarkers
for the diagnosis, monitoring, and potential assessment
of the response to therapy in patients with IBD.

OMICS BIOMARKER POTENTIAL

Currently, the study of omics biomarker potential
and the integration of various omics data in IBD
has focused on three areas of interest: identification
of new diagnostic proteomic biomarkers, in-depth
characteristics of disease pathogenesis, and response
to treatment.

Proteomic and metabolomic biomarkers provide
a holistic view of the disease, identifying molecular
networks and pathways involved in the IBD
pathogenesis (Fig. 3). This approach significantly
helps to develop prognostic criteria for early detection
of the disease and monitoring of clinical outcomes [9].

Proteome Analysis

Considering the presence of proven strong
correlations between the level of protein expression
and disease activity, proteomics attracts special
attention as a diagnostic tool [10]. At the same time,
a current trend in proteomics is the formation of
diagnostic panels for the most accurate CD and UC
signatures.

Diagnostic and Monitoring Capabilities

It is obvious that the diversity of clinical
manifestations and insufficient sensitivity and
specificity of existing biomarkers indicate the
special significance of potential biomarkers for the
differential diagnosis of IBD. Proteomics studies
allow to differentiate IBD and other intestinal diseases
with high sensitivity and specificity [11]. Proteomics
approaches in IBD were first used in the works of U.
Berndt et al. The studies revealed differences in protein
expression by different T cell populations in CD and
UC [12]. This experimental approach demonstrated
high sensitivity (70%) and specificity (72.5%) in CD.

The results of the study on MMP-12 and oncostatin
M are of great interest. They allowed to effectively
differentiate IBD from other intestinal diseases [13].

172 BlonneteHb cMbupckoi MeguuuHbl, 2025; 24 (2): 169-178



Reviews and lectures

Screening biomarker for
disease detection

Risk Stratification

Biomarker role

Asymptomatic IBD

Diagnostic and prognostic
biomarker

Symptomatic IBD

Monitor biomarker for
Predictive biomarker for IBD surveillance
therapeutic response and

adverse events

.. Surveillance and
Treatment decision

monitoring

Genetic and o}
microbiome
profiling

in-M, anti-integrin avp6
antibody, ANCA, ASCA,
calprotectin, tryptophan, MMP-12,
indole-3-acetic acid, etc.

_—

Glycomic signatures

NUDT15, BAFF,
oncostatin-M, butyrate,deoxycholic acid,
cilcarnitine, ceramide, N-methylglycine, etc. DPP-4

Fecal miRNA profiling

Potential therapeutic application

PGE-MUM, CPE, PF4, MRPS,
FIBA, Hpa2, PRG2, LCP1, PSMEL etc.

Fig. 3. Potential roles of biomarkers in IBD, examples of existing and new biomarkers that could perform these functions, adapted
from [3]

Serum antibodies to avf6 integrin determined in the
blood serum are now considered as another promising
biomarker in IBD and, especially, UC [14]. The
loss of intestinal epithelial barrier integrity precedes
clinical manifestations of the disease, which explains
the possibility of detecting antibodies to avp6 in the
preclinical period of IBD, as well as the possible
association of the level of antibodies to avp6 with the
severity of the disease course, which is potentially
prognostically significant.

Another candidate for application in clinical
practice is PGE-MUM, which is determined in urine
and correlates with endoscopic and histologic activity
in IBD, especially in UC. PGE-MUM has a great
diagnostic potential because of its better correlation
with endoscopic parameters compared to CRP. In
addition, threshold values for PGE-MUM were
proposed to predict endoscopic and histologic activity
with a reported sensitivity of 81-82% [15].

A significant trend in molecular diagnosis of IBD
is the formation of diagnostic panels to evaluate
protein expression in biological material of different
types. Thus, four most diagnostically significant
protein biomarkers were identified in serum: platelet
factor 4 (PF4), calgranulin A (MRP8), fibrinogen A
(a-chain) (FIBA), and haptoglobin alpha-2 (Hpo?2).
Hpa2 was particularly significant in differentiating
UC and CD with accuracy similar to or higher than

that in ANCA and ASCA serologic tests [16]. The
analysis of colonic mucosal tissue samples from adult
and pediatric patients allowed to form two candidate
protein panels [17].

These panels were effective in the diagnosis
of IBD and the differential diagnosis of CD and
UC, respectively. The diagnostic panel included
fatty acid binding protein 5 (FABPS), uridine
diphosphate-a-d-glucose-6-dehydrogenase (UGDH),
leucine-rich mitochondrial protein containing PPR
motifs (LRPPRC), visfatin/NAMPT, and inorganic
pyrophosphatase 1 (PPA1). Elevated levels of NAMPT
and PPA1 were particularly significant in IBD. The
differential diagnostic panel included mitochondrial
trifunctional enzyme subunit beta (HADHB),
cytosol aminopeptidase (LAP3), leukotriene-A-4
hydrolase (LTA4H), metallothionein-2 (MT2A),
mitochondrial tricarboxylate transport protein
(SLC25A1), heterogeneous nuclear ribonucleoprotein
H3 (HNRNPH3), mitochondrial delta(3,5)-delta(2,4)-
dienoyl-CoA isomerase (ECHI), transferrin receptor
protein 1 (TFRC), beta-2-microglobulin (B2M),
SEC61 transmembrane channel complex protein,
subunit alpha 1 (SEC61A1), staphylococcal nuclease
domain-containing protein 1 (SND1), , and transferrin
(TF). The first nine proteins of the panel were
significantly elevated in CD compared to UC patients.
Thus, they can be considered as candidates for an
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in-depth evaluation in the differential diagnosis of
CD and UC regardless of the age of patients. In the
analysis of colonic biopsy proteome, there are three
newly identified biomarkers, including eosinophil
major basic protein (PRG2), laminin 2 (LCP1), and
proteasome activator complex subunit 1 (PSME1),
that are clearly associated with active CD [18].

It is of particular interest that many biomarkers
are mainly components of fatty acid metabolism [17].
This allows to consider the prospect of a possible
combination of proteomics studies with the assessment
of the lipid profile in IBD patients.

The proteome analysis also suggests the
pathogenetic significance of mitochondrial dysfunction
in the development of IBD, especially UC [19].
Decreased expression of eight mitochondrial proteins
(ATP synthase subunit beta (ATP5B), mitochondrial
malate dehydrogenase 2 (MDH2), heat shock protein
90 (HSPA9B), voltage-dependent anion-selective
channelprotein 1 (VDACI), peroxiredoxin 1 (PRDX1),
heat shock protein 60 (HSPD1), peroxiredoxin 2
(PRDX2), and prohibitin (PHB)), was particularly
significant in UC. The key protein of mitochondrial
complex, PHB, was decreased in biopsy specimens of
colonic mucosa in UC both in remission and relapse.
This allows to suggest possible early mitochondrial
changes during disease formation.

B cell-activating factor (BAFF), a member of the
tumor necrosis factor (TNF) superfamily, attracts
special attention among proteomic biomarkers. It is
produced by most cells of the innate and adaptive
immunity and is of great importance for immune
regulation and inflammatory changes in the intestine
in IBD [20]. In IBD, BAFF levels are elevated in
serum, feces, and colonic tissues and are associated
with inflammation in the intestinal mucosa [21].
Pathogenetically relevant BAFF overexpression, in
turn, exacerbates the proinflammatory activity of
immune cells in IBD, including through the NF-xB
signaling pathway and the NLRP3 inflammasome
[22]. These data allow us to consider BAFF as a
candidate biomarker for monitoring the course of
IBD, including in the context of therapy.

Potential for Personalized Therapy
and Assessment of a Treatment Response

In addition to diagnostic biomarkers, proteomics
approaches can potentially be used to assess the
response of IBD patients to ongoing therapy. For
example, an elevated serum BAFF level, mentioned
in the previous section, was initially associated with a

better response to infliximab treatment in CD patients.
Those with a clinical response to infliximab treatment
showed a decrease in its levels after treatment,
whereas those who did not respond to therapy showed
an increase in the parameter [23]. In addition, specific
single nucleotide polymorphisms (SNPs) in the BAFF
gene, such as rs1041569, have been associated with
CD susceptibility and a response to treatment [24].

The potential of BAFF blockade is now considered
as one of the therapeutic strategies. It has been
shown in experimental models that BAFF blockade
reduces the severity of inflammation, weight loss,
and histopathologic damage in colitis [25, 26]. Thus,
BAFF may not only be a potential diagnostic and
therapeutically predictive biomarker, but also may be
considered as one of the targets for the IBD treatment.

