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UspaTtenbckuun pom Cnbupckoro
rocyfapcTtBeHHOro MeaAnLLIMHCKOro
YHUBepcuUTeTa NpeacTtaBisieT Ceputo KHUr

«Hacrnemme
TOMCKOM MEJIMLIMHbL»

KHura noceslleHa namsit
[OKTOpa MEAMLIMHCKMX Hayk,
[l (Ve B
. | npodeccopa Bnagumupa
HembsHoBuya Cyxogono
AM. Benreposckuii, O.E. Bausosa, T.M. ITaotuxosa S (1919-2000), y4acTHuka 060pOHbI

[ | rore
T |MEmuHb

JleHnHrpaga, uHsanuaa Benvkon
ARAJEMHK OTeyecTBEHHO BOIiHbI, pabo-
HHAKONAA BACHNbLEBHY TaBLero B Cnbupckom rocyaap-
BEPLUMHHH BOCNOMHHAHHSA CTBEHHOM MEAMLMHCKOM YHUBEP-
0 NPODECCOPE CYX0MO0J0 cutete (CUBIMY, Tomckom Meau-
LIMHCKOM MHCTUTYTE) B 1948—
2000 rr. C yBaxkeHMeM, BOCXMLLe-
Huem m NtboBbI Npodeccopa
B.[. Cyxogono BCnoMuHatoT yye-
HUKW, Konneru, apy3bs, YreHbl
CeMbW, POLHbIE.
[nsa Tex, KTO MHTepecyeTcs
NCcTopMen MeauLImHBbl,
Cwnbupckoro rocyaapcTBEHHOrO
MeOMLIMHCKOrO yHUBEpCHUTETa,
Tomcka.

B kHure npeactasneHsl Guorpadus n
0630p Hay4YHOW, Negarornyeckon u
06LLEeCTBEHHON AEATENBLHOCTH M.P. Kapuosa, C.A. Hexpriaon
BblgatoLLierocs dhapmakosnora, akagemmka
AMH CCCP, 3acnyeHHOro aeatens Hayku ARANEMHK
PC®CP, naypearta CtanuHcko CEPTEA NMETPOBHY
(FocymapcTtBeHHo) npemumn Hukonas KAPNOB
BacunbeBunya BepLunHuHa (1867—1951). . i
[ns Bpayew, CTyAEHTOB, Y4eHbIX, BCEX
VHTEPECYIOLLINXCS NCTOPUEN MEAULIMHBI. B kHure npencTasneHs
Buorpacus n o63op
Hay4YHOW, Negarornyeckom n
obLuecTBeHHON AeATenb-
HOCTW BblAatoLLerocs
MUKkpoburonora, Bupycornora
1 anugemuonora, akagemuka
AMH CCCP, 3acnyeHHoro
nestenst Haykn PCOCP
Cepres NeTpoBuya Kapnoea
(1903-1976).
[ns Bpayen, CTyAEHTOB,
YYEHbIX, BCEX MHTEPECyHo-
LLMXCS UCTOPUE MeaNLIMHDI.
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Dynamic changes in RNA integrity, gene expression, and tissue
pathomorphology of experimental mice in the postmortem period
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ABSTRACT

Aim. To examine the pattern of morphological changes, RNA quality number, and gene expression in mouse
tissues sampled at autopsy under controlled experimental conditions.

Materials and methods. Balb/c mice were euthanized and subsequently subjected to necropsy at 0, 3, 12, 24, 48,
and 72 hours of the postmortem period. During the first three hours following euthanasia, the mice were maintained
at room temperature, after which they were transferred to a refrigerator (4 ‘C). Total RNA was extracted from
tissue samples taken from the kidney, liver, and brain; the integrity of the RNA samples was assessed by capil-
lary electrophoresis, and the RNA quality number (RQN) was calculated. The expression levels of Actb, Epasl,
and Rpsl8 housekeeping genes were evaluated by real-time quantitative reverse transcription polymerase chain
reaction (RT-qPCR) with original primers and probes using the TagMan assay. The histologic examination was
performed according to standard techniques.

Results. Degradation of RNA extracted from mouse kidney tissues appeared to be greater than that of RNA taken
from the liver. In the meantime, a negative linear correlation was observed between RQN and the duration of
the postmortem interval for liver and kidney samples. In contrast, no significant changes in the RQN score were
observed for brain RNA samples at any of the time points. The expression of the Epas/ and Rpsl8 genes was
significantly decreased in mouse kidney and liver tissues. However, the level of Epas/ and RpsI8 gene expression
in the brain remained stable at all time points and did not exhibit a significant decrease at 72 hours after euthanasia.
No obvious morphological changes were detected by the histologic examination, which does not exclude the
presence of ultrastructural pathological changes.

Conclusion. RQN in autopsy tissues serves as a crucial predictor of sample quality for molecular biology studies,
including gene expression analysis.

Keywords: postmortem interval, autopsy, RNA integrity, PCR, gene expression
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AvnHamnuyeckne nsmeHeHms yenoctHoctu PHK, akcnpeccun reHoB
n natomop¢onorna TKaHel SKCNepuMeHTaibHbIX MbiLUE
B NOCMEpPTHOM nepuopge

Bywnko E.E., NepwuHa E.A., BacunbyeHko [.B., Libinenosa U.A., XmeneBckas E.C.,
Yédanpees A.A., Kangaw O.A., UBaHoB B.B., Bropywwuh C.B., YayT E.B.

Cubupckuii cocyoapcmeennblil meouyurckuu ynugepcumem (Cubl’ MY)
Poccus, 634050, 2. Tomck, Mockoeckuu mpaxm, 2

PE3IOME

Heasn. M3ydeHne 3aKOHOMEPHOCTH MOP(OIOTHICCKUX W3MEHEHU, BennunHbl nenoctHoctd PHK u marTepHOB
9KCTIPECCUH T€HOB TKaHEH MBIIIeH, 0TOOpaHHBIX TIPH ayTOIICHU B KOHTPOIUPYEMBIX YCIOBHSX.

MatepuaJsl 1 MeToabl. Mbimeii muanu Balb/c mogsepranu sBraHasmuu ¢ nocienyrouield Hekporcueit uepes 0, 3,
12, 24, 48, 72 4. Ilepsble 3 4 mocie 3BTaHA3UU MBIIIM HAXOIMINCH IPU KOMHATHOH TeMmeparype, a 3aTeM ObLIH
nepemenieHsl B xonoamibHUK (4 °C). Oburyro PHK Beimensnu u3 o6pa3uoB TkaHel MOYeK, MEYSHH, TOJIOBHOTO
MO3ra, HeaocTHOCTh 00pa3os PHK u3mepsinu mpu noMomy KanmuIsspHOTo 3JeKTpodopesa ¢ pacyeToM 3HaYeHUH
RQN (RNA Quality Number). YpoBeHb 3KCTIpeccHr TeHOB JoMaIHero xo3siicTea Actb, Epasl, Rps18 onennBanu
IIPY TIOMOIIM 0OPAaTHO-TPAHCKPHUIITA3HON KOJTMUECTBEHHOM MOIMMEPa3HON IEMHOM peakiy B PKUME pealbHOTO
Bpemenn (RT-qPCR) ¢ opurnHansHbIME TpaiiMepamMu U 30HAaMH 110 TexHoioruu TaqgMan. ['nctomoruueckoe uc-
ClIeI0BaHKE BBIMOHEHO MO CTAHAAPTHON METOHUKE.

PesyabTartbl. Beinenennas u3 tkanei nouek mpiniet PHK noaBepikeHa nerpaganuu B OOJbIICH CTEIIEHH C yBe-
JUYEHUEM MmocMepTHOTo MHTepBana, yeM PHK meuyenu. [Ipu 3ToM oOHapyXeHa OTpHIIaTeIbHAS JTHHCHHAS 3aBU-
CUMOCTh Mexay nokazareneM RQN U UIHTEIbHOCTHIO OCMEPTHOTO MHTEpBaJIa JJIsl 00pa3loB MMEYSHHU U MOYeK
JKUBOTHBIX. B TO ke Bpems oOpa3ubl PHK ronoBHOro Mosra He I€MOHCTPUPOBAIN CYIECTBEHHOTO M3MEHECHUS
nokazatesis RQN Bo BceX BpeMEHHBIX TOUKaxX. B TKaHsAX MOYEK U MEYEHH MbIIICH 3HAUUTEILHO CHIXKAETCS DKC-
nipeccusi reHoB Epas] v Rps18. OnHako BeJIMuruHa YKCIPecCHu reHoB Epas v Rps 18 B TOJIOBHOM MO3T€ )KUBOTHBIX
ocTaeTcsl CTaOMIBHOM BO BCEX BPEMEHHBIX TOUKaX W HE ACMOHCTPUPYET 3HAYMTEIBLHOTO CHHXKEHUS uepe3 72 4
ocJie MPOBEACHUS IBTaHa3HH. [IpH THCTONIOTHUECKOM HCCIIC0OBAaHUU HE OOHAPYKEHO SIBHBIX MOP(]OIOTHUECKIX
W3MEHEHUH, YTO HEe UCKIII0YAET HATMYUS YIbTPACTPYKTYPHBIX NMaTOJOTHUYESCKUX U3MEHEHUH.

3axaouenne. Bemmuuna nenoctaoctr PHK (RQN) B ayTONCHIHBIX TKAHSAX SBIISIETCS] BXKHBIM IIPEJUKTOPOM Ka-
gecTBa 00pasiia ISt MOJISKYIISIPHO-OMOJIOTHIECKIX UCCIIEA0BAHNUH, BKITIOUAsl aHATIM3 YKCIIPECCHH T€HOB.

KiroueBble ¢j10Ba: IOCMEPTHBIN UHTepBall, ayromncus, neaoctHocts PHK, I1L[P, sxcrpeccus reHos

KonpaukTt unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH(OINKTOB HHTEPECOB,
CBSI3aHHBIX C COJCP)KAHUEM HACTOAIIEH CTaThU.

Hcrounuk puHancupoBanus. VccnenoBanue BBIMOIHEHO NPH GUHAHCOBOM MOAICPKKE POCCHIICKOro HaAyYHOTO
¢donza B pamMkax HayyHoro npoekta Ne 23-69-10035 «HoBble moaxoabl BTUIANNK Pe3yIbTaTOB MOJIEKYJISIPHOTO
MPOPUIHPOBAHHS TATOJIOTMICCKUX M3MECHEHU I TKAHEH Ha OCHOBE JaHHBIX MOJICKYJISIPHOTO PO(UIHPOBAHHUS, IO~
JIYYCHHBIX TIPU MCCIICIOBAHUN OUOTICHU M Ay TOTICHID).

CooTtBercTBHEe NpHHIOUNAM 3THKH. ViccnenoBanue onobpeno komuccueit IACUC Cu6I'MY (zaxmouerne Ne 1
ot 05.06.2023).

s untupoBanus: byiiko E.E., [lepuna E.A., Bacunsuenko /1.B., Lpinenosa U.A., Xmenesckas E.C., Ydannge-
eB A.A., Kaifnam O.A., BanoB B.B., Bropymmn C.B., Yyt E.B. [lunamuueckue usmenenns neiaoctnocta PHK,
IKCIIPECCUH T€HOB U MATOMOP()OIOTHsI TKaHE! SKCIIEPUMEHTAIBHBIX MBIIICH B IOCMEPTHOM TiepHoe. boiiemens
cubupcroi meouyunst. 2024;23(4):5—14. https://doi.org/10.20538/1682-0363-2024-4-5-14.

INTRODUCTION

Dynamic changes in rna integrity, gene expression, and tissue pathomorphology

Postmortem tissue studies have fundamental
importance for forensic medicine and biological
research in the study of the etiology and pathogenesis
of many diseases [1, 2], especially in oncology [3].