The dynamic assessment of circulating chemokine
levels and the assessment of monocyte activation
have also been used as candidate biomarkers for the
response to treatment with TNF inhibitors, particularly
infliximab. Within 2 weeks after the initiation of
therapy in patients without a clinical response, there
was an obvious decrease in the level of protein from
CD14+/CD86+ macrophages and the level of the
chemokine CCL2 [27].

In another study, proteomics approaches were
used for the response management of infliximab and
prednisolone therapy in IBD children. The study
proposed a candidate panel with 18 proteins and 3
microRNAs [28].

Thus, the potential of the proteomics data obtained
allows to consider this approach as promising for
the differential diagnosis of IBD, research on IBD
pathogenesis, as well as monitoring and prediction
of the treatment response. At the same time, the
results of the proteome analysis in a number of cases
demonstrate associative links with other areas of
omics diagnosis, such as lipidomics, which allows to
speak about the possibility of more in-depth studies
in IBD.

Metabolomic Biomarkers

Metabolomic biomarkers have also become
promising tools for diagnosing and evaluating the
response to treatment of IBD, including CD and UC.
Metabolomic biomarkers can be used not only to
identify pathogenetic features of the disease and, as
expected, diagnostic targets, but can potentially guide
therapeutic decisions. Metabolomics is increasingly
being used to identify biomarkers to predict a treatment
response and to distinguish IBD subtypes.
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Diagnostic Potential

Today, metabolomic biomarkers are used in
the differential diagnosis of IBD subtypes and to
identify key differences between IBD patients and
healthy persons. Serum and plasma, feces, and urine
are considered as the main biological samples for
metabolomic biomarkers. Thus, a group of five serum
metabolites — pyruvate, phenylacetylglutamine,
isolithocholic acid, taurodeoxycholic acid, and
glycolithocholic acid — showed high accuracy
(AUC = 0.861) in the differential diagnosis between
CD and UC groups. High diagnostic accuracy
rates allow us to consider them as a non-invasive
diagnostic alternative to the tests used in routine
clinical practice [29].

Serum metabolomics studies have demonstrated
an increase in tryptophan and indole-3-acetic acid
levels in both CD and UC patients, while kynurenine
and indole-3-propionic acid levels were elevated only
in CD [6]. A study by T.Vakhitov et al. identified
14 serum metabolites, including 2-hydroxybutyric
acid and creatinine, as potential biomarkers of UC
[30]. Other plasma metabolites — acylcarnitine,
3-indoleacetic acid, and dehydroepiandrosterone
sulfate — were associated with intestinal microbiota and
immune response formation. They were highlighted as
candidate markers for further in-depth analysis [31].

The analysis and identification of fecal metabolites
are also being used to develop metabolic profiles of
individuals withIBD. Among 78 metabolitesidentified
by L. Ning et al. all, metabolites were classified
into three major categories of nutrient metabolism,
including amino acids, carbohydrates, and fatty acids
[7]. According to the results, the increase in the
levels of amino acids, such as tryptophan, glutamine,
arginine, 5-hydroxytryptophan, and histidine,
was worth noting. These data go in line with the
previous results [32]. Various organic acids related
to the tricarboxylic acid cycle, such as pyruvic
acid, fumaric acid, malonic acid, and oxoglutaric
acid, were elevated in the feces of patients with
IBD, indicating abnormal energy metabolism of the
intestinal microbiota.

In addition to the possibility of using fecal
metabolites to identify IBD, it is also possible to
perform differential diagnosis of their subtypes. For
example, significant changes in fecal metabolome
profiles have been described in patients with UC and
CD. The metabolic signature of fecal IBD includes
alterations in short-chain fatty acids, tryptophan
metabolites, sphingolipids, and vitamin levels.

Although there is a considerable overlap between the
metabolic signatures of the two subtypes of IBD, CD
is primarily characterized by enrichment of primary
bile acids, whereas UC is characterized by higher
levels of proteolytic fermentation products [33].

The analysis of metabolomic pathways is also of
particular importance for the formation of diagnostic
strategies in IBD. Studies have demonstrated that
glyoxylate and dicarboxylate metabolism, alanine,
aspartate and glutamate metabolism, as well as
glycerolipid metabolism in patients with IBD are
associated with disease activity and can be used in the
differential diagnosis of IBD subtypes [6]. A decrease
in the ratio of primary and secondary bile acids in IBD
compared to healthy individuals is worth noting. The
metabolomics analysis also associated metabolism of
beta-alanine, arginine, and proline with IBD, while
glycerolipid metabolism in UC and CD differed
significantly [6].

Correlations between IBD activity and changes
in amino acid metabolism and B-oxidation of fatty
acids have been described [34]. Amino acids, such
as L-glutamine, glycine, and L-arginine, have been
shown to support intestinal redox balance and immune
homeostasis and can potentially alleviate the severity
of IBD symptoms.

In addition, the metabolomics analysis also
confirms the significance of the relationships between
amino acids and various signaling pathways, including
mTOR and NF-kB, involved in the implementation
of inflammatory responses. These pathways play
an important role in regulating the balance of pro-
inflammatory and anti-inflammatory cytokines in
the gut [35]. Alterations in fatty acid metabolism,
especially polyunsaturated fatty acids (PUFAs), are
also closely associated with IBD. Changes in PUFA
o-6 and ®-3 levels correlate with inflammatory
markers, suggesting their role in modulating
inflammation in IBD [36]. An approach involving
the evaluation of ratios between pro-inflammatory
and anti-inflammatory mediators and fatty acid
derivatives can also be used for diagnostic purposes
in IBD. For example, an increased arachidonic
acid-to-eicosadienoic acid ratio is indicative of a
proinflammatory state in UC patients.

Metabolome as a Biomarker
of a Treatment Response

Metabolomic profiles can be used to predict
the response to a number of biological drugs. The
significant role of the intestinal microbiota and its
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endogenous metabolites in the IBD development is
known. It is suggested that the analysis of metabolites,
including endogenous metabolites, may serve as
predictors of the response to biological therapy in
patients with IBD. According to a systematic review
that included 38 studies investigating the potential of
fecal and intestinal wall microbiota and endogenous
metabolomic markers as predictors of a response to
biologic therapy in patients with IBD, the data on the
significance of metabolomic signatures in assessing
the response of patients with IBD to various biological
agents were confirmed [37]. In the future, these data
can be used for precision and personalized therapy.
Thus, the levels of endogenous metabolites, such as
butyrate and deoxycholic acid, were significantly
associated with clinical remission after anti-TNF
alpha drug therapy.

So, higher levels of butyrate-producing bacteria
and specific metabolites, such as acetamide, have
been shown to be associated with a positive response
to vedolizumab [37]. In addition, lower baseline levels
of acylcarnitine and ceramide and increased levels of
N-methylglycine were positively associated with the
response to vedolizumab [38].

CD patients with a positive clinical response
to ustekinumab also showed specific bacterial
signatures of the gut microbiota — the increase in
Faecalibacterium and lower levels of Escherichia/
shigella. This supports the suggestion that bacterial
profiles can be used as predictors of a treatment
response in IBD [37].

Therefore, it is clear that metabolomic profiling
is of particular interest and importance in the context
of precision and personalized medicine for patients
with IBD.

CONCLUSION

Proteomics and metabolomics studies open
significant perspectives for further study of IBD.
The results of experimental and clinical studies
have already identified a number of biomarkers —
candidates for testing and introduction into routine
clinical practice. There is compelling evidence of the
potential benefits of integrating these areas with other
omics approaches, such as lipidomics. The integrative
biomarker analysis can be used both to assess IBD
pathogenesis and to personalize patient management
approaches and treatment strategy selection. The
integration of multi-omics data, including those using
artificial intelligence, can also be considered as a basis
for tools to predict IBD development and the course

of the disease [39]. Data integration and IBD datasets
and biomarker atlases are of great use for predicting
specific features of the disease [40].
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ABSTRACT

Impaired fatty acid (FA) metabolism may be an important factor that increases the development and progression
of atherosclerosis and related cardiovascular diseases (CVD). However, most of the research focuses on studying
the influence of classification groups of FA. Therefore, the aim of this lecture was to present both pro- and anti-
atherogenic functions of each FA. This paper considers up-to-date information about the effects of saturated
(myristic (C 14:0), palmitic (C 16:0), stearic (C 18:0)), monounsaturated (palmitoleic (C 16:1), oleic (C 18:1)),
and polyunsaturated (linoleic (C 18:2 omega-6), alpha-linolenic (C 18:3, omega-3), dihomo-gamma-linolenic (C
20:3, omega-6), arachidonic (C 20:4, omega-6), eicosapentaenoic (C 20:5 omega-3), docosahexaenoic (C 22:6
omega-3)) FAs on CVD. The accumulated data expand the understanding of the role of FAs in metabolic processes,
which will allow us to move from fundamental research to practical aspects of the use of these substances in the
treatment of CVD. In the future, these results can be used in the interpretation and prediction of changes in lipid
metabolism disorders in CVD.
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BKnapg >KNpHbIX KNCNOT B pa3BUTNE CEpAEUYHO-COCYANCTbIX 3a6oneBaHunin

LlWpamko B.C., KawutanoBa E.B., CraxHéBa E.M., MonoHckan A.B., Parnxo 10.U.

Hayuno-ucciedosamenscxuti uncmumym mepanuu u npo@uiakmudeckou meouyunsl — unuan PedepaibHoco
uccnedosamensckoeo yenmpa « Mucmumym yumonoeuu u cenemuxu CO PAHy (HUUTIIM — ¢unuan

HUlul” CO PAH)

Poccus, 630089, 2. Hosocubupck, ya. b. boeamkosa, 175/1

PE3IOME

Hapymenne o6mena sxxupubix kucioT (KK) MoxkeT sBISTbCS 3HAYNMBIM ()aKTOPOM, HOTEHIMHUPYIOMINM Pa3BUTHE H
MPOTPECCHPOBAHNE aTEPOCKIICPO3a U CBSI3AHHBIX C HUM CepAeYHO-cocyAucThIX 3aboneBannii (CC3). Tem He menee
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The Individual Contribution of Fatty Acids to the Development of Cardiovascular

INTRODUCTION

The growing prevalence of chronic non-
communicable diseases, primarily cardiovascular
diseases (CVDs), is a huge problem for the health care
system [1]. Coronary heart disease (CHD) caused by
atherosclerotic lesions of the coronary arteries is the
main and most common nosology among CVDs [2].
For a long time, atherosclerosis can be asymptomatic,
which is associated with a latent stage of the disease, in
which morphological changes in the coronary arteries
are already present [3]. However, following the
growth of the atherosclerotic plaque, gradual stenosis
of the coronary and other arteries occurs, leading to
complications, such as myocardial infarction (MI),
stroke, angina pectoris, cerebrovascular insufficiency,
sudden cardiac death, etc. [4, 5]. At the same time,
the rate of atherosclerosis progression is strictly
individual, which necessitates preventive measures
at the population and individual levels aimed at
eliminating or minimizing the incidence of CVD and
the associated loss of working capacity.

A growing body of evidence suggests that fatty
acids (FAs) and their metabolites play an important
role in atherogenesis [6]. In addition to their structural
and/or energy functions, FAs are associated with
the regulation of hemodynamics, inflammation,
endothelial dysfunction, antioxidant defense, and
other important biological processes [7, 8]. This is
due to their chemical structure, showing differences
for both saturated (SFA) and unsaturated FA (UNFA)
[6]. Therefore, the aim of this lecture was to study
the role of each FA on the risk of developing CVD.

It should be noted that FAs are divided into short-
chain, medium-chain, and long-chain FAs based on
the number of carbon atoms in their hydrocarbon
chain. In addition, according to the presence and
number of double bonds in their carbon chain, they
can be classified into SFAs (contain no double bonds);
monounsaturated FAs (MUFA) (contain one double
bond), and polyunsaturated FAs (PUFA), whose
structure contains two or more double bonds [9, 10].

SATURATED FATTY ACIDS

As important energy sources, long-chain SFAs
can be incorporated into lipoproteins, circulate in the
blood, be stored in fat depots, and be used to synthesize
other lipid compounds in the body [11]. Currently, the
relationship between tissue SFA levels and the risk of
atherosclerotic CVD is widely studied, mainly because
SFAs can increase low-density lipoprotein cholesterol
(LDL-C) concentrations [12]. Nevertheless, there is
growing evidence that individual SFAs generally have
different biological functions [13].

The most common SFA in the human body is
palmiticacid (C16:0), whichis an important component
of membrane, secretory, and transport lipids, so both
deficiency and excess of this SFA are harmful [14—
16]. It can enter the body with food or be formed by
endogenous synthesis (i.e., de novo lipogenesis) as
a result of excess energy intake from carbohydrates
and/or proteins [17]. To date, the relationship between
high levels of palmitic acid in the blood and the risk
of developing CVD is beyond doubt. The clinical
and observational data indicate that C16:0 may be
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associated with adverse cardiovascular events, as well
as with overall mortality [ 18-20]. A population-based
study by C.L. Chei et al., which was an additional
study to the CIRCS (Circulatory Risk in Communities
Study, Japan) [21], revealed that the average level of
palmitic SFA was higher in patients with CAD than in
the control group. Another population-based study, the
LURIC (The Ludwigshafen Risk and Cardiovascular
Health study, Germany) [19], showed a direct
association with an increased risk of CVD mortality
only for C16:0. Moreover, high palmitic acid intake
(=50% of total SFA intake) has been shown to elevate
LDL-C [22] and interleukin-6 [18] levels and increase
the risk of CHD [23, 24].

Stearic acid (C18:0) is also one of the main SFAs
included in triglycerides. It can be obtained from a wide
range of foods, including meat, fish, dairy products, etc.
Meanwhile, under the action of palmitoyl elongase,
cells can elongate C16:0 palmitic SFA to C18:0 stearic
SFA [17]. Unlike palmitic FA, data on the effect of
stearic SFA on lipid metabolism and, therefore, on the
risk of CVD remain controversial. In the Mendelian
Randomization Study [25], it was shown that a
genetic predisposition to higher levels of stearic SFA
in plasma was positively associated with CVD, such
as stroke and venous thromboembolism. The EPIC-
Norfolk study (European Prospective Investigation
into Cancer, UK) [26] found that the concentration
of stearic SFA in plasma was positively associated
with an increased risk of CHD. At the same time,
the CHS study (Cardiovascular Health Study, USA)
[27] reported an inverse relationship between high
C18:0 levels and all-cause mortality among elderly
individuals (over 65 years of age). When studying the
effect of stearic SFA, it was found that intake of C18:0
could reduce the level of total cholesterol, LDL-C,
high-density lipoprotein cholesterol (HDL-C), and
apolipoprotein Al in the blood serum, compared to
palmitic SFA [28].

However, no significant effect on LDL-C and
HDL-C levels has been found in previous studies
[22]. The Nurses’ Health Study, which included
data from the Health Professionals Follow-up Study
[24], showed that higher intake of stearic SFA was
associated with an increased risk of developing CHD
over 24-28 years of follow-up. On the contrary, in the
EPIC-NL study (European Prospective Investigation
into Cancer and Nutrition—Netherlands Cohort,
Netherlands) [29], no significant contribution of
stearic acid to the development and course of CHD
was found. Thus, the effect of stearic SFA on lipid

metabolism, inflammation, and/or endothelial function
is not uniform, and additional research in this area is
certainly needed.

One of the less common SFAs is myristic acid
(C14:0). At relatively low concentrations in the
human body, it is also an important component of
cell membranes and can systematically influence
lipoprotein metabolism [30]. The amount of
endogenously biosynthesized myristic FA from lauric
acid (C12:0) following elongation or from palmitic
SFA following peroxisomal B-oxidation is much
smaller than the amount supplied by dietary sources
[31]. Within the Ventimiglia di Sicilia Heart Study
[32], it was found that the levels of myristic SFA
in plasma were inversely correlated with HDL-C
levels. The Verona Heart Study reported a strong
positive relationship between myristic acid and
plasma apolipoprotein CIII concentrations [30]. The
study by S.O. Ebbesson et al. [33] showed positive
associations between high plasma C14:0 levels and
CVD risk factors: increased levels of triglycerides,
LDL-C, blood pressure (BP), body mass index (BMI),
plasma glucose, as well as an inverse relationship with
HDL-C. In an additional study to CIRCS [21], it was
noted that high serum levels of myristic SFA were
associated with an increased risk of CHD.

Nevertheless, a few data suggest that morbidity
and mortality from CVD depend not so much on the
total amount of SFA consumed, but on their ratio to
UNFA [34].