Biological materials of cancer patients obtained
at autopsy are of great interest for research since
they provide an adequate assessment of the quality
of clinical diagnosis and allow to develop optimized
treatment strategies [4]. The main approach to
identifying pathological changes occurring in the
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body at the tissue level is morphological research,
which is an interpretation of the tissue structure based
on findings of the microscopy analysis, including
the use of immunohistochemistry methods. In the
meantime, implementation of advanced methods for
assessing protein expression into clinical practice
and translational multi-omics studies provide the
most comprehensive understanding of cancer-related
pathogenetic processes associated with changes in the
molecular, metabolic, and genetic landscapes [5].

However, the use of postmortem tissues is
invariably accompanied by a time delay, since
samples cannot be immediately stored under
conditions, which prevent biological molecules from
degradation. Cell autolysis and tissue degradation
threaten the reliability of gene expression data and
multi-omics studies [2].

Therefore, the time interval between death and
sample collection is an important factor in the accuracy
and reliability of molecular biology research data, and
we can consider postmortem RNA degradation as one
of the markers of autopsy tissue integrity [2].

Traditionally, RNA integrity has been assessed
qualitatively by comparing the intensities of 28S and
18S ribosomal RNA (rRNA) bands during agarose
gel electrophoresis. More recently, automated
electrophoresis systems employing microfluidic
technologies have been developed that are capable
of quantitatively assessing RNA quality based on the
analysis of digital electropherograms [6].

Indeed, RNA molecules in cells are extremely
vulnerable to degradation, and measuring the RNA
Quality Number (RQN) is a standard method for
assessing RNA degradation [7].

The literature data on the influence of RNA
integrity on the reliability and validity of the results
of molecular biology studies of autopsy tissues are
contradictory [8—10]. Several studies have attempted
to investigate the relationship between RNA integrity
in postmortem human brain tissue and the results
of gene expression analysis [11] or transcriptome
profiling [7].

However, a significant limitation in the design
of the presented studies is that they do not assess
the influence of such factors as the duration of the
postmortem interval and standardization of tissue
sample preparation. Therefore, the study of the
influence of these factors on dynamic changes in
RNA integrity under strictly controlled experimental
conditions has a great practical significance; these
conditions can only be created using animal models.

The aim of this study was to investigate the patterns
of morphological changes, RNA quality number, and
gene expression patterns in mouse tissues, selected
and sampled at autopsy under controlled experimental
conditions.

MATERIALS AND METHODS

The experiments were carried out on 30 female
Balb/c mice (aged 7 weeks at the beginning of the
study) obtained from the specific pathogen-free facility
of the Research Institute of Cytology and Genetics
of the Siberian Branch of the Russian Academy of
Sciences (Novosibirsk).

The use of animals in this study was approved by
the IACUC commission at Siberian State Medical
University (Protocol No. 1 of 05.06.2023).

The animals of all groups were euthanized by
cervical dislocation following Forane anesthesia
(AESICA QUEENBOROUGH Limited, United
Kingdom).

The animals of group 1 were subjected to necropsy
immediately after euthanasia as a control (n = 5).
The animals of the remaining experimental groups
were subjected to necropsy at 3, 12, 24, 48, and
72 hours after euthanasia (n = 5 for all groups). In the
meantime, in the first hours after euthanasia, the mice
were kept at room temperature and then were placed
in the refrigerator (+4 “C). This allowed to simulate
conditions that were as close as possible to the routine
autopsy protocol for patients who died in specialized
medical facilities [4].

Total RNA was extracted from tissue samples
using the HiPure Total RNA Kit (Guangzhou
Magen Biotechnology, China) in accordance with
the manufacturer’s instructions. The concentration
and quality of the isolated RNA were assessed by
measuring the optical density at 260 and 280 nm
using the Nanodrop 2000 UV-VIS spectrophotometer
(Thermo Scientific, USA). The integrity of the RNA
samples was assessed using capillary electrophoresis
on the Bio-Fragment Analyzer (Bioptic Inc., China).

The isolated RNA was used to synthesize cDNA
using the MMLV RT kit (Evrogen, Russia) in
accordance with the manufacturer’s instructions.
Primers and probes (FAM-BHQI1) were designed
using the Vector NTI Advance 11.5, Oligo 7,5 software
and the NCBI Nucleotide Database (http://www.ncbi.
nlm.nih.gov/nuccore). The expression level of Epas/
(Endothelial PAS Domain Protein 1) and Rpsl§
(Ribosomal Protein S18) genes was assessed using
TagMan RT-qPCR on the Rotor-Gene-6000 amplifier

BionneteHb cM6UPCKO MeanLmHbl, 2024; 23 (4): 5-14 7
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(Corbett Research, Australia) (with original primers
andprobes (ACTB: F5’ TGGCAACGAGCGGTTC3’;
R 5> CATAGAGGTCTTTACGGATGTCA 3’; Probe
FAM-5’-tggcaacgagcggttc-3’- BHQ1; amplicon of
134 bp; EPASI: F5° ATGTGTGAGCCAATCCAGC
3’; RS’ TCCAAGATTCTGTCGTCACAG 3’; Probe
FAM-5’-atgtgtgagccaatccage-3’- BHQI1; amplicon of
116 bp; Rps18: F5° CCGCCATGTCTCTAGTGATC
3’; R 5 GTGATGGCGAAGGCTATTT 3’; Probe
FAM-5’- ccgccatgtctctagtgatc-3’- BHQ1; amplicon
of 97 bp). PCR was performed in three replicates
in a volume of 15 pl containing 250 uM dNTPs
(SibEnzyme, Russia), 300 nM forward and reverse
primers, 200 nM probe, 2.5 mM MgCl, 19 x SE
buffer (67 mM Tris—HCI, pH 8.8 at 25 °C, 16.6 mM
(NH,),SO,, 0.01 % Tween-20), 2.5 U Hot Start Taq
DNA polymerase (SibEnzyme, Russia), and 50 ng
cDNA. The two-step amplification program included
1 cycle of initial denaturation for 10 min at 94 °C;
40 cycles — step 1 for 10 sec at 94 °C and step 2 for
20 sec at 60 °C. The Actb (actin beta) gene was used
as a reference gene. Relative gene expression was
calculated using the Pfaffl method [12] and expressed
in units. Calibrator values were averaged values
obtained from the RNA samples extracted from mouse
tissues immediately after euthanasia.

For the histologic examination, the mouse
tissue samples were placed in 10% neutral buffered
formalin with subsequent fixation of the material for
24 hours. The histologic processing of the material
was carried out according to the standard method in
the ASP 6025 automated vacuum tissue processor
(Leica Microsystems, Germany) with the preparation
of paraffin blocks. Histologic sections with 4-5 um
thickness were obtained from the paraffin blocks
using the HM 430 sliding microtome (Thermo Fisher
Scientific, Germany). Microslides were stained with a
ready-made solution of hematoxylin and eosin in the
Varistain™ Gemini automated slide staining (Thermo
Fisher Scientific, United Kingdom). Morphological
examination and photography of the histologic
microslides were carried out using the Eclipse Ni
upright microscope (Nikon, Japan) and Nikon digital
camera (Japan) with the NIS-Elements D 5.20.00
image analysis tool (Nikon, Japan). The morphological
study included an assessment of changes in organs
and tissues for signs of autolysis.

Experimental data were processed using the
GraphPad Prism 8 software (GraphPad Software,
USA). All results were presented as the mean and
the standard deviation (M + SD). The normality of

distribution was checked using the Shapiro — Wilk
test. The significance of differences between the
study groups was tested by the analysis of variance
adjusted by the Benjamini — Hochberg correction. The
relationship between the features was assessed using
the Pearson’s correlation coefficient. The differences
were considered statistically significant at p < 0.05.

RESULTS

In the present study, the quality of RNA isolated
from the mouse kidney, liver, and brain was assessed
under conditions similar to those used in human
autopsy, and RQN was used as an indicator of RNA
integrity.

It was found that in the mouse tissues taken
from the kidneys, liver, and brain immediately after
euthanasia, the RQN values were 8.86 + 0.49, 8.48
+ 0.44, and 8.36 £ 0.61, respectively (Fig. 1A, 1C,
1E). When calculating RQN, we considered the
fractions of the areas in the 18S and 28S peaks on the
electropherogram compared to the total area under the
curve, the proportion of large molecules compared to
smaller ones, and the height of the 18S and 28S peaks,
which allowed to obtain comprehensive information
about the degree of degradation in RNA molecules
[13]. ROQN values range from 1 to 10, where 10
corresponds to the highest integrity of the isolated
RNA. The obtained results indicate high integrity
of RNA molecules in the selected samples and are
consistent with literature data [14].

Keeping mice after euthanasia at room temperature
for 3 hours did not result in a decrease in RNA
integrity in any of the organs studied (Fig. 1A, 1C,
1E). The integrity of RNA isolated from the mouse
kidneys after further storage at +4 "C for 12 hours was
reduced by 34.9% (p < 0.0001), the integrity of liver
RNA decreased by 15.8% (p = 0.0443) (Fig. 1A and
1C). A further increase in the postmortem interval to
24, 48, and 72 hours at +4 'C was accompanied by
a consistent decrease in the RNA integrity for the
tissues of both organs; the end RQN values for them
were 4.00 + 0.86 and 4.81 + 0.35, respectively.

Thus, RNA isolated from mouse kidney tissue
was more susceptible to degradation with increasing
postmortem interval. At the same time, brain RNA
samples did not show a significant change in RQN at
all time points (Fig. 1E). It is important to note that
the 260 / 280 ratio, which characterizes the purity of
the isolated total RNA, was in the range from 2.0 to
2.3 for all RNA samples, and no significant changes
in this parameter were observed immediately after

8 Bulletin of Siberian Medicine. 2024; 23 (4): 5-14



Original articles

euthanasia of the animals and at different time points
of the postmortem interval.

A negative linear relationship was found between
RQN and the duration of the postmortem interval for
mouse liver and kidney samples (Fig. 1B and 1D). In
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the meantime, such a correlation was not identified
for mouse brain tissue (Fig. 1F). The obtained results
indicate that the degree of RNA degradation depends
on the type of tissue and the duration of the postmortem
interval.
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Fig. 1 — RQN and its relationship with time after euthanasia in the kidneys (A and B), liver (C and D), and brain (E and F) of mice.

Mouse cadavers were kept at room temperature for the first three hours after euthanasia; then they were moved to the refrigerator

(+4 °C). The number of animals in each group was n = 5. * — the differences were statistically significant (p < 0.05) compared to the
group of animals subjected to necropsy immediately after euthanasia (0 h)
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Fig. 2 — Expression of Epasl and Rpsi8 genes in the kidneys, liver, and brain of mice at different time points after euthanasia,
assessed with respect to the Actb (actin beta) reference gene. Mouse cadavers were kept at room temperature for the first three hours
after euthanasia; then they were moved to the refrigerator (+4 °C). The number of animals in each group was n = 5. * —the differences
were statistically significant (p < 0.05) compared to the group of animals subjected to necropsy immediately after euthanasia (0 h)
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It is known that the integrity of RNA molecules
is important in experiments aimed at assessing gene
expression [14]. To assess the relationship between
RNA integrity in mouse tissue and the results of
molecular biology studies in selected samples of
kidneys, liver, and brain using RT-PCR, the expression
of housekeeping genes Actb, Epasl, and Rpsi8
was assessed. Actb was chosen as a reference gene
due to its high stability in the postmortem tissue
samples [15].