MONOUNSATURATED FATTY ACIDS

The interest in the role of MUFA is steadily
growing. In addition to exogenous intake, MUFAs can
be endogenously synthesized in the liver and adipose
tissue using microsomal stearoyl-CoA desaturase-1
from precursors — SFA [35]. MUFAs can promote a
healthy blood lipid profile, improve blood pressure,
glycemic control, etc. [36]. However, the effect of
MUFAs on inflammation has not been sufficiently
studied. However, there is increasing evidence
indicating a close relationship between MUFAs and
anti-inflammatory conditions [37]. Some of the key
MUFAs, from the standpoint of their functional role
in the body, are considered to be omega-7 palmitoleic
(C16:1) and omega-9 oleic (C18:1) acids.

Recently, palmitoleic MUFA has been considered
as a lipid hormone (or lipokine) derived from
adipocytes, which allows adipose tissue to regulate
systemic metabolism, indicating its physiological
significance [38]. It has been established that C16:1
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can be detected as a cis- or trans-isomer and is also
associated with cholesterol metabolism, insulin
sensitivity, and hemostasis [39—41]. At the same time,
its effect on the body, in particular on the cardiovascular
system, is still controversial among researchers. The
EPIC-Norfolk Study [26], which involved 25,639
people, found no relationship between the content of
palmitoleic MUFA in plasma and CHD.

In another prospective study — CIRCS [21],
involving 12,840 individuals, positive associations
of serum palmitoleic MUFA levels with a higher
risk of developing CHD were registered in both men
and women. In a population-based study of 1,828
patients with MI and 1,828 controls [42], it was
found that C16:1 in adipose tissue had an inverse
relationship with acute MI. Most likely, the opposite
conclusions are due to different patient samples and/
or the biomaterial used. At the same time, a significant
number of researchers are inclined to believe that
palmitoleic MUFA can have an anti-inflammatory
effect [43] and even reduce harmful effects of SFA.
In particular, C16:1 promotes differentiation of
primary macrophages into the anti-inflammatory M2
phenotype, protecting against the pro-inflammatory
effects of palmitic acid [44]. In addition, C16:1 can
reduce the levels of pro-inflammatory cytokines
produced by lipopolysaccharide-stimulated
macrophages (interleukin-6/-8, tumor necrosis factor
a) [45].

Oleic acid accounts for approximately 80% of
MUPFAs in plasma phospholipids. In the PREDIMED
study (PREvenciéon con Dleta MEDiterranea,
Spain) [46], researchers wanted to demonstrate that
consumption of a Mediterranean diet enriched with
olive oil (as a key component and source of plant
oleic MUFA) was inversely correlated with CVD.
However, it was shown that dietary oleic FA intake did
not affect its plasma levels, since the concentrations
of oleic MUFA in the blood are regulated by other
factors, including de novo synthesis from stearic
MUFA [47].

The results of the MESA (The Multi-Ethnic Study
of Atherosclerosis, USA) study [47] show that elevated
levels of oleic MUFA in plasma phospholipids may
be a risk factor for the development of CVD and all-
cause mortality. In the Aldo-DHF (Aldosterone in
Diastolic Heart Failure, Germany) study [48], positive
correlations were observed between the level of oleic
MUFA and established cardiovascular risk factors,
such as atherogenic dyslipidemia, dysglycemia, and
obesity. In the population-based FINRISK study

(Finland) [49], it was determined that high levels
of MUFA in the blood, including oleic FA, were
associated with a higher risk of CVD. Similar results
were obtained with respect to arterial hypertension
[50] and inflammation [51]. Despite the relevance
of studying the role/influence of MUFAs in the
development of CVD and their risk factors, additional
studies are needed on the influence of non-dietary
factors, such as genetics or younger populations.

POLYUNSATURATED FATTY ACIDS

Recently, special attention has been paid to the role
and importance of nutrients, especially long-chain
omega-3 and omega-6 PUFAs. It has been shown
that omega-3 PUFAs may be beneficial in various
diseases and conditions, such as atherosclerosis [52],
obesity [53], and inflammation [54]. However, the
cardioprotective properties of omega-3 PUFAs are
considered to be the most studied. The biological
effects of omega-6 PUFAs are still poorly understood
and are the subject of active debate [55]. Although
most studies report that some omega-6 PUFAs are
associated with a lower risk of CVD [56], they have
powerful vasodilatory, antiplatelet, and antiarrhythmic
effects [57].

The alpha-linolenic acid (C18:3, omega-3) is the
most common omega-3 PUFA that can be obtained
only from food (mainly from plant sources: flaxseed
oil, walnuts, soy, etc.) [58]. One of the large meta-
analyses of the Cochrane Database [59], which
included 86 randomized controlled trials lasting
at least 12 months, assessed the effect of increased
omega-3 FA intake on overall mortality, CVD,
obesity, and lipid profile. The results showed that an
increase in alpha-linolenic PUFA slightly reduced
the risk of cardiovascular events. A subsequent
meta-analysis [60] including the results of 47 studies
confirmed that increasing alpha-linolenic PUFA
intake by 1 g/ day was associated with reductions in
triglycerides, total cholesterol, and LDL-C, thereby
preventing CVD.

In a meta-analysis of 27 observational studies
[61], data on the association of alpha-linolenic PUFA
and the risk of developing CVD were summarized.
Observations show that total exposure to C18:3
omega-3 PUFA is associated with a moderately lower
risk of CVD. Within the PREDIMED study [62], it
was found that in people with high cardiovascular risk,
but without previous CVD, the alpha- PUFA intake
was inversely correlated with all-cause mortality. The
Alpha — Omega study [63] revealed a trend toward
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a reduction in the risk of CVD with alpha-linolenic
PUFA consumption in patients receiving modern
cardiac treatment.

In a study of the relationship between the levels of
alpha-linolenic PUFA in plasma and the risk of acute
coronary syndrome, T.A. Zelniker et al. [64] found
significant inverse associations of C18:3 omega-3
with a lower risk of sudden cardiac death, independent
of traditional risk factors and lipid levels. And in a
study on mice, it was shown that a diet rich in C18:3
omega-3 can protect against endothelial dysfunction
and prevent the development of atherosclerosis
by suppressing the inflammatory response and the
formation of foam cells [65].

Eicosapentaenoic acid (C20:5, omega-3) is
considered to be an essential omega-3 PUFA. It is
found primarily in fish and other seafood but can
be biosynthesized in small amounts from its main
precursor, alpha-linolenic PUFA [66]. There is strong
evidence that eicosapentaenoic PUFA has beneficial
effects on endothelial function and increases the
synthesis of eicosanoids (which dilate blood vessels
and reduce thrombus formation and inflammation)
[67]. In addition, its potential therapeutic effects on
the atherosclerotic plaque include anti-inflammatory
and antioxidant activity, reduction of macrophage and
foam cell accumulation in lipid spots, reduction of
monocyte adhesion, and increase in the thickness of
the fibrous cap of the plaque [67-70].

The JELIS (Japan Eicosapentaenoic acid Lipid
Intervention Study, Japan) study [71] showed that
the introduction of eicosapentaenoic PUFA at a dose
of 1.8 g / day led to a decrease in CVD by 19% in
patients receiving statins and a decrease in LDL-C
concentration in the blood by 25% after treatment. The
results of the multicenter, randomized REDUCE-IT
(Reduction of Cardiovascular Events with Icosapent
Ethyl-Intervention Trial, USA) study [72] indicate
that in patients with elevated triglyceride levels who
received icosapent ethyl 4 g / day, the risk of major
ischemic events, including sudden cardiac death, was
significantly lower.

The OCEAN (Omacor Carotid Endarterectomy
Intervention, UK) study [73] noted that higher levels
of eicosapentaenoic PUFA in atherosclerotic plaques
were associated with a decrease in the number of
foam and T cells, less pronounced inflammation, and
increased stability. Accordingly, the use of C20:5
omega-3 in individuals with a high risk of developing
CVD as additional drug therapy helps reduce this risk
[74].

Docosahexaenoic acid (C22:6, omega-3) is
a very long-chain omega-3 PUFA found in high
concentrations in fish, fish oil, and some algae [75].
Clinical studies using dietary supplements with high
levels of docosahexaenoic PUFA have shown stable
anti-inflammatory, antioxidant, antiatherogenic, and
antiproliferative effects [76, 77]. In a double-blind,
multigroup, placebo-controlled, randomized study
[78], it was shown that C 22:6 omega-3 was more
effective than C 20:5 omega-3 in reducing blood
triglyceride levels, partly due to differential regulation
ofliver enzymes associated with lipogenesis. However,
consumption of docosahexaenoic PUFA ata dose of ~3
g/day for 10 weeks may be more effective in reducing
inflammatory markers, such as interleukin-18, tumor
necrosis factor a, and C-reactive protein [79]. There
is also evidence that consumption of docosahexaenoic
PUFA increases not only C22:6 omega-3 in blood
and tissues, but also C20:5 omega-3 eicosapentaenoic
PUFA [80]. Moreover, the increase in the omega-3
FA index is significantly higher after supplementation
with docosahexaenoic PUFA (2.7 g/day)[81]. Finally,
a number of authors have found that docosahexaenoic
PUFA causes a greater decrease in blood pressure,
heart rate, and total peripheral resistance compared
to eicosapentaenoic PUFA [82—84]. Thus, relatively
high levels of free omega-3 PUFA may not always
be associated with protection of the acutely damaged
heart, but nevertheless have a beneficial effect on the
body as a whole.

Linoleic acid (C18:2, omega-6) is the main
dietary source of other omega-6 PUFAs, such as
gamma-linolenic  acid, dihomo-gamma-linolenic
acid, and arachidonic acid. Linoleic acid is mainly
obtained from vegetable oils [85]. There is increasing
evidence that high linoleic acid levels are significantly
associated with a reduction in the risk of development
and mortality from CVD [86, 87]. According to the
results of the Cochrane Database meta-analysis [88],
which included 19 randomized controlled trials,
higher intake of linoleic PUFA instead of SFA or
carbohydrates reduced the risk of developing MI and
total serum cholesterol by 6%. According to a meta-
analysis of 30 prospective studies from 13 countries
[56], higher levels of linoleic PUFA in vivo were
associated with a lower risk of CVD, in particular,
mortality from stroke.

In a meta-analysis of observational studies [86],
high serum/dietary omega-6 C18:2 levels were
inversely proportional to the risk of hypertension.
In addition, the results of the International Study of
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Macro-Micronutrients and Blood Pressure Study
(INTERMAP) [89] show that dietary linoleic PUFA
intake may contribute to the prevention and control
of unfavorable blood pressure levels in the general
population. In a study aimed at investigating the risks
of CVD in communities (CIRCS) [21], it was found
that serum levels of omega-6 linoleic PUFA were
inversely associated with the risk of CHD.

In a Mendelian randomization study [90], it was
shown that higher serum omega-6 C18:2 levels were
inversely associated with lower levels of lipids,
including LDL-C, HDL-C, and total cholesterol. In
general, it can be noted that enriching the diet with a
moderate amount of linoleic acid-rich oil may reduce
the risk of cardiometabolic diseases [91].

Dihomo-gamma-linolenic acid (C20:3, omega-6)
is considered to be one of the key omega-6 PUFAs,
which has antiatherogenic effects. It inhibits the
formation of foam cells, reduces the proliferation of
endothelial cells, improves mitochondrial function,
etc. [92]. By means of enzymatic activity, gamma-
linolenic acid (C18:3, omega-6) is very quickly
converted into dihomo-gamma-linolenic PUFA.
The latter, in turn, can be metabolized into the anti-
inflammatory eicosanoid — prostaglandin El, via
the cyclooxygenase pathway [93]. In the body, it is
found in lipids (primarily phospholipids) and most
cells, and C20:3 omega-6 levels are consistently
increased following C18:3 omega-6 supplementation
[94]. In mice, dihomo-gamma-linolenic PUFA
supplementation has been shown to reduce aortic lipid
content, along with macrophage and smooth muscle
cell levels and ICAM-1 and VCAM-1 expression [93].

Few studies have shown an association between
low levels of dihomo-gamma-linolenic PUFA and the
severity of CHD [95]. In the OMEMI study [96], low
serum levels of dihomo-gamma-linolenic PUFA were
associated with an increased risk of all-cause mortality
in elderly patients who had recently experienced MI.
Similar results were obtained by S. Ouchi et al. [97],
where the authors concluded that low levels of dihomo-
gamma-linolenic PUFA in serum may be a predictor
of permanent CVD (acute coronary syndrome, MI).
In the work by T. Nagai et al. [98], lower levels of
omega-6 PUFA, in particular C20:3, were associated
with higher incidence of adverse events (death from
all causes and observation of heart failure) after acute
decompensated heart failure.

Finally, arachidonic acid (C20:4, omega-6), also
known as eicosatetraenoic PUFA of the omega-6 class,
is worth noting. It can enter the human body as part

of various foods (meat, eggs, salmon, vegetable oils,
walnuts) or be formed by endogenous synthesis due to
release from phospholipids in the cell membrane by
cytosolic phospholipase A2 (PLA2) [99]. It is usually
esterified as triglycerides or glycerophospholipids to
maintain cell membrane structure and function. It is
well known that arachidonic PUFA can compete with
omega-3 eicosapentacnoic PUFA for cyclooxygenase
and lipoxygenase in vivo [100]. The arachidonic
PUFA and its metabolites play an important role in
the functioning of the cardiovascular system. They
act as vasodilators or vasoconstrictors and modulate
vasodilation in pathological and physiological
conditions [101].

Nevertheless, the results of studies onthe associations
of circulating or tissue levels of arachidonic PUFA
with CVD are rather inconclusive. A meta-analysis
of 30 prospective studies [56] did not support adverse
cardiovascular effects of arachidonic PUFA. Moreover,
the authors suggested that higher plasma C20:4 levels
may be associated with a lower risk of developing
CVD. In two population-based cohort studies
conducted in the Netherlands [102], no association was
found between arachidonic PUFA levels and the risk
of developing CHD. In the analysis of data obtained
from a retrospective registry of patients with acute
hypertensive stroke [103], lower serum arachidonic
PUFA levels were independently associated with poor
functional outcome in acute intracerebral hemorrhage.
According to the results of a study using genetic variants
[104], positive associations of arachidonic PUFA with
atherosclerotic CVD and venous thromboembolism
were found. When studying the content of arachidonic
PUFA in adipose tissue, a positive association with
the risk of MI in the Danish Prospective Cohort Study
(DCH) was established [105].

CONCLUSION

Thus, the study of the influence of FA on the
development of CVD is a promising area of research.
Data on the associations of different SFA, MUFA,
and PUFA with lipid and lipoprotein parameters and
inflammatory markers of CVD may be of interest for
obtaining new data clarifying and supplementing the
mechanisms of the effect of FA on the cardiovascular
system.
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ABSTRACT

The article is devoted to the history of the Pathology Department of the Siberian State Medical University, which
will celebrate its 135th anniversary on May 6, 2025, since its foundation and opening within the framework of the
Siberian Imperial University established in 1878. The article presents and describes the most important historical
events and achievements in scientific and pedagogical activities, as well as in practical medical and diagnostic
work.

The Pathology Department has always occupied a leading and strong position among the strongest and most
authoritative Departments of the University. Traditionally, from the moment the department was founded and to
this day, teachers have been engaged in practical clinical activities, combine the teaching process with the full-time
work of a pathologist, conduct autopsies and intravital diagnostics, examining biopsy and surgical material.
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PE3IOME

Crathst HOCBSIIIIEHa HCTOPUH Kadeaps! maToJorudeckoi anaroMun CHOMPCKOro TroCyAapCTBEHHOTO MEANUIINHCKO-
TO YHHBEPCHUTETA, CO JHS OCHOBAHUS M OTKPBITHS KOTOPOH B pamMKax oOpa3zoBanHoro B 1878 r. MimmepaTopckoro
Tomckoro yausepcureta 6 Mast 2025 r. ucrionusiercst 135 ner. [IpencraBieHsl U onHCaHbl BAXKHEHIIINE HCTOPUYC-
CKH€ COOBITHSI M JOCTIDKECHHS B HAyYHO-IIEJarOrMIECKOH NeITeIbHOCTH U MIPAaKTHIECKOH JIeueOHO-IHarHoCTHYe-
CKOIf padoTe.

Kadenpa naronornueckoii aHATOMUM BCEra 3aHUMala BEAYIINE U MPOYHbIC TO3UIMH B Py CHIIbHEHIINX U aB-
TOPUTETHBIX Kadexp yHuBepcuTeTa. TpaJuLMOHHO ¢ MOMEHTA OCHOBAHMS Kadeapbl M 110 HACTOSIIME AHH IIpe-
MOIaBaTENN 3aHUMAIOTCS TIPAKTHUECKON KIMHUYIECKOH AeSITEbHOCTHIO, COBMEIIAIOT MEeJarornueckuii mporecc ¢
MIOJTHOIIEHHOH paboTol Bpaya-maTonoroaHaToMa, IPOBOIIT AyTOTICHH M NPIKH3HEHHYIO THATHOCTHKY, UCCIIELys
OHMOTICUIHBIN 1 OIIepalliOHHBII MaTepHal.