Following the experiments, it was established that
in the kidney tissues of mice after storing for 12 hours
(3 hours at room temperature and 9 hours at +4 °C), the
expression of the Epasl gene significantly decreased
from 1.5 £ 0.4 units to 0.9 = 0.3 units (p = 0.0167).
In the liver, the expression of this gene decreased
only 48 hours after euthanasia (1.4 + 0.4 units after 3
hours and 0.7 + 0.2 units after 48 hours, respectively,
p = 0.0141). Increasing the postmortem interval
resulted in a further decrease in Epas/ gene expression
in the kidneys and liver (Fig. 2A and 2C).

It is worth noting that the kidney and liver tissues

Time, hours Kidneys

24

48

72

showed a slight increase in RpsI8 gene expression
12 hours after euthanasia (by 15.4% in the kidneys
and by 30.0% in the liver compared to autopsy
material collected 3 hours later) (Fig. 2B and 2D).
Subsequently, the expression of this gene decreased,
and after 72 hours of tissue storage, it was 0.6 + 0.1
units in the kidneys (1.3 £ 0.3 units after 3 hours,
p=0.0012) and 0.5 £ 0.2 units in the liver (1.0 + 0.3
units after 3 hours, p = 0.0454).

At the same time, the expression level of the Epasi
and Rps18 genes in the brain of the animals remained
stable at all time points and did not show a significant
decrease 72 hours after euthanasia (Fig. 1E and 1F).

Therefore, the demonstrated dynamic changes in
gene expression patterns in mice are consistent with
the above results of RNA integrity assessment and
depend on the organ studied and the duration of the
postmortem interval.

To characterize postmortem changes in autopsy
samples (kidneys, liver, and brain) of mice,
pathomorphological and histologic studies were
carried out (Fig. 3).

Liver Brain

=

Fig. 3. Microscopic image ot the kidneys, liver, and brain ot mice at ditterent time points atter euthanasia. For the first three hours
after euthanasia, mouse cadavers were kept at room temperature; then they were moved to the refrigerator (+4 °C). Staining with
hematoxylin and eosin, x10
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In tissue samples obtained from the experimental
animals at different time points (at 0, 3, 12, 24, 48, and
72 hours after euthanasia), the histologic structure of
organs was preserved. In the kidneys at all stages of
the experiment, the cortex and medulla were clearly
differentiated, the renal tubules appeared normal, and
no autolysis phenomena were detected at the optical
level (Fig. 3). When examining the liver samples, the
histologic structure of the organ was also preserved;
some of the specimens contained cytoplasmic lipid
inclusions in hepatocytes and showed signs of granular
dystrophy. No signs of autolysis were detected in any
of'the samples studied (Fig. 3). Mild pericellular edema
was observed in the brain, macro- and microglia were
preserved, and no autolysis was detected in any of the
samples studied (Fig. 3).

Thus, at the microscopic level, no obvious
morphological changes, such as autolysis and
degenerative changes, were detected, which does not
exclude the presence of ultrastructural pathological
changes [16].

DISCUSSION

The integrity of RNA molecules is of paramount
importance in experiments aimed at assessing gene
expression of isolated RNA, especially in modern
high-tech studies using microarrays and multi-
omics technologies [13, 17]. Indeed, one of the
main problems in working with autopsy tissues is
pronounced heterogeneity of samples, since the
factors determining molecular parameters before and
after death cannot be fully controlled [18, 19].

Understanding the relationship of changes
occurring at different times in the postmortem interval
when working with autopsy samples with sample
quality and the correctness of interpretation of the
results of molecular biology studies, including RNA
integrity and gene expression profile, is of great
importance [20].

Therefore, in the present study, we investigated the
patterns of morphological changes, RNA integrity,
and gene expression patterns in mouse tissues taken
at autopsy under controlled experimental conditions.

The analysis showed the presence of tissue
specificity with low RQN at different times in the
postmortem interval. In this case, the kidneys and
liver demonstrated a negative correlation of RQN
with increasing time before sampling. In contrast,
brain tissue samples were much less susceptible to
postmortem changes resulting in a decrease in the
RQN score. Similar results were obtained earlier in

experiments studying the effect of the postmortem
interval on the quality of total RNA isolated from the
brain of Balb/c mice [21]. Assessing RNA integrity
is essential to obtain reliable results about gene
expression levels [22]. RQN ranged from 1 to 10
[13], where RQN above 8.0 indicated high integrity of
RNA samples, RQN of 5.0 to 8.0 indicated moderately
degraded samples, and RQN below 5.0 indicated
significant degradation [23]. RQN of 5 is often used
as a criterion for inclusion of biological samples in a
study, although there is no consensus in the literature
on this matter [23].

The kidney and liver tissues of mice at the endpoint
ofthe study (72 hours after euthanasia) demonstrated a
decrease in the RQN score by more than 50% to 4.0 £
0.86 and 4.81 £ 0.35, respectively, which is consistent
with a significant decrease in the amount of mRNA of
stably expressed genes Epas! and Rpsi8.

Indeed, some studies have shown that the integrity
of ribosomal RNA, expressed in RQN, can be used as
an alternative parameter of the quality of messenger
RNA (mRNA) [9, 22].

In the meantime, the results of the histologic
examination using routine staining did not reflect
dynamic tissue degradation in the postmortem period
at the molecular level. To identify patterns in the
development of ultrastructural changes, studies using
electron microscopy methods are required [16].

Therefore, RQN in autopsy tissues serves as a
crucial predictor of sample quality for molecular
biology studies, including gene expression analysis.
Further research will help identify patterns describing
the relationship of molecular profiles of tissues
obtained from the deceased with biopsy material and
standardize protocols for handling autopsy material to
obtain valuable results in multi-omics studies.

CONCLUSION

Following the study, it was established that RNA
degradation in the postmortem period occurs tissue-
specifically and is most pronounced in the kidneys and
liver of experimental animals, in contrast to the brain.
In mouse kidney and liver tissues, expression of stably
expressed Epasl and Rpsl8 genes was significantly
reduced. The expression levels of the Epas/ and
Rpsi8 genes in the brain of the animals remained
stable at all time points and did not show a significant
decrease at 72 hours after euthanasia. The observed
dynamic changes in gene expression patterns in
mice are consistent with the results of RNA integrity
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assessment and depend on the organ studied and the
duration of the postmortem interval. Thus, RQN in
autopsy tissues serves as a crucial predictor of sample
quality for molecular biology studies, including gene
expression analysis.
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Features of structural and functional changes of the brain in patients
with schizophrenia
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ABSTRACT

Aim. To establish the features of structural and functional changes in the brain in patients with schizophrenia.

Materials and methods. A morphometric analysis of the brain using MRI scans was performed, along with a
clinical assessment of the electroencephalogram (EEG) of 35 patients with schizophrenia (20 men and 15 women).
The control group included 18 healthy sex- and age-matched individuals (10 men and 8 women). Statistical
processing was carried out using the y2 test, the Fisher’s exact test, and the Spearman’s rank correlation coefficient.

Results. Compared to the control group, patients with schizophrenia were significantly more likely to show
signs of ventricular dilation (p = 0.039), asymmetry of the lateral ventricles (p = 0.041), periventricular edema
(» <0.001), and enlargement of the subarachnoid space of the cerebellum (p = 0.004). Changes (class >1A) in the
functional activity of the brain in the group of patients with schizophrenia were detected in 65.7% of the cases. In
more than half of the cases, patients with schizophrenia showed decreased bioelectric activity of the brain (class
2 in 48.6% and class 3 in 11.4%); at the same time, EEG signs of paroxysmal activity were detected in a few
patients (class B in 11.4% and class C in 5.7%) (p < 0.001). A statistically significant direct correlation was found
between the enlargement of the subarachnoid space of the cerebellum and paroxysmal EEG activity in patients with
schizophrenia (= 0.377; p = 0.044).

Conclusion. The findings of our study highlight that the combined use of MRI and EEG can provide important
information about brain pathology in schizophrenia. The data obtained are also important for testing the hypothesis
on the association between vascular and functional disorders of the brain in patients with schizophrenia.

Keywords: schizophrenia, brain pathology, magnetic resonance imaging, electroencephalography, paroxysmal
activity
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0c06eHHOCTU CTPYKTYPHbIX N PYHKLMNOHANbHbIX N3MEHEHMNI
rofIoBHOro Mmosray 60nbHbIX Wn3odppeHnen

FankuH C.A.", KopHetoBa E.I'.", KopHeToB A.H.?, NMeTkyH [.A.", BoxaH H.A."?

! Hayuno-uccneoosamenvckutl uncmumym (HUH) ncuxuueckozo 300poswst, Tomckuti HayuoHambHblil
uccreoosamenvckull meouyurckull yeump (HHUMIL])
Poccus, 634014, 2. Tomck, yn. Aneymckas, 4

2 Cubupcruil 2ocyoapcmeennwlit meouyunckutl ynusepcumem (Cubl MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

PE3IOME

Henb. YcTaHOBUTH OCOOCHHOCTH CTPYKTYPHBIX U (DYHKILMOHAIBHBIX W3MEHEHHUH TOJOBHOrO MO3ra y OOJBHBIX
30 peHeH.

Marepuajbl 1 MeToabl. [IpoBeeH MopoMeTpUUIEeCK A aHATU3 MarHUTHO-PE30HAHCHBIX H300paKeHHUI TOJO0B-
HOTO MO3ra, a TaKXKe KJIMHIYeCcKast OlieHKa 31ekTposniedanorpammsl (D31 35 GonbHbIX mH3odppenuneii (20 Myx-
4yuH ¥ 15 xkeHumH). B koHTpoabHy0 rpynmy Bouuty 18 310poBbix mui (10 My>X4rH H 8 )KEHIINH), KOTOpbIe ObUTH
o00paHbl O BO3PACTY U MOJIy OCHOBHOH rpyIne nanueHToB. CTaTucTHueckas 00paboTka MpoBOIMIACH C IOMO-
IBIO KPUTEPHA X2 U TOUHOTO KpuTepust Puiepa, a Takxke KOppeIAHOHHOro aHann3a CriupMeHa.

Pe3yasTatsl. [To cpaBHEHUIO ¢ TPyNIOi KOHTPOIS Yy OOJIBHBIX MN30(PEHNEH CTATUCTUYECKH 3HAYUMO Yarle 00-
HapY KUBAIOTCS NPU3HAKH paclInpeHns xeryno4koB (p = 0,039), acumMeTprun G0KOBBIX Jkelry0ukoB (p = 0,041),
oTeKa MEepPUBEHTPUKYIAPHBIX 30H (p < 0,001) m pacmmpenus cy0apaxHOMJAIBHOTO IPOCTPAHCTBA MO3XKEUKa
(p = 0,004). Moauduxkarmu (knace >1A) GyHKIIMOHATBHOW aKTHBHOCTH MO3Ta B TPYIIE OOJBHBIX MIM30(ppeHHUCH
ObLTH BBISBICHBI B 65,7% ciydaeB. bosee yeM B mosioBuHE ciiydacB y OOJBHBIX MU30(QpEHUCH 00HAPYKHUBATIOCH
3aMe/IJICHHe OHOAIICKTPUUECKON aKTUBHOCTH Mo3ra (kiacc 2 — 48,6% u knace 3 — 11,4%), OMTHOBPEMEHHO C 3TUM
y HEeOOJIBIION YacTH MAalMeHTOB BBUIBILUIMCH DI -IpU3HaKy mapoKcu3MaibHO#M akTuBHOCTH (Kiace B — 11,4%
n xnacc C — 5,7%) (p < 0,001). BesiBiieHa cTaTHCTHYECKH 3HaYMMask HpsiMasi KOPPEJISIMS MEXIY PacCIIUpEHU-
eM cy0apaxHOUIAIBHOTO MPOCTPAHCTBA MOIKEUKA M NAPOKCH3MAIILHONW aKTUBHOCTBIO Y OOJNBHBIX MIU30(ppeHNeH
(r,= 0,377, p=0,044).