KaroueBsble ci1oBa: Ka(beapa HaTOJIOTHYCCKON aHATOMHH CI/I6I/IpCKOFO TroCyAapCTBEHHOTO MEAUIIUHCKOI'O YHUBEP-
CUTCTA, UCTOPHA OCHOBAHUSA U PA3BUTUS

KOHq).]'Il/lKT HUHTEPECOB. ABTOpI)I JACKIApUPYIOT OTCYTCTBUE SIBHBIX U MNOTCHIUAJIBHBIX KOH(l)J'II/IKTOB UHTEPECOB,
CBA3aHHBIX C Hy6J'[I/IKaHI/IeI7I HaCTOS{IHeﬁ CTaTbU.

Hcrounnk ¢puHaHCHpOBaHHSA. ABTOPHI 3aBIAIOT 00 OTCYTCTBHH (PUHAHCHPOBAHHS.

Jast uutupoBanusi: 3asbsuioBa M.B., Kpaxmans H.B., Bropymun C.B., I[Tagepos FO.M., Ilepensmyrep B.M.
K 135-neturo co Hs ocHOBaHHMS Kadeapsl MaToJIOrHIecKoi anaToMuu CHOMPCKOTO TOCYIapCTBEHHOTO MeEJH-
LIUHCKOTO YHUBEpCHUTETA. broitemens cudbupcrou meduyunwt. 2025;24(2):190-196. https://doi.org/10.20538/1682-

0363-2025-2-190-196.

On May 6, 2025, the Pathological Anatomy
Division of the Siberian State Medical University will
celebrate its 135th anniversary since its establishment
as part of the Siberian Imperial University, founded
in 1878. Over more than a century of its history, the
department has grown and solidified its reputation as
one of the strongest and most respected departments
within the university. This achievement is undoubtedly
due to the people who devoted their lives to this
department.

The official founding date of the Division is
considered to be May 6, 1890. That year, Konstantin
Nikolaevich Vinogradov was appointed professor
ordinarius of the Pathological Anatomy Division. In
1870, Vinogradov K.N. graduated with honors from
the Saint Petersburg Medical and Surgical Academy,
where he developed an interest in histology and, under
the guidance of K.F. Slavyansky, authored two works:
On the Study of Myxomas in Fetal Membranes and
The Histological Structure of the Amniotic Membrane
in Humans. In 1873, Vinogradov K.N. defended his
doctoral dissertation Materials for the Pathological
Anatomy of Glanders and Anthrax. Despite his
brief tenure as head of the department (until 1892)
Vinogradov K.N. made significant contributions
by creating and developing the educational process
within the discipline from scratch. He also initiated
the establishment of a pathology institute.

During the first academic year, Vinogradov
personally delivered all lectures and practical classes.
Thanks to his work, by 1891, the division was equipped
with 36 Zeiss, Leitz and Reichert microscopes.
Effective student training required demonstrative
pathological materials, however, at that time, the
university lacked both a museum of pathological
anatomy and a collection of microscopic specimens.
It is known that Professor Vinogradov K.N. brought
1500 histological slides with him to Tomsk from Saint
Petersburg, which were used to demonstrate various
pathological processes to students, along with more
than 200 macroscopic specimens for the museum and
practical training.

Today, the division’s museum collection comprises
thousands of specimens, but it was Vinogradov who
laid its foundation and continued to expand it during
his tenure. Vinogradov K.N. also engaged in practical
work, conducting autopsies on patients with various
pathologies. During one such autopsy, he discovered
a previously unknown parasite in the liver, later
named the Siberian fluke (Opisthorchis felineus). This
discovery was the most significant in Vinogradov’s
career and resulted in five scientific publications during
his time in Tomsk. In 1892 Professor Vinogradov
left the university to accept a position as a professor
ordinarius at the Military Medical Academy in Saint
Petersburg [1, 2].
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The second head of the division was Professor
Ivan Ivanovich Sudakevich who led it for four years
(1892-1896) until his death from complications of
tuberculosis. Sudakevich I.I. was a representative
of the Kiev school and a student of the renowned
Russian pathologist and infectious disease specialist
G.N. Minkh, and focused his scientific interests on
infectious pathology. In 1888, he defended his doctoral
dissertation The Pathology of Leprosy. During his time
in Tomsk, he studied trichinosis (Changes in Muscle
Fibers in Trichinosis: Muscle Phagocytosis, 1895)
and explored phagocytic mechanisms in malignant
tumors (On the Phenomenon of Metachromasia in
Sporozoans Parasitic in Cancer Cells, 1892 and
Phagocytic Phenomenon in Cancer Tumors, 1895).
Most of Sudakevich’s scientific work was published
in international journals. During his tenure as head
of the division, Sudakevich significantly expanded
and enriched the collection of microscopic and
macroscopic specimens. His scientifically rich and
elegantly delivered lectures were consistently popular
among students [1].

In 1897 the division was headed by professor
ordinarius Fedor Ivanovich Romanov. Romanov
graduated with honors from the Medical Faculty
of Kharkov University and defended his doctoral
dissertation Changes in the Thyroid Gland with the
Internal Use of Potassium and Sodium lodides in
1889. He moved to Tomsk in 1891, where he worked
as a prosector and an acting associate professor in the
Pathological Anatomy Division of the Tomsk Institute.
Although Romanov officially received the title of
professor ordinarius only in 1901, he was permitted to
lecture during the tenure of Professor Sudakevich LI

Romanov’s scientific work focused on parasitology,
particularly echinococcosis, tumor pathology and
infectious diseases. He actively participated in the
activities of the Society of Naturalists and Physicians.
During his time in Tomsk he published 15 scientific
articles and mentored Viktor Pavlovich Mirolyubov
who later became the head of the Pathological
Anatomy Division [1].

The next head of the division was appointed only
in 1908. Professor Mikhail Mikhailovich Pokrovsky,
a 1888 graduate of the Saint Petersburg Medical
and Surgical Academy, took the position. Between
1889 and 1898, Pokrovsky worked at the Moscow
University and later spent six years as a prosector at
the Saint Petersburg Women’s Academy. His tenure as
head of the Pathological Anatomy Division coincided
with the division’s move to the newly constructed

building of the New Anatomical Complex within the
university grove.

Pokrovsky completely reorganized the museum,
acquiring 17 display cabinets, which have been
preserved and are stillinusetoday. Mostof Pokrovsky’s
scientific work focused on the foundational principles
of pathological anatomy and its practical applications.
He authored 4 Guide to Autopsies for Beginners, On
the Techniques of Pathological Autopsy, as well as
works such as The Beginning of Pathology: General
Pathology and What Are Pathological Phenomena?.
Additionally he published a series of articles on
infectious and oncological topics. In 1919, Professor
Pokrovsky moved to Nizhny Novgorod, where he
headed the Department of General Pathology and
Pathological Anatomy at the Medical Faculty of
Nizhny Novgorod University [1].

In 1922, the Pathological Anatomy Division
was headed by Viktor Pavlovich Mirolyubov. Born
into a priest’s family in Saratov Province in 1910,
Mirolyubov moved to Tomsk in 1890 after studying
at the Balashov Theological School and Astrakhan
Theological Seminary. In Tomsk, he entered the
university, graduating with honors in 1896 with
a degree in medicine. By May 1897, he had been
appointed an acting prosector in the Pathological
Anatomy Division. In 1900, Mirolyubov V.P. was
called to active military medical service in China.
During the Russo-Japanese War (1904-1905), he
served as a field physician with the active army. After
returning in 1910, Mirolyubov V.P. defended his
doctoral dissertation On the Development of Alveolar
Echinococcus in Humans in 1911 and was appointed a
private docent. By 1922, he had become a full professor.
His dissertation gained widespread recognition in the
scientific community for its uniqueness and was the
only work on this problem in Russian literature at the
time. It was actively cited and translated into foreign
languages. He was awarded the degree of Doctor of
Medical Sciences and the title of professor in 1935.

Throughout his years at the division, Mirolyubov
actively lectured on general and specific pathological
anatomy, conducted practical classes with
students, paid special attention to autopsy work,
and, in particular, diagnosed complex biopsy and
surgical material. He also consulted on challenging
cases requiring differential diagnoses. Professor
Mirolyubov V.P. sought to collaborate closely with
Western European universities. He visited various
cities, including Paris, Zurich, Freiburg and Munich,
to study the nuances of teaching pathological anatomy
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and the intricacies of a pathologist’s work. His
collaboration with the Berlin School of Pathology,
led at the time by Johann Orth - a student of Rudolf
Virchow - was especially notable.