3axinoyenne. [loaydeHHble JaHHBIC B HALIEM UCCICJOBAaHMU IOAYEPKUBAIOT, YTO COBMECTHOE UCIIOJIb30BAHUE
MarHATHO-PE30HaHCHOU ToMorpaduu u 331" MOXKET PEeIOCTaBUTh BAXKHYIO HH()OPMAIHIO 0 MO3TOBOH MaTOJIOTHH
npu mm3odpennn. [lorydeHHbIe HAMH pe3yJIbTaThH IMEIOT 3HAUCHHUE IS IIPOBEPKH THIIOTE3BI O CBS3H JUCIMPKY-
JISITOPHBIX ¥ (QYHKIIMOHAIBHBEIX HAPYIICHUH TOJIOBHOTO MO3Ta y OOJIBHBIX MIM30(peHueil.

KitroueBble cioBa: mu30(peHns, MO3roBast aTtosorus, MarHUTHO-pe30HaHCHas ToMorpadust, saeKTposHedao-
rpadusi, HTapoKcu3MasbHasi aKTUBHOCTh

KoHduMKT HHTEpecoB. ABTOPHI ACKIAPUPYIOT OTCYTCTBHE SBHBIX M ITOTCHIMAJIBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaNKeil HACTOSIIEeH CTaThH.

Hcrounuk ¢punancuposanus. Mcciaenosanue npoBeeHO B paMKax BbIIONHEHHs roc3afanus Ne 075-01392-23-
00 «Ilepconanu3upoBaHHasi IMarHOCTHKA U Teparus OOJIbHBIX MOJIUMOPOUIHBIMU PACCTPONHCTBAMY IIH30(DPEHU-
4ecKoro 1 ad(eKTUBHOTO CIIEKTPay, perHCTpaloHHbIi HoMep 123041900006-4.

CooTBeTcTBHE NPHHIUNAM ITHKH. Bee yyacTHHKH HcceoBaHys oANHCcaIl HHGOPMUPOBAHHOE COTIacHe Ha
ydacTHe B Hcclie[oBaHuy. VccaenoBanue o100peHO JIOKAIBHBIM dTHIecKiM komuteroM HUU nenxmdeckoro 310-
poBbst Tomckoro HUMII (mporoxon Ne 157 ot 18.11.2022).

Jist mutupoBanus: [ankun C.A., Koprerosa E.I'., KopueroB A.H., Iletkyn I.A., boxan H.A. Ocobennocru
CTPYKTYPHBIX U (DYHKIIMOHAJIBHBIX M3MEHEHHI T'OJIOBHOTO MO3ra y OONBHBIX mmn3oppenneit. bowiemens cubup-
ckoti meduyunwl. 2024;23(4):15-21. https://doi.org/10.20538/1682-0363-2024-4-15-21.
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INTRODUCTION

The study of the structural and functional features
of the brain in patients with schizophrenia remains
one of the most actively developed areas in psychiatry
[1,2]. Many previous studies have clearly shown
that in schizophrenia, gray matter atrophy is observed
in various parts of the brain [1-4]. Even at early
stages of the disease, patients with the first episode of
schizophrenia have a decrease in gray matter content
in regions, such as the temporal gyrus, dorsolateral
prefrontal cortex, inferior frontal gyrus, thalamus,
hippocampus, amygdala, etc. [4, 5]. In addition, the
presence of dyscirculatory foci and multiple cysts, as
well as dilation and asymmetry of the lateral ventricles
were found [6, 7].

The literature devoted to neurophysiological
(electroencephalographic) testing has extensively
described flattening of the amplitude of the negative
wave — N100 auditory evoked potentials (EP) in
schizophrenia, although there is contrary information
[10] indicating that the amplitude of N100 does not
change significantly in patients with schizophrenia
compared to the control group. On the other hand,
a relatively high percentage of individuals with
this disorder show changes in the EEG in the form
of generalized slow wave activity (delta and theta
waves), asymmetry, the presence of sharp waves
and/or spike—and—-wave complexes (paroxysmal
patterns) [11-13].

Summarizing the above data, we can say that,
despite the large number of original research conducted
earlier, the results of studying structural and functional
changes in the brain in patients with schizophrenia
are quite debatable, which causes a lot of discussion
regarding the variety of mechanisms (pathogenesis) of
the disease and its diagnostic instability.

On the other hand, despite the widespread
use of new high-tech methods (positron emission
tomography, single-photon emission computed
tomography, magnetoencephalography, functional
magnetic resonance imaging (MRI), etc.), studies
of structural and functional features in the research
of brain diseases, electroencephalography (EEG)
and magnetic resonance imaging (MRI) methods
remain the most adequate in displaying pathological
processes in the brain. Electroencephalography has
almost a hundred-year history and is one of the first
physiological methods used to study the functional
activity of the brain in patients with schizophrenia.
Today it remains a fairly popular way to examine the

brain. In general, bioelectric signals arise as a result
of the combined dendritic inhibitory and excitatory
postsynaptic activity of billions of neurons, primarily
pyramidal cells in the neocortex of the brain [14]. One
of the main limitations of the method is the difficulty
in determining the source of recorded activity, since
pulse activity generators in different parts of the brain
can reproduce the same EEG pattern recorded distally
on the scalp [15]. EEG has high temporal and low
spatial resolution, which is compensated by structural
MRI, which, instead, is characterized by high spatial
and low temporal resolution [16]. Structural MRI
provides detailed information about the regions of the
brain that have pathological changes in many diseases,
including schizophrenia [17].

The aim of the study was to establish the features
of structural and functional changes in the brain in
patients with schizophrenia.

MATERIALS AND METHODS

The study was approved by the local Ethics
Committee at the Mental Health Research Institute
of Tomsk NRMC (Protocol No. 157 of 18.11.2022).
All study participants signed an informed consent to
participate in the study.

In total, 35 patients with schizophrenia (20 men
and 15 women) who underwent treatment in the
Endogenous Disorders Department of the Mental
Health Research Institute Clinic of Tomsk NRMC
were selected for this study. Inclusion criteria were
as follows: patients aged 18—55 years old; they were
diagnosed with schizophrenia according to the criteria
of ICD-10 (F20); the duration of the disease is at
least 1 year; and patients signed a written consent
to participate in the study. Exclusion criteria were
the following: psychoactive substance dependence
(except tobacco), dementia, no significant neurological
history (brain injury, stroke), refusal to participate in
the study.

The age of the patients included in the study was
37 [32; 44] years. The duration of the disease was 15
[11; 21] years. At the time of inclusion in the study,
patients received basic therapy with second-generation
atypical antipsychotic medications (CPZeq — 400
[200; 600] mg / day), the duration of basic therapy
was 4 [3; 8] years. The severity of psychopathological
symptoms was assessed using the PANSS (Positive
and Negative Syndrome Scale) [18] in the adapted
Russian version — SCI-PANSS [19]. The overall
PANSS score of the patients was 81 [68; 101]. The
severity of positive symptoms was 12 [9; 27] points
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versus 23 [20; 26] points for negative ones, while the
severity of general psychopathological symptoms was
44 [39; 53] points.

The control group included 18 healthy individuals
(10 men and 8 women) who matched the main group
of patients in terms of age and gender (p > 0.05) with
similar exclusion criteria.

The methodology of the clinical examination (MRI
and EEQG) is presented in detail in our previous articles
[6, 11].

The statistical analysis was carried out using the
R 4.2.2 software. Compliance with the law of normal
distribution was checked using the Shapiro — Wilk
test. The data did not follow the normal distribution.
Quantitative data were presented as the median and
the interquartile range Me [Q,; Q,]. Qualitative data
were presented by frequency parameters in absolute
and relative units — n (%). The chi-squared test and the
Fisher’s exact test were used to compare frequencies
(in the case of frequencies less than 5). The Spearman’s
rank correlation coefficient (r) was used to identify
the relationships between the studied parameters. The
threshold level of statistical significance of p was
assumed to be 0.05.

RESULTS

According to the analysis of brain morphometry
using MRI, the following pathological changes were
found in the studied groups of patients and controls:
dilation and / or asymmetry of the lateral ventricles,
periventricular edema, enlargement of the subarachnoid
space of the large hemispheres and / or cerebellum, the
presence of cysts in the brain (Table 1).

Table 1

Analysis of brain morphometry using MRI in the studied
groups of patients and controls, n (%)

Patients with

MR parameter schizophrenia, Control, »
n=18
n=35
Ventricular dilation 12 (34.3%) 1(5.6%) | 0.039*
Asymmetry of the lateral 11 (314%) LG.6%) | 00a1s

ventricles

Periventricular edema 6(33.3%) | <0.001*

31 (88.6%)

Enlargement of the
subarachnoid space of the
large hemispheres

13(37.1%) | 4(22.2%) | 0.358

Enlargement of the

subarachnoid space of the 30 (85.7%) 8 (44.4%) | 0.004*
cerebellum
2 (11.1%) | 0.463

Cysts 8 (22.8%)

* Statistically significant differences here and in Tables 2, 3.

Compared to the control group, patients with
schizophrenia were significantly more likely to show
signs of ventricular dilation (p = 0.039), asymmetry of
the lateral ventricles (p =0.041), periventricular edema
(» < 0.001), and enlargement of the subarachnoid
space of the cerebellum (p = 0.004).

When summarizing the obtained EEG data,
changes (class > 1A) in the functional activity of the
brain were detected in 65.7% of cases in the group of
patients with schizophrenia (Table 2).

Table 2
EEG modifications in the studied patient and control groups,
n (%)
Patients with Control
EEG modifications schizophrenia, o
n=18
n=35
1 14 (40%) 18 (100%)
Slowing on EEG 2 17 (48.6%) -
(class) 3 4 (11.4%) -
4 _ _
A 29 (82.9%) 18 (100%)
Paroxysmal activity 8 4 (1 1 .4%) _
(class) s
(class) C 2 (5.7%) -
D — _
*p<0.001.

In more than half of the cases, patients with
schizophrenia showed slowing of the bioelectric
activity of the brain (class 2 in 48.6% and class 3
in 11.4% of cases). At the same time, EEG signs of
paroxysmal activity were detected in a few patients
(class B in 11.4% and class C in 5.7% of cases).

Table 3 shows the correlation analysis data on
EEG changes depending on the detected pathological
changesaccording to the analysis of brain morphometry
using MRI in patients with schizophrenia.

Table 3

The relationship between the parameters of brain MRI and
EEG in patients with schizophrenia

MR parameter Slowing on EEG Parogy.smal
activity
. o r =0.022 r=0.189
Ventricular dilation p=0923 p=0.409
Asymmetry of the lateral r.=0.092 r.=0.148
ventricles p=10.691 p=0.521
Periventricular edema r,=0.09 r,=0.116
p=0.666 p=0.613
Enlargemeqt of the = 0144 r=0152
subarachnoid space of the 053] 0509
large hemispheres p=" p="
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End of table 3

The relationship between the parameters of brain MRI and
EEG in patients with schizophrenia

MR parameter Slowing on EEG Paroxy.smal
activity
Enlargemen.t of the r =0.025 =037
subarachnoid space of the 0326 " 0.044%
cerebellum p= p=
Custs r,=0.111 r.=0.146
Y p=0.632 p=0.527
A statistically significant correlation was

found between paroxysmal activity on EEG and
the enlargement of the subarachnoid space of the
cerebellum in patients with schizophrenia (r, = 0.377;
p = 0.044). We could not find statistically significant
correlations with the clinical parameters of patients
(age, duration of the disease, duration of basic therapy,
severity of psychopathological symptoms according
to PANSS) ( p > 0.05 for all).