As a result of this activity, Mirolyubov published
the monograph On Parenchymal Liver Cancer.
Initially featured in Virchow’s Archive, it was later
released as a standalone publication. The work was
distinguished by its proposal of the first classification
of parenchymal liver cancer. Mirolyubov was a
talented, organized, and deeply dedicated teacher and
a practicing physician. He also possessed exceptional
humbleness and humility. He authored over 40
scientific works on various pathological issues.
Among his distinguished students was academician
Innokenty Vasilyevich Toroptsev [1].

Innokenty Vasilyevich Toroptsev became the
head of the Pathological Anatomy Division in 1947
following the death of Professor V.P. Mirolyubov.
After graduating from a Soviet labor school in 1926,
Toroptsev entered the Medical Faculty of Tomsk State
University. During his early years at the university,
he actively participated in the scientific circle of the
Department of General Pathology under the guidance
of A.D. Timofeevsky. While still a student, Toroptsev
received several patents for inventions. In his fourth
year, he developed an interest in pathological anatomy
and spent his free time attending autopsies, learning
the intricacies and challenges of a pathologist’s work.
After graduating fromthe university in 1931, Toroptsev
entered a postgraduate program at the Pathological
Anatomy Division and became an assistant in 1933.
His candidate dissertation Scleropigment Nodules
in the Spleen was successfully defended in 1937.
Ten years later, in 1947, he defended his doctoral
dissertation Materials on the Problem of Plant-Based
Bactericides, and was awarded the title of professor
the same year.

Toroptsev authored 134 scientific works, including
five monographs and numerous articles published
in international journals. He held 16 patents for
inventions, all of which were officially recognized.
Toroptsev initiated research into the mechanisms of
action of electromagnetic fields and their potential
applications in medical practice. He established
the only interdisciplinary = magnetobiological
laboratory in Tomsk, based on the Polytechnic and
Medical Institutes. Under his scientific supervision,
30 candidate and 22 doctoral dissertations were
successfully defended. Among his well-known
students were prominent physicians and scientists,

including E.V. Goldberg, V.P. Desyatov, A.l. Ryzhov
and D.A. Gratsianov [1, 3, 4].

In 1961, for his outstanding contributions,
Toroptsev received scientific recognition and was
elected a corresponding member of the Academy of
Medical Sciences of the USSR. In 1969, he became
a full member. Practical work held a special place
in Toroptsev’s life. He was a meticulous autopsy
technician, highly skilled in clinico-morphological
analysis and an exceptionally knowledgeable,
responsible, and erudite pathologist [5, 6].

Due to illness, Toroptsev stepped down from
his duties in 1983, and Associate Professor Galina
Viktorovna Borisova served as acting head of the
division from 1983 to 1987. Borisova G.V. joined the
Pathological Anatomy Division at Tomsk Medical
Institute in 1953 as an assistant. In 1959, without
completing a formal postgraduate program, she
successfully defended her candidate dissertation
Pathological Anatomy of Listeriosis in Experimental
Animals, under the supervision of Professors
I.V. Toroptsev and S.P. Karpov, a corresponding
member of the Academy of Medical Sciences of the
USSR.

The results of her research were summarized in a
monograph and published in the Archive of Pathology
central journal . These findings were referenced
in multi-volume pathological anatomy guides and
the Great Medical Encyclopedia. Borisova co-
authored the monograph Listeriosis: Microbiology,
Clinic,  Pathological — Anatomy,  Pathogenesis,
Treatment, Epidemiology, Laboratory Diagnostics,
which remains a priority reference for researchers
studying this disease. Over her career, Borisova
published 61 scientific works. In recognition of
her organizational talent and high professional and
pedagogical standards, Borisova was awarded the title
Honored Worker of Higher Education in 2001 [4].

In September 1987, Vladimir Mikhailovich
Perelmuter was appointed the head of the Pathological
Anatomy Division. Born in Daugavpils, Latvian SSR,
Perelmuter graduated from Tomsk Medical Institute
in 1964 after attending Secondary School 24 in
Tomsk. As a student, he actively participated in the
microbiology department’s scientific circle, where
he studied the incubation period of listerial infection
under the guidance of Y.N. Odintsov.

After graduating from the institute, Perelmuter
worked as a microbiologist at the Tomsk Research
Institute of Vaccines and Serums while pursuing
postgraduate studies in histology part-time. In 1972,
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he served as a sanitary doctor for Tomsk’s sanitary-
epidemiological service and starting in 1973, as
a pathologist at the Tomsk Regional Oncology
Dispensary. In 1975, Perelmuter V.M. was appointed
an assistant at the Pathological Anatomy Division.
Five years later, he was appointed the head of the
Inter-University Magnetic Biology Laboratory
(Laboratory Number 25 at the Institute of Nuclear
Physics, Tomsk Polytechnic Institute). In 1981, under
the guidance of Candidate of Medical Sciences Y.N.
Odintsov and Doctor of Medical Sciences Professor
N.M. Tikhonova, Perelmuter V.M. successfully
defended his candidate dissertation Morphofunctional
Assessment of the State of Lymphoid Organs and
the Liver in Early Stages of Experimental Chronic
Listerial Infection in Mice, at the Academic Council
of Novosibirsk Medical Institute. He later studied the
biological effects of millimeter-range electromagnetic
radiation and discovered the phenomenon of functional
asymmetry in the bone marrow of mice’s hind limbs
and inguinal lymph nodes.

These findings led to new research into the
functional asymmetry of parenchymal organs under
normal and pathological conditions, becoming a
primary research focus under Perelmuter’s leadership.
From 1987 to 2012, Perelmuter served as the head
of the Pathological Anatomy Division. In 1990, the
USSR State Committee for Public Education awarded
him the academic title of associate professor. In 1996,
he successfully defended his doctoral dissertation
Functional Asymmetry of the Thymic-Adrenal System,
supervised by Academician of the Russian Academy
of Medical Sciences, Professor E.D. Goldberg. In
1998, Perelmuter was awarded the title of professor.
Between 2002 and 2019, he simultaneously headed
the Department of Pathology and Cytology at Tomsk
Oncology Research Institute.

Perelmuter was an innovator in pedagogical and
scientific activities. He introduced a rating system
for evaluating students’ knowledge in pathological
anatomy, developed a comprehensive digital lecture
course and applied an integrated approach to studying
pathological processes and nosological forms,
emphasizing pathogenetic and clinical parallels.
Under his leadership, the department digitized its
macro-specimen collection and created high-quality
illustrative materials for educational purposes. A
computer lab was established to enable students,
interns, residents, postgraduates and physicians to
study morphological changes at both macroscopic and
microscopic levels.

Perelmuter’s primary research interest was
the mechanisms underlying the formation and
progression of malignant neoplasms. He developed
new scientific directions in pathology and oncology,
focusing on tumor heterogeneity, the role of the
tumor microenvironment and chronic inflammation
in the pathogenesis of malignant tumor growth. He
introduced an innovative approach to assessing the
pathological manifestations of tumor heterogeneity
in breast cancer. His research demonstrated that
morphologically distinct carcinoma structures could
be associated with varying prognoses.

Together with his student, Doctor of Medical
Sciences V.N. Manskikh, Perelmuter proposed an
original hypothesis explaining the selective metastasis
of malignant neoplasms to specific target organs.
The hypothesis included experimental predictions
and potential strategies for metastasis prevention.
Furthermore, they proposed a hypothesis to explain
the mechanisms of lymphatic metastasis in sarcomas.

Perelmuter is a highly qualified specialist in
morphological tumor diagnostics. At the Tomsk
Oncology Research Institute, he established one of
Russia’s first immunohistochemical and molecular
research laboratories for precise verification of
malignant processes. These advanced methods
improved diagnostic accuracy, optimized cancer
treatment, and achieved better clinical outcomes.
Under Perelmuter’s supervision, 8 doctoral and
14 candidate dissertations were defended. His
notable students include Professor M.V. Zavyalova,
Professor S.V. Vtorushin, Associate Professor I.L.
Purlik, Doctors of Medical Sciences V.N. Manskikh,
L.A. Tashireva, and N.V. Vasiliev.