DISCUSSION

The data presented in our original study indicate
the presence of extensive structural and functional
changes in the brain in patients with schizophrenia.
The dyscirculatory disorders detected using MRI in
schizophrenia are consistent with the results of earlier
studies [4, 5, 20, 21]. As is known, the detected MRI
parameters are not independent diseases, but arise in
response to pathological processes occurring in the
brain. Nevertheless, unlike a number of previous
studies [4, 5], we were unable to establish significant
correlations of brain abnormalities with the clinical
and dynamic features of schizophrenia, which may
be due to the innate nature of pathological changes
in the brain. For example, parents of newborn
children often learn about the enlargement of
the subarachnoid space after examination. These
phenotypic features reflect disorders of embryonic
morphogenesis resulting from the constellation of
hereditary factors and perinatal effects, the clinical
assessment of which is important for the identification
of abnormalities in the development of the nervous
system [22].

We also identified significant changes in the
functional activity of the brain in patients with
schizophrenia in the form of a slowdown in
biopotentials and emergence of paroxysmal activity on
EEG. It is assumed that these changes are associated
with inhibitory deficit of GABAergic projections of
the cortex to pyramidal neurons. This can lead to
uncontrolled excitation (hyperexcitation) of pyramidal

neurons, which, in turn, affect their targets, causing
excitotoxic changes leading to regression of neural
networks due to loss of dendrites and synapses. This
model is confirmed by data on soma volume deficit
in the primary and secondary cortex (soma volume
of pyramidal cells correlates with the degree of
dendritic branching [23]. It should also be noted that
impaired GABAergic-glutamatergic interaction in
the pyramidal neurons of the brain is one of the main
mechanisms of epileptogenesis [24].

In addition, we found a significant relationship
between MRI and EEG data, namely a direct correlation
between the enlargement of the subarachnoid space of
the cerebellum and the presence of paroxysmal activity
in patients with schizophrenia, which is consistent with
clinical cases of patients with epilepsy [25, 26]. As is
known, the detection of paroxysmal activity on EEG
indicates a trend toward convulsive states. Paroxysmal
activity reflects a change in the functioning of basic
neurophysiological processes with an increase in the
activity of subcortical synchronizing regulators that
contribute to the occurrence of seizures. In clinical
practice, information about brain structures that can
cause paroxysmal activity on EEG is of great value,
especially for patients with schizophrenia receiving
long-term therapy with antipsychotics and, in some
cases, antidepressants.

CONCLUSION

Thus, the data obtained in our study emphasize
that the combined use of MRI and EEG can offer
key insights into brain pathology in schizophrenia.
Our findings also contribute to the search for
specific structural and functional neurobiomarkers of
schizophrenia.
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Transformation of NETs under the effect of pathogens and IgG
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ABSTRACT

Background. Many studies have shown that neutrophil extracellular traps (NETs) in the form of web-like structures
are present in the peripheral blood of patients with inflammatory diseases. In our research, in addition to traditional
web-like NET structures, several anomalous forms were identified, including NETs with cloud-like appearance.

Aim. To investigate morphological and functional transformation of NETs under the influence of Klebsiella
pneumoniae and immunoglobulin G (IgG).

Materials and methods. The study included 42 patients of Moscow City Clinical Hospital No. 51: 28 patients
with acute inflammation in the abdominal cavity (appendicitis, cholecystitis, pancreatitis, peritonitis), 6 patients
diagnosed with ulcerative colitis, and 8 patients with hernias. Neutrophils were isolated using gradient-density
centrifugation. To calculate NETs, we used SYBR Green I-induced fluorescence microscopy (Evrogen, Russia),
with the dye specifically interacting with double-stranded DNA. The functional activity of NETs was determined
in the Klebsiella pneumoniae (ATCC 700603) capture test.

Results. In patients with inflammatory diseases of the abdominal cavity in the postoperative period, the functional
activity of NETs was several times lower than in healthy individuals. NETs in these patients capture and bind
no more than 20 cells of the microorganism. Under the effect of IgG, neutrophil networks transform into loose
cloud-like structures, which can hardly capture and bind the pathogen, binding only 8.46 + 0.44 cells of the
microorganism. Spontaneous enzymatic degradation of cloud like NETs may be accompanied by the production of
secondary alteration factors.

Conclusion. The results of the study provide the grounds for the development of new approaches to elaborating
vaccination regimens and using immunobiologics that require preliminary monitoring of the state of innate
immunity, in particular, neutrophil networks in the patient’s body.

Keywords: necutrophil extracellular traps, neutrophil web-like structure, neutrophil cloud-like structures,
inflammation, NET functional activity, vaccination, immunobiological therapy

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

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

Conformity with the principles of ethics. All study participants signed an informed consent to participate in the
study. The study was approved by the Ethics Committee at Pirogov Russian National Research Medical University
(Protocol No. 203 0f 21.12.2021).

For citation: Kazimirskii A.N., Salmasi J.M., Poryadin G.V., Panina M.I., Kim A.E., Rogozhina L.S.
Transformation of NETs under the effect of pathogens and 1gG. Bulletin of Siberian Medicine. 2024;23(4):22-30.
https://doi.org/10.20538/1682-0363-2024-4-22-30.

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

Bulletin of Siberian Medicine. 2024; 23 (4): 22-30



Original articles

TpaHcdopmauma HemTPpoPMNbHBbIX ceTel NoA BINAHNEM NaTOreHoB

N MMMYHOTrno6ynuHoB Knacca G

Kasumupckun A.H., Canmacu XK.M., Mopapux I'.B., MannHa M.U., Kum A.3.,
Poroxxuna J1.C.

Poccutickuii HayuonanvHvll uccredosamenvcekutl meouyurckul yrusepcumem (PHUMY) um. H.U. TTupozosa

Poccus, 117997, e. Mockea, ynr. Ocmposumsanosa, 1

PE3IOME

BBenenune. VccnenoBaHust MHOTUX aBTOPOB IOKA3aJIH, YTO B epU(EpHIECcKOi KPOBH ALIUEHTOB C BOCHATINUTEIb-
HbIMH 3a00JICBaHUSIMI PUCYTCTBYIOT HeliTpoduibHble skcTpakiaerounsle goBymku (HOJI, NETs) B mopdoio-
ruyeckoil popme HEHTPOGUIBHBIX ceTeil. B HalmmMx uccaenoBaHUsX IIOMUMO TPAJIMIMOHHOM cTpykTypsl HOJI B
BHJI€ HEUTPO(UIBHBIX ceTel ObLIM BBISABICHBI HEKOTOPbIE aHOMaJbHbIE (OPMBI, B TOM YHCIIE U ByaleoOpasHbIe
¢dopmbr HOJL.

Hens. Vccnenosanne mophodynkimonansaoi Tpancdopmarmu HOJI non snusauem Klebsiella pneumoniae n
uMmyHornooynuHoB kinacca G (IgG).

Marepuajbl 1 MeToabl. B nccnenosanme BkiroueHs! 42 60pHBIX 51-11 KB 1. MockBBI: 28 — ¢ OCTpBIMU BOCIIa-
JIUTETBHBIME MIPOIIECCAMH B OPIOIIHOM MOJIOCTH (aNMEeHANINT, XOISIUCTHT, TAHKPEATHT, IEPHUTOHHT), IIECTh — C
JIMaTHO30M «SI3BEHHBIH KOJUT», BOCEMb — C TpbhkaMu. HeHTpoduiisl BeIAESANN, HCIONB3YS TPAANCHTHOE IEHTPHU-
¢dyruposanue. s nmogcuera HOJI ucnonp3oBam (iryopeceHTHY0 MUKpockonmio ¢ kpacureneM SYBR Green
(BAO «EBporen», Poccus), ciennduano B3aumoaeicTByromero ¢ apyxuenodeynoit JJHK. @yHKmoHambHYIO aK-
tuBHOCTh HOJI onpenensimu B Tecte ¢ 3axBatoM Klebsiella pneumoniae (ATCC 700603).

Pe3ynbTaThl. Y OONBHBIX C BOCTIANUTENBHBIMHI 3a007€BaHUSAMHU OPIOIIHOM TOJOCTH B ITOCIEONEPALIHOHHOM IIe-
puone GpyHKuHOHaNbHas akTHBHOCTE HOJI ocnabieHa mo cpaBHEHHIO CO 3710POBBIMU B HECKOJIbKO pa3. Helpo-
(UIIBHBIE SKCTPAKIETOYHBIC JIOBYIIKH Y 3TUX OOJIBHBIX 3aXBATHIBAIOT U CBSI3BIBAIOT He Oosiee 20 KIETOK MUKPOOD-
rann3ma. [lox Biansauem IgG HeHTpouIbHBIE CETH NPEBPALIAIOTCS B PHIXJIbIE ByaleoOpasHble CTPYKTYpPhl. OTH
HEeHTpODMIbHBIE CTPYKTYPBI 00J1a1a10T OYEeHb CJIa00H CIOCOOHOCTBIO K 3aXBaTy M CBA3BIBAHHIO N1ATOT€HA, COCIIH-
usist 8,46 + 0,44 kierok Mukpooprannsma. CrionTaHHas pepMeHTaTHBHAS AeTpafaliys HeHTPOPUIIBHBIX «Byasei»
MOKET COMPOBOXKIATHCSA MPOAYKIUEH (pakTOPOB BTOPHUHON allbTepaliuy.

3akoueHne. Pe3ybTaThl HCCIIEIO0BAHMS CO3/IAIOT NPEAIOCHUIKH JUTsl (POPMHUPOBAHHS HOBBIX HOJIXOJOB K pa3pa-
00TKe Pe)KMMOB BaKIMHALIMU U IPUMEHEHUS] IMMYHOOHOJIOTHYECKHX TPENapaToB, TPEOYIOMNX HPeIBAPUTENHLHOTO
KOHTPOJISI COCTOSIHHSL BPO)KACHHOTO MMMYHHTETA, B YaCTHOCTH, HEHTPO(DHIIBHBIX CETeil B OpraHn3Me MalueHToB.

KiroueBble ciioBa: HeHTPODHUIBHBIC SKCTPAKICTOYHBIE JIOBYIIKH, HEUTPO(DHUIBHBIE CETH, HEHTPO(DHUIBLHBIC ByallH,
BOCHajeHue, QyHKIMOHAIbHAS akTUBHOCTE HOJI, BakuHanust, TeyeHne IMMYHOOHOIOTHIECKIMH MIPenapaTaMu
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bBronnemens cubupckoii meouyunwvt. 2024;23(4):22-30. https://doi.org/10.20538/1682-0363-2024-4-22-30.

INTRODUCTION

Components of innate immunity and, in
particular, neutrophils form the first line of defense
against various foreign agents (viral, bacterial, etc.)
invading the human body. Numerous studies have

shown that the protective function of neutrophils is
implemented through the formation of neutrophil
extracellular traps (NETs). The NET formation is
an effective mechanism for combating invading
microorganisms, and the lack of NET formation
or hydrolysis of the main NET nucleotide chain by

BlonneteHb cMbnpckon MmeguuuHbl. 2024; 23 (4): 22-30 23



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

Transformation of NETs under the effect of pathogens and 1gG

bacterial DNases makes the human body susceptible
to infections [1].

NETs are a form of reaction of pre-activated
neutrophils to interactions with host cells in a state
of apoptosis, as well as various microorganisms,
including viruses [2]. Neutrophils receive signals
to release NETs through various innate immunity
receptors (TLRs).

Many authors in their studies have shown that
NETs are present in the peripheral blood of patients
with inflammatory diseases in the form of neutrophil
web-like structures. However, in our research, in
addition to traditional web-like NET structures, some
anomalous forms were identified, including NETs
with cloud-like appearance [3].

These cloud-like NETs can be formed under the
effect of immunoglobulin G (IgG) [4]. Some reports
also mention cloud-like NETs that were found in the
blood of patients with inflammatory diseases and in
some healthy persons [5, 6]. However, the causes
underlying the formation of various forms of NETs
are still unclear. The functional role of web-like and
cloud-like NETs is also unclear.

The aim of the study was to investigate
morphological and functional transformation of
NETs under the influence of Klebsiella pneumoniae
and IgG.

MATERIALS AND METHODS

The study included 42 patients treated at Moscow
City Clinical Hospital No. 51: 28 patients who
underwent surgery for acute inflammatory processes
in the abdominal cavity (acute appendicitis, acute
cholecystitis, acute pancreatitis / necrotizing
pancreatitis, peritonitis), 6 patients with ulcerative
colitis undergoing non-surgical treatment, and 8
patients with umbilical and inguinal hernias (5 patients
did not undergo surgery, while 3 patients underwent
surgery).

The study of blood samples was carried out in
the laboratory at the Department of Pathological
Physiology and Clinical Pathological Physiology
of the Institute of Human Biology and Pathology
(Pirogov Russian National Research Medical
University). All procedures were performed in
accordance with the ethical principles of the WMA
Declaration of Helsinki. Patients signed an informed
consent to participate in the study. The study was
approved by the Ethics Committee at Pirogov Russian
National Research Medical University (Protocol No.
203 0f 21.12.2021).

Determining the composition of NETs

Obtaining neutrophil cell fractions. Vacutainer
EDTA blood collection tubes were used for blood
sampling. Neutrophils were isolated from venous
blood treated with EDTA by the traditional method
using gradient density centrifugation. The purity of the
isolated neutrophil fraction was 98—100%. Neutrophils
were washed twice from Ficoll impurities with a
sodium phosphate buffer solution (50 mM, pH 7.4).
Blood cells were precipitated by centrifugation (600 g,
15 min). Isolated neutrophils were resuspended in the
RPMI-1640 medium and used in short-term culture
experiments. The viability of isolated neutrophils was
at least 95% (test with 0.1% trypan blue solution).

Immunofluorescence detection of NETs. We
developed a method using fluorescence microscopy,
the main stages of which were described earlier, and
used it to register NETs [7]. NETs were detected using
a fluorescent SYBR Green-I dye (Evrogen; Russia),
which specifically interacts with double-stranded
DNA. Microscopy, counting, and photo registration
of cells and extracellular structures were performed at
x 1,000 magnification. The results were expressed as
a percentage, the ratio of the number of extracellular
traps to the total number of cells in the field of view.

Culture of neutrophils with IgG. Human IgG
preparation (Sorbent, Russia) was added to the sterile
isolated cells and incubated with the cells in an
atmosphere of 5% CO, at 37 °C for 1 hour. A 100 pl
sample prepared in the RPMI-1640 medium contained
neutrophils and IgG preparation (5 pg / ml). The final
concentration of cells in the culture medium was 2 x
105/ ml.

Capturing a test microorganism. The functional
activity of web-like NETs was determined using the
Klebsiella pneumoniae capture test (ATCC 700603).
To do this, a microbial culture of Klebsiella pneumo-
niae in the RPMI-1640 medium at a concentration of
10%/ pl was added to neutrophils immobilized on poly-
L-lysine coated glass slides. Web-like NETs capture the
test microorganism in accordance with their potential
functional activity. After staining (SYBR Green-I, 15
min) and washing off the excess dye, the morphological
structure of NETs and the number of Klebsiella
pneumoniae cells associated with each extracellular
structure were determined by microscopy.

Statistical processing

The results obtained were processed using the
Statistica 12.0 (StatSoft Inc., USA). NET parameters
obtained in the study of blood samples obtained from
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patients were processed using nonparametric statistics
and presented as the median and the interquartile
range Me [Q,~Q.]. Quantitative variables were
compared using the Mann — Whitney U test and the
Kruskal — Wallis analysis of variance. The results
of experiments on short-term neutrophil culture,
characterized by normal data distribution, were
presented as the mean and the standard error of the
mean (M = m). Quantitative variables were compared
using the Student’s t-test. The differences were
considered statistically significant at p < 0.05.

RESULTS

Morphological characteristics of NETs in patients
with inflammatory diseases of the abdominal cavity.
Web-like NETs were present in the peripheral
blood in all patients with inflammatory diseases of
the abdominal cavity in the postoperative period.
The number of neutrophil web-like structures was
registered in the range from 14.2 % [7.7-17.9%]
in acute appendicitis to 17.6% [10.3-26.6%] in
the development of peritonitis. Uncomplicated
abdominal inflammation in the postoperative period
was characterized by a similar number of NETs in the
peripheral blood. Thus, in local acute inflammation,
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the relative count of NETs corresponded to the range of
Me 14.2-15.1%. Diffuse peritonitis was accompanied
by an increase in the number of NETs up to the level of
Me 17.6% (Fig.1). Thus, when inflammation spread to
other organs and serous membranes of the abdominal
cavity (in the case of peritonitis), the number of web-
like NETs increased (p = 0.668).

Determination of the size of NETs in microns
showed a statistically significant (p = 0.0189)
increase in the size of NETs in patients with acute
cholecystitis and pancreatitis. The size of NETSs
increased up to 53.65 [43.9—88.45] microns in acute
cholecystitis and up to 91.9 [62.0—120.0] microns in
acute pancreatitis compared to the group of patients
with acute appendicitis, where it was 44.65 [35.6—
57.6] microns (Fig. 2). In addition to web-like NETs,
neutrophilic structures in the form of single strands,
fibers, and clouds were found in patients. The increase
in the size of NETs in patients with cholecystitis
and pancreatitis was associated with the presence of
these unusual extracellular structures in the blood that
previously were not thoroughly described and studied.
The smallest size of NETs was found in patients with
ulcerative colitis (comparison group) who received
non-surgical treatment (32.2 (6.3—57.4) microns).

176

[10.3-26.8]
<
Fig. 1. The number of NETs in inflammatory
diseases of the abdominal cavity (postoperative
Peritonitis period), Me [Q25_Q75]9 %
3.2
[24.9-374]
|
Fig. 2. Sizes of NETs in various inflammatory
diseases of the abdominal cavity, Me [Q,~0O. ],
Peritonitis microns
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The study of the morphological characteristics
of NETs in patients with inflammatory diseases
(Fig. 3, 4) raised a number of important questions
related to understanding the process of functional
transformation of neutrophil extracellular structures.
Solving the issues of morphological and functional
transformation of web-like NETs might be the key to
understanding the role of various forms of NETs in
the defense against infections and will allow to draw
conclusions regarding their functional activity.

Fig. 3. Web-like NETs. Large structures. Uncomplicated

appendicitis after surgery. An example of an uncomplicated

inflammatory process with a favorable course. Here and in Fig.

4, 5, 7, incubation time is 1 h. Staining with CYBR Green 1.
x1,000

Fig. 4. Web-like NETs. Ulcerative colitis (non-surgical
treatment). Small structures

Functional characteristics of NETs in healthy
persons and patients with inflammatory diseases of
the abdominal cavity. To study the role of NETs in
the immune defense of the body and their functional
activity, we developed a methodological approach
in which NETs obtained from patients interacted
in vitro with cells of the test microorganism
Klebsiella pneumoniae (ATCC 700603). During the
interaction of neutrophils with pathogen cells, the

protective potential of innate immunity cells was
realized.

Healthy donors. Neutrophils obtained from healthy
donors have high functional activity [3]. Contact
interactions with Klebsiella pneumoniae cells cause
the formation of web-like NETs, as well as capture
and binding of a large number of cells of the test
microorganism (Fig. 5). During this process, web-like
NET fibers are retracted and transformed into a cloud-
like structure. The range of binding pathogen cells by
NETs obtained from healthy donors is 70-90 cells per
cloud. Each NET under our experimental conditions
captured and retained an average of 78.05 + 10.58
Klebsiella pneumoniae cells. Moreover, almost all
cells of the test microorganism were localized inside
NETs.

Fig. 5. Web-like NETs of healthy donors capture and bind a
large number of Klebsiella pneumoniae (ATCC 700603) cells
and acquire a cloud-like appearance

Patients with inflammatory diseases of the
abdominal cavity. In patients with inflammatory
disecases of the abdominal cavity (appendicitis,
cholecystitis, pancreatitis) in the postoperative
period, the functional activity of NETs is much more
weakened compared to healthy donors. NETs in these
patients capture and bind on average no more than 20
cells of the test microorganism. Some of the cells of the
test microorganism remain unbound by NETs, which
may contribute to the development of a postoperative
infectious complication in these patients [8].

Dynamics of changes in the functional activity
of web-like NETs. The dynamics of changes in the
functional activity of NETs (pathogen capture and
binding) in patients during web-like NET formation
was studied in a group of patients with umbilical and
inguinal hernias. In patients with non-strangulated
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hernias who did not undergo surgery, the number of
pathogen cells captured in vitro by a single NET varied
from 4.62 + 0.36 t0 26.56 + 3.45 after 1 and 2 hours of
culture, respectively, which means it increased during
culture by 5.8 times.

In patients who underwent surgery for strangulated
hernias, pathogen capture reached 38.17 = 3.74
Klebsiella pneumoniae cells per NET after 1 hour
of culture and 25.85 + 3.20 pathogen cells per one
NET after 2 hours of culture. The sharp increase in
the capture and binding of the pathogen by NETs
in operated patients after 1 hour of culture may be
explained by the involvement of in vivo pre-activated
neutrophils in in vitro interaction between neutrophils
in the operated patients and pathogen cells.

The subsequent decrease in the functional activity
of NETs in operated patients during the second hour of
culture may be due to the fact that part of the initially
formed web-like NETs together with pathogen cells
after 1 hour of culture turn into cloud-like structures
that are absorbed by neutrophils capable of developing
phagocytic activity.

A decrease in the number of NETs after their
formation was investigated in vivo and in vitro and
described in detail in the works of other researchers
[9]. The conducted studies revealed the dependence of
the elimination of formed NETSs on both the phagocytic
activity of neutrophils and macrophages [10, 11] and
the enzymatic activity of pancreatic DNase [ [12,
13]. Proinflammatory cytokines have been shown to
stimulate phagocytosis and accelerate the destruction
of NETs by macrophages and dendritic cells [14].
In patients with severe bacterial infections, vascular
occlusions were caused by impaired elimination of
NETs ex vivo, which was accompanied by the formation
of intravascular blood clots containing NETs [15].

Functional characteristics of NETs in patients
with inflammatory diseases of the abdominal cavity
under the influence of IgG. Web-like NETs are very
sensitive to IgG. Under the influence of IgG they turn
into loose cloud-like structures (Fig. 6), while their
size increases [4], and the ability to capture and bind
the pathogen sharply deteriorates (Fig. 8).

In addition to the fact that cloud-like NETs formed
under the IgG influence have a very weak ability to
capture and bind the pathogen, they also bind cells of
the test microorganism only on the periphery of the
cloud-like structure (Fig. 7). This type of binding,
apparently, makes it possible for the pathogen to
avoid the influence of damaging factors produced in
activated neutrophils.

Fig. 6. Cloud-like NETs. Cloud-like forms of NETs were

obtained from web-like neutrophil structures during their

incubation with IgG (5 mcg / ml). Incubation time was 30 min.
Coloring with CYBR Green-I. x1,000

Fig. 7. Attenuation of pathogen capture and binding (Klebsiella
pneumoniae) by cloud-like NETs. Peripheral binding of the
pathogen by cloud-like NETs

It should be noted that similar cloud-like
extracellular structures were also found in some
patients. They also had a low binding capacity in
relation to Klebsiella pneumoniae and also bound
them only on the periphery of the cloud-like structure.