Since 2012, Pathological Anatomy Division
has been headed by Professor Marina Viktorovna
Zavyalova. In 2004, under the supervision of
Professors V.M. Perelmuter and E.M. Slonimskaya,
M.V. Zavyalova successfully defended her candidate
dissertation Features of Breast Cancer Progression
Depending on the Morphological Variant of the
Tumor and Background Dysplastic Processes at the
Dissertation Council of the Tomsk Oncology Research
Institute. In2009, she defended her doctoral dissertation
Relationship ~ Between — Tumor — Morphological
Structure, Lymphatic and Hematogenous Metastasis
in Infiltrative Ductal Breast Cancer. In 2013, she was
awarded the title of professor.

Professor Zavyalova continues the legacy of V.M.
Perelmuter, developing both the educational and
scientific activities of the department. She restructured
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the complete lecture course on pathological anatomy,
adapting it to practical clinical work and current
clinical guidelines. As a practicing pathologist at
the Pathological Anatomy Division of Siberian State
Medical University Clinics (under the Russian Ministry
of Health), Zavyalova integrates her professional
expertise into the educational process. This led to the
creation of a digital archive of histological preparations
and the development of educational materials with
high-quality, original illustrations. Zavyalova M.V.
introduced mentorship and gamification into the
educational process to enhance student engagement.

She also places great emphasis on organizing
extracurricular activities to strengthen students’
knowledge and motivation. To prepare students
for clinical disciplines and ensure the continuity of
knowledge from junior to senior years, she organized
and implemented a system of student clinical-
anatomical conferences. The mentoring system allows
students to acquire additional skills and competencies.

Zavyalova’s scientific interests include the study
of tumor progression mechanisms, particularly
intratumoral heterogeneity, invasion, generalized
metastasis, and primary-multiple tumor growth. As a
leading researcher at the Department of General and
Molecular Pathology at the Tomsk National Research
Medical Center, Zavyalova has supervised the defense
of 15 candidate dissertations. She actively trains
personnel to strengthen the pedagogical and research
activities of the division. Among her students are
Associate Professor N.V. Krakhmal, N.S. Telegina,
D.S. Pismenny and V.V. Alifanov.

Over the years, the division has been home to
outstanding specialists, educators, and prosectors,
including Professor D.A. Gratsianov, Associate
Professor O.M. Ordina, T.G. Kamneva and B.V.
Novitsky. Throughout its existence, the Pathological
Anatomy Division has been one of the leading
divisions at Siberian State Medical University,
excelling in teaching, organizational, and scientific
activities. It has provided students with in-depth
knowledge, clinical reasoning skills, and has trained

Author Information

talented pedagogical and scientific personnel. The
division’s contributions have significantly impacted
both science and practice.

Today, the division’s academic staff includes 4
Doctors of Medical Sciences and 7 Candidates of
Medical Sciences. Since its founding, division faculty
members have traditionally combined teaching with
practical work as pathologists, performing autopsies
and examining biopsy and surgical material. Since
2010, the clinical base of the division has been
represented by the Pathological Anatomy Division of
Siberian State Medical University Clinics headed by
Professor S.V. Vtorushin.

The combination of theory and practice, requiring
constant professional development from instructors,
makes the educational process engaging and enriching
for students. For of them, the study of pathological
anatomy remains one of the most memorable
experiences of their medical education.
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U3spaTtenbckuu aomMm Cubupckoro rocygapcTBeHHOro
MeAULMHCKOro YHUBepcuTeTa npeactaBnseT cepuio KHUr

«Hacrnemyue TOMCKOM MeIULIMHBI

Knura nocesiweHa 130-neTHemy tobuneto kacheapbl rocnutanbHOM Xupyprm
Cunblr'MY. MpueeneHbl Grorpaduyeckme aaHHble 79 COTPYAHMKOB KITUHUKK U
Kadpeapbl rocnutanbHon xvpyprum B nepuogd ¢ 1892 no 2022 r. im npeaLwecTsyet

= nogpobHas cTaTbsl, XapakTepusytoLas OCHOBHbIE Hay4YHO-NpaKTU4eckne
ey AP paiTepnsyioLt yano-np

PNy peom) R CR AU O COCYANCION AOOCTUMXKEeHUSA KonneKkTBa Ha KaXXaoM UCTOPUYECKOM OTpe3Ke. B nspgaHun
: —~— YNOMAHYTbI HE TOJTbKO BblAakoWmMeca Xxmpypru, 3ses3abl MMpOBOIZ BENMUYUHbI, HO U

pazoBble Npodeccopa, AOLEHTbI, aCCUCTEHTbI, Bpaun-OpanHaTOPbI, MHOTVE U3
KOTOpbIX CBsi3anu ¢ kadeapor 1 KNMHUKORM BCIO CBOK TpyaoByto buorpaduto. Mpu
N3NOXEHUM MaTepuana Hapsiay C TPaauLUMOHHBIMU UCTOYHUKaMK MHbopmaLmum
1crnorb3oBaHbl aBToGuorpaduyeckne JOKYMEHTbI, JaHHbIE U3 CEMEHbIX apXVBOB,
NMPOU3BOACTBEHHbBIE XapaKTePUCTUKM HEPEOKO C COXpaHeHMeM aBTOPCKOro CTUMSI.

3710 No3BOMNSAET NonHee oLwyTUTb aTMocdepy B obLecTBe 1 paboyem
KONMMeKTUBe B pa3Hble rodbl CyLLEeCTBOBAHWS KMUHMKK. TekCcToBasi MHopmMaLms
conpoBoxaeHa boraTblM UNMCTPaTUBHLIM MaTepuanom, MHorme doTtorpacdum
ony6rnvKoBaHbI BNepBble.

M3pnaHve npegHa3HavyeHo Anst XMPYpros, CTYAEHTOB CTapLUMUX KypCoB
BpayebHbIX (hakyrnbTETOB, CNELNATIUCTOB MO UCTOPUU MEAULMHDI.

TpEXTOMHAsA MNMIOCTPUPOBaHHas
NEeTONUCb OAHOIO U3 CTapenLImx
1 Hanbornee aBTOPUTETHbIX
MeauUMHCKMX By30B Poccum —
CMGMpCKorO (TOMCK-OFO) rocyﬂaPCTBeHHor9 HAMOCTPHPORAHHEIE CTPAHMILE

MEAMULIMHCKOTO YHUBEPCUTETA SBMSAETCH MO CyTW NEPBOM CEPbE3HON NOMbITKON NETOMHCH
ocBeTUTbL 6onee Yyem 140-NeTHIOK MCTOPUIO 3TOrO NPOCHABEHHOMO
yHuBepcuTeTa.OCob6eHHOCTBIO N3aaHNs SBNSETCS ero Goratennin MNNCTPaTUBHLIN
maTepuan, BkrnovatoLwmin 6onee Yetbipéx Toicay dpotorpacuii (B Tom Yncne paHee
NpPakTUYECKN HEM3BECTHBIX), Y HUKOTAA He Ny6rMKoBaBLUMECS [0 STOro KpaHe
NBOMNbITHbIE U MHTEPECHBIE (haKTbl O XKWU3HU YHUBEPCUTETA, Er0 CTYAEHTOB U
npodeccopos, BOCMOMUHAHWUS 1 pacckasbl BbIMyCKHUKOB U NpenoaaBaTtenen By3a.
[ns camoro LMpOKOro Kpyra
yuTaTenein, UHTepecyLLMXCs
NCTOPUEN POCCUNCKUX YHUBEP-
fﬁmm CUTETOB, OTEYECTBEHHOIO BbIC- eroded

1 i LLIero MeauLMHcKoro obpaso-

BaHUS 1 HayKu, pasBUTMEM

KINMNHUYECKUX U Hay4yHo-Mmeaun-
ARANEMHK X

LIMHCKUKX LLKOIM, 34paBOOXpaHeHud,

nﬂ}ﬂ‘p“ﬂ JNMHATPHEBHAY uctopuen TOMCKa,PCVI6I/IpI/I,
SINOKOB iz i

B kHure npeacraeneHbl 6uorpadus n 063op Hay4HOW,
neaarornyeckomn 1 obLLIeCTBEHHOW AeATENBHOCTU
BbIJAOLLIErocst yHEHOro, TepanesTa, KNMHULWCTA, akageMuka
AMH CCCP, l'eposi Counanuctmnyeckoro Tpyaa, naypeata
CranuHckon npemun OMutpua Omutpresnya Abnokosa
(1896-1993).

[nsa Bpayen, CTyAEHTOB, BCEX NHTEPECYIOLLMXCS UCTOpUEN
MEAULIMHBI.
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