The results of the study of the functional activity
of cloud-like NETs in comparison with web-like
structures are shown in Table.

Table
Effect of IgG on neutrophil trapping of Klebsiella pneumoniae

in patients with acute inflammatory processes
in the abdominal cavity

Number of microorganisms
captured by neutrophil traps,
M=+m

Morphological structure of NETs
and incubation conditions

Neutrophil web-like structures

without IgG influence 20.+1.67
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End of table

Number of microorganisms
captured by neutrophil traps,
M+m

Morphological structure of NETs
and incubation conditions

Cloud-like structures formed

%
under IgG influence 8.46+0.44

* p<0.001 compared to parameters without IgG influence.

In addition to the weakening of functional activity,
cloud-like NETSs are more susceptible to spontaneous
enzymatic degradation of DNA fibers that form the
basis of this morphological structure of NETs in
comparison with web-like NETs, which carries an
obvious risk of developing subsequent long-term
complications in these patients. As a result of DNA
fiber degradation in the extracellular space, the content
of extracellular purine bases, which are factors of
secondary alteration, can significantly increase. This
effect was previously found and described in patients
with post-COVID syndrome. NETs in the form of
single DNA strands of considerable size were found
in patients with post-COVID syndrome. Spontaneous
enzymatic degradation of these strands causes an
increase in the concentration of extracellular purine
nitrogenous bases and is an additional factor in tissue
damage and inhibition of T lymphocyte activity.

RESULTS AND DISCUSSION

The results of the study of NETs in patients with
acute inflammation in the abdominal cavity revealed
the dependence of the quantitative parameters of NETs
(their number and size) on the type of inflammation,
the size and degree of delimitation of the inflammatory
lesion.

A comprehensive analysis of NETs, including not
only the quantitative determination of NET parameters,
but also the assessment of the morphological and
functional transformation of neutrophil structures, will
allow to fully identify the pathophysiological patterns
of the inflammatory process, will become the key to
understanding the role of certain NET forms in the
fight against infections, and will allow to determine the
functional activity of neutrophil extracellular structures.

The functional activity of NETs, understood as
pathogen capture and binding, in healthy donors and
in patients with acute infectious inflammation in the
abdominal cavity has some similarities, but there are
also differences.

In both healthy donors and patients, the interactions
of the pathogen and neutrophils cause the formation
of web-like NETs, and then the formed web-like

structures capture and bind the pathogen. During this
process, the DNA fibers are shortened (retracted),
the size of this neutrophil structure becomes more
compact, and the web-like NET is transformed into a
cloud-like one. The pathogen cells are localized in the
central part of this cloud-like structure.

The differences relate to the number of pathogen
cells captured by cloud-like NETs. Cloud-like
neutrophil structures originating from web-like ones
in healthy donors capture and bind a significant
number of cells of the test pathogen, several times
more than similar cloud-like structures in patients.
Some pathogen cells remain unbound in the study
of the functional activity of NETs in patients with
inflammatory diseases.

A morphological and functional restructuring of
the NETs is observed under the influence of IgG. The
results of the study demonstrate changes in the structure
of NETSs under the influence of IgG. Neutrophil web-
like structures turn into loose cloud-like ones that have
a weakened ability to bind the pathogen, which means
they acquire low functional activity. A feature of the
functional activity of I[gG-induced NETs is peripheral
binding of the pathogen.

The study demonstrates two types of cloud-like
structures: functionally active clouds, which are formed
from neutrophil web-like structures after pathogen
capture, and ineffective clouds, which are formed from
neutrophil web-like structures under the influence of IgG.
In our opinion, these ineffective cloud-like structures
pose a certain danger to the human body due to the
possible generation of secondary alteration factors in the
form of extracellular purine bases. The content of these
extracellular purine nitrogenous bases can significantly
increase as a result of spontaneous enzymatic hydrolysis
of DNA in neutrophil cloud-like structures and induce a
decrease in immune resistance as a result of inhibition of
the activity of T cells in the immunity.

In addition, extracellular purine nitrogenous bases
can cause damage to the structures of the nervous
system and cells of internal organs. Their long-term
effect on the body can cause long-term adverse effects.

CONCLUSION

From a practical perspective, the study and its
results create prerequisites for new approaches to
the development of vaccination regimens and the use
of immunobiologic drugs, in particular, monoclonal
antibody drugs, especially considering the fact that
at present new medical technologies are sought to
improve the effectiveness of patient treatment.
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The lack of knowledge about the mechanisms of
interaction between innate immunity and adaptive
immune responses in the human body can significantly
limit the use of vaccines and monoclonal antibody
preparations. It also contributes to certain distrust of this
type of therapy in patients [16]. Cases of thrombosis in
combination with thrombocytopenia after vaccination
[17] and progressive multifocal leukoencephalopathy
caused by polyomavirus during treatment with
monoclonal antibodies [18] have been described.

Asthe indications for the use of monoclonal antibody
drugs expand, there are reports of complications and
even deaths after the use of these drugs [19, 20] due
to the development of multiple organ dysfunction
syndrome. The causes of adverse effects after
monoclonal antibody therapy are still insufficiently
studied, but it can be assumed with a high degree of
probability that the formation of ineffective neutrophil
cloud-like structures can become a mechanism for
inducing hemocoagulation and producing secondary
alteration factors. Therefore, it is important to
correlate the vaccination and treatment regimen with
immunobiologic drugs with control of the state of innate
immunity, in particular, with detection of spontaneous
neutrophil web-like structures in the blood of patients.
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ABSTRACT

Aim. To develop a model of chronic thromboembolic pulmonary hypertension (CTEPH) in rats by embolization of
the pulmonary vascular bed with microencapsulated fibrin (MF).

Materials and methods. Microencapsulated fibrin (MF) was prepared by encapsulating fibrin particles smaller
than 71 um in sodium alginate. Non-encapsulated fibrin with a particle size of 71-200 pm was used as an alternative
embolic particle. Modeling was performed on male Wistar rats. The animals were divided into 4 groups. Intact
(INT) animals (n = 7) were administered normal saline intravenously. In the NF8 group (n = 14), non-encapsulated
fibrin was injected as embolic particles 8 times every 4 days. In the MF5 group (n = 14), 0.5 ml MF (9,047 +
430 particles) was administered intravenously 5 times every 5 days. In the MF8 group (n = 14), MF was administered
8 times every 4 days. Six weeks after the last injection of embolic particles, cardiac catheterization with manometry
and histologic examination of the lungs were performed.

Results. According to cardiac catheterization, right ventricular systolic pressure (RVSP) in the MF8 group was
significantly higher compared to rats from the INT and NF8 groups (p < 0.05). The hypertrophy index and the
percentage of collagen fibers in the structure of the vascular wall of the pulmonary artery branches were significantly
higher in the MF5 and MF8 groups than in the INT and NF8 groups (p <0.01). There were no significant differences
between the MF5 and MF8 groups.

Conclusion. A representative CTEPH model in rats was developed, characterized by a stable increase in RVSP and
pronounced structural changes in the branches of the pulmonary artery.

Keywords: chronic thromboembolic pulmonary hypertension, pulmonary embolism, experimental model, rats,
microencapsulated fibrin, sodium alginate
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PE3IOME

Hean. Pa3paboraTh SKCHEPHUMEHTATBHYIO MOJEIb XPOHHYECKOH TpoMOOIMOOTHMUECKOH JIETOUHON TUIEPTEH3UN
(XTDJIT') y KpBIC C MOMOIIBIO SMOOJIM3AIMU COCYAUCTOTO Pycia JIETKMX MUKPOUHKAIICYTHPOBaHHBIM (prOpHHOM
MD).

MarepuaJjbl ¥ MeToAbl. MUKPOHHKAICYIMPOBAHHbBIH (GUOPUH M3rOTaBNIMBAJCS ITyTEM 3aKIIOYEHHS B aJbIHHAT
Hatpus yacTul puOpHHA pa3MepoM MeHble 71 MkM. B kauecTBe anbTepHATHBHBIX 3MOOIM3HPYIOLIMX YaCTHUIL
HCIIOJIb30BAJICS HEMHKAINCYJIUPOBaHHBIH GHUOpHH ¢ pa3mepom uwactun 71-200 MkM. DKcrnepruMeHTalbHOE
MO/ICIMPOBaHUE TIPOBE/ICHO HA caMuax Kpbic JMHUU Bucrap. JKuBoTHbIe ObUTH pa3JieeHbl Ha YEThIPE IPYIIIbI.
Kontpons (KOH) (n = 7) — BHyTpHBeHHO BBoauics ¢usmonorndeckuii pacrsop. HO8 (n = 14) — B xauecTBe
9IMOONU3UPYIOIIMX YACTHL BBOAMIICS HEHHKAICYJIMpOBaHHbIH (GubpuH 8 pa3 ¢ uuTepBamamu B 4 aus. M5
(n=14)—M® B o6beme 0,5 M1 (9 047 + 430 yacTuir) BBOAWICA BHYTPUBEHHO 5 pa3 ¢ MHTEpBaiaMu B 5 nHeil. MO8
(n=14)—M® BBoxucs 8 pa3 c uHTepBanamu B 4 qus1. Yepes 6 He mocie MOCieIHero BBEACHHS SIMOOIH3UPYOLINX
YaCTHUI] BBIMONHSITICH KaTETEPU3ALUs CEP/IIa C MAHOMETPUEN M THCTOJIOTHYECKOE HCCIEJOBAHUE JIETKUX.

PesyasTatsl. [lo naHHBIM KaTeTepu3aluy Ceplla, CHCTOINYECKOe AaBiieHHe B mpaBoM skemypouke (CAITXK)
B rpymne M®8 6110 3HAYNMO BEINIE IO cpaBHEHHIO ¢ Kpbicamu n3 rpymnsl KOH u HO8 (p < 0,05). Uunexe
THIEePTPO(GHU U MPOIEHT KOJUIAreHOBBIX BOJIOKOH B CTPYKTYPE COCYIVWCTON CTEHKH BETBEH JITOYHON apTephH
ObuTH 3HaYMMO BbIe B rpymmax M®S u M®8, yem B rpynmax KOH u HO8 (p < 0,01). 3HaunmbIx pasmuumii
Mesxay rpymnamMu M®S u MO8 BrIsBIEHO He OBLIO.

3akaouyenne. Pazpaborana penpesentaruBHas monenb X TOJIIT Ha KpbIcax, XapaKTepH3YIOMIAsCS CTaOMIBHBIM
nosimeEneM CJIIDK v BbIpaskeHHBIMU CTPYKTYPHBIMH H3MEHEHHUSMH BETBEH JIETOYHON apTepHH.

KioueBble ciioBa: xpoHuueckass TpomMO0IMOOJUYecKas JIerouHasi TMIIEPTCH3Hs, TPOMOOAMOOJIUS JIErOYHON
apTepuu, IKCIIEPUMEHTAIbHASI MOJIEIb, KPBICHI, MUKPOMHKAIICYINPOBAHHBIN (PMOPUH, aIbIMHAT HATPUS

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

Hcrounuk ¢punancupoBanus. VccienoBanue BRIIONHEHO 3a cyeT rpanTa Poccuiickoro Hayunoro ¢onma Ne 23-
75-10122, https://rscf.ru/project/23-75-10122/

CooTrBercTBHE NMpUHIUNAM 3TUKH. VMccnenoBanue onodpeno ouostuyeckoin komuccuein CIIXDY (mpoTtokodn
Rats-02.2019-5 ot 12.02.2019).

Jaa uutupoBanus: Kapnos A.A., Illunenko JL.A., Baymuna JIJI., CunopoBa E.E., AxmeroBa A.A., By-
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qactuin ¢ubpuHa. brorremens cubupckoi meouyunvl. 2024;23(4):31-37. https://doi.org/10.20538/1682-0363-
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INTRODUCTION

A model of chronic thromboembolic pulmonary hypertension

Chronic thromboembolic pulmonary hypertension
(CTEPH) is a complication of pulmonary embolism
(PE) [1]. This form of pulmonary hypertension is
characterized by impaired thromboembolic lysis,

microvascular damage, and, as a consequence, a stable
increase in pulmonary artery pressure and pulmonary
vascular resistance [2].

The above changes lead to right ventricular (RV)
hypertrophy, which ultimately leads to RV dilatation
and failure. Ten-year survival of patients with CTEPH
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who do not receive specific therapy with an average
pulmonary artery pressure of more than 50 mm Hg
is 5%, while in patients who underwent PE without
a significant increase in pulmonary artery pressure,
the survival rate exceeds 50% [3]. Despite the active
development of surgical and medical approaches to the
treatment of CTEPH, the effect of the therapy remains
insufficient [1]. At the same time, preclinical trials on
new therapeutic approaches are challenging due to the
lack of an experimental model that can sufficiently
reflect the pathophysiological and structural changes
in the vascular bed of the lungs in CTEPH.

Currently, there are two main approaches to
modeling CTEPH: the use of natural thromboemboli
and artificial embolic particles [4]. The use of natural
thromboemboli is usually combined with the use of
fibrinolysis inhibitors, such as tranexamic acid [5-8].
However, this modeling approach is labor intensive
due to the need for in vitro production of autologous
thromboemboli for each animal [9]. In addition,
even with the use of tranexamic acid, an increase in
the pulmonary artery pressure is unstable due to the
pronounced fibrinolytic activity of blood plasma
in rats [7]. On the other hand, the use of artificial
particles, primarily polystyrene microspheres, in
previously published works was characterized by a
stable increase in the pulmonary artery pressure [10—
13], which did not lead to complete reproduction of
CTEPH pathogenesis, since polystyrene microspheres
and similar particles were uncapable of degrading
and did not contain biologically active thrombus
molecules, such as fibrin degradation products (FDP)
and fibrin itself.

In our previous study, we modeled CTEPH using
partially biodegradable microspheres based on sodium
alginate, which did not contain additional inclusions
[14]. The study demonstrated a persistent increase in
the pulmonary artery pressure, a decrease in exercise
tolerance, and the appearance of histologic changes in
the vascular bed characteristics of CTEPH. However,
this model did not take into account the important role
of FDPs, which have significant biological functions,
including anticoagulation and proinflammatory ones
[15]. Taking these data into account, it is advisable
to develop a model that combines the advantages of
natural thromboemboli, such as the biological effects
of fibrin itself and the release of FDP, and artificial
particles that have the required size and a given rate of
biodegradation.

The aim of'this study was to develop an experimental
model of CTEPH in rats using embolization of the

pulmonary vascular bed with microencapsulated
fibrin.

MATERIALS AND METHODS

We used 62 male Wistar rats in this study. The
average weight was 230 + 27 g. All animals were
kept in standardized conditions and had free access to
complete granulated pet food and water in agreement
with the requirements according to the GOST (Russian
National Standard) 33216-2014.

Production of embolic particles. At the first stage,
fibrin powder from human blood plasma (Sigma-
Aldrich, USA) was mechanically degraded, sifted
through a sieve with a mesh size of 71 pm, and mixed
with a solution of ultrapure sodium alginate (Sigma-
Aldrich, USA)inaratioof 1:7. The resulting suspension
was homogenized using a submersible laboratory
ultrasonic disperser with a stand (SpetsmashSonic,
Russia). To obtain microencapsulated fibrin (MF),
the suspension was supplied to the input of the
Encapsulator B-390 system (BUCHI, Switzerland),
and a 2% barium chloride solution was used as a
stabilizing agent. Fibrin powder was mechanically
ground, and then 71-200 pum particle fractions were
separated using laboratory sieves to obtain non-
encapsulated fibrin. All procedures were carried out
under sterile conditions.

To model CTEPH, all animals were randomly
divided into 4 groups. Intact (INT) animals (n = 8)
were injected 1.5 ml of normal saline in the caudal vein
8 times every 4 days. In the NF8 group (n = 14), non-
encapsulated fibrin was injected as embolic particles
in a volume equivalent to that in the MF5 and MF§
groups, suspended in 1.5 ml of normal saline, 8 times
every 4 days. In the MF5 group (n = 14), 0.5 ml MF
(9,047 £ 430 particles) was administered in the caudal
vein 5 times every 5 days. Before the injection, barium
chloride solution was completely removed, and MF
was suspended in 1.5 ml of normal saline. In the MF8
group (n = 14), the same volume of MF was injected in
the caudal vein 8 times every 4 days. Six weeks after
the last injection of embolic particles, right ventricular
systolic pressure (RVSP) was measured, and a
histologic examination of the lungs was performed
to determine the percentage of collagen fibers in the
structure of the vascular wall of the branches of the
pulmonary artery and the hypertrophy index.

Study of in vivo biodegradation of embolic
particles. In a separate experimental series, CTEPH
was modeled in rats using the NF8 (n = 6) and MF§
(n = 6) protocols to determine the rate of embolic
particle biodegradation at different time intervals.
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To assess the dynamics of biodegradation of embolic
particles on day 1, 2, 4, and 6 weeks after the final
administration, the animals were euthanized using
an isoflurane overdose. A histologic examination of
the lower lobe of the right lung was performed. At
each time point, embolic particles were counted in
the lumen of the pulmonary artery branches along
the entire cross-section of the distal third of the lung
lobe using the Eclipse Ni-U light microscope (Nikon,
Japan) and Nis Elements Br4 software (Nikon, Japan).
Invasive hemodynamic monitoring. The rats
were anesthetized using isoflurane inhalation via the
SomnoSuite Low-Flow Anesthesia System (Kent
Scientific, Torrington, CT, USA). The animals were
placed on a heating pad combined with the TCAT-
2LV Animal Temperature Controller (Physitemp
Instruments Inc., USA). Mechanical ventilation was
performed using the SAR-830/AP device (CWE Inc.,
USA). A puncture of the heart apex was performed
to measure RVSP. Pressure was recorded using the
Mindray ePM 10 monitor (Mindray, China).
Histologic examination. The animals were
euthanized using an isoflurane overdose. For the
histologic examination, the lower lobe of the right
lung was divided into 4 equal transverse levels.
Micropreparations were stained according to the
Picro Mallory staining method (BioVitrum, Russia)
to identify collagen fibers. Quantitative analysis was
carried out in two distal sections of the lung using
the Eclipse Ni-U microscope (Nikon, Japan) at x10

1

% of microspheres of the baseline value

a b

OO_I

75

50

25

to x40, as well as Nis Elements Br4 (Nikon, Japan)
and ImageJ (Wayne Rasband, USA) software. For
all found vessels belonging to the branches of the
pulmonary artery, the following parameters were
determined: the percentage of collagen fibers in the
structure of the vascular wall [16], as well as the
hypertrophy index, calculated as the ratio of the area
of the vascular wall to the area of the entire vessel
expressed as a percentage [17].

Data analysis was performed using the R 4.2.2
software. The Newman — Keuls test was used to assess
the statistically significant difference between the
groups. Results were presented as the median and the
interquartile range Me [Q; O,]. The differences were
considered significant at p < 0.05.

RESULTS

Characteristics of embolic particles. The size of
MF particles was 205 + 38 um (Fig. 1, a), particles of
non-encapsulated fibrin were 155 + 60 um in diameter
after suspension in normal saline and ultrasonic
treatment.

The study of embolic particle biodegradation
revealed a consistent decrease in the number of
detected MF particles. By the time CTEPH simulation
was completed, the number of these particles was 6%
of the baseline. When assessing the biodegradation
of non-encapsulated fibrin after 2 weeks, only 2% of
particles were detected, and no embolic particles were
detected further on (Fig. 1, b).

+ Microencapsulated fibrin
== Non-encapsulated fibrin

™, 28%
— 1% e
2% T .
L S, o
week 2 week 4 week 6

Observation time

Fig. 1. Embolic particles: a — representative fibrin micrograph (bar = 100 um), / — fibrin particles, 2 — microcapsule with fibrin;
b — embolic particle biodegradation in the vascular bed
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During embolic particle administration, mortality
in the main series of experiments was 4 animals in
the NF8 group, and 2 and 4 animals in the MF5 and
MEF8 groups, respectively. The cause of death was the
development of acute right heart failure or paradoxical
embolism with stroke.

According to cardiac catheterization data, RVSP
in the MF8 group was significantly higher than in
the INT and NF8 groups (p < 0.05). There were no

significant differences in the RVSP levels between the
INT, NF8, and MF5 groups (Fig. 2).

According to the results of the histologic
examination, the hypertrophy index and the percentage
of collagen fibers in the vascular wall structure in the
MF5 and MF8 groups were significantly higher than
in the INT and NF8 groups (p < 0.01). There were
no significant differences between the MF5 and MF§
groups (Fig.3).

p=0.05
p=0.05
80 1 ]
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60 1 22.0[12.9; 48.5]
5
es)
g 40 A
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1 1
Fig. 2. Right ventricular systolic pressure 6 weeks
0 after the last embolic particle administration according
INT NF8 MFS MFS to cardiac catheterization data
a
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>
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Fig. 3. Results of the histologic examination of pulmonary artery branches: a — representative micrograph (bar = 100 pm); » — index
of vascular wall hypertrophy; ¢ — collagen fibers in vascular wall structure, %
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DISCUSSION

As a result of the study, a new experimental
CTEPH model was developed, characterized by
a stable increase in RV pressure and significant
remodeling of the pulmonary circulation vessels. This
was achieved by repeated intravenous administration
of MF, which, as shown in [18, 19], is capable of
stimulating the migration of leukocytes directly,
being a chemoattractant, and through enhancing the
secretion of cytokines by leukocytes and endothelial
cells. The use of this type of embolic particles
made it possible to combine the advantages of both
natural thromboemboli — partial biodegradation
and release of biologically active substances (fibrin
and FDP), and artificial ones — a controlled rate of
particle biodegradation and convenient dosing. In
addition, in contrast to autologous thrombi, the use
of fibrin has significantly reduced efforts to produce
thromboemboli.

When modeling CTEPH in this study, the MF§
group was characterized by a persistent increase
in RVSP. In the MF5 group, the dose of embolic
particles administered was insufficient to reproduce
stable pulmonary hypertension. According to epy
histologic examination, a significant increase in the
index of vascular wall hypertrophy and the percentage
of fibrosis in its structure was noted in both groups
where MF was used and did not differ significantly
between them. The use of non-encapsulated fibrin did
not lead to significant changes in either the RVSP level
or the remodeling of the pulmonary artery branches.

Similar results were achieved in our previous
study, where microencapsulated autologous thrombi
were used as embolic particles [9]. However, this
model was characterized by significant efforts, which
made its practical application difficult. In addition, in
contrast to previously published articles on artificial
particles based on polystyrene [10—13], the developed
embolic particles were capable of partial and
controlled biodegradation and release of biologically
active substances. These properties contributed to
greater pathophysiological accuracy of the presented
model.

CONCLUSION

The developed model could be used both to study
the CTEPH pathogenesis and to test new therapeutic
approaches to the treatment of this disease. In the future,
it is planned to conduct a comparative study of empty
alginate microspheres with microencapsulated fibrin
to most clearly demonstrate the role of biologically

active substances released during the biodegradation
of thromboemboli during the CTEPH development.
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Assessing pulmonary congestion in patients hospitalized
with decompensated chronic heart failure according to lung ultrasound
and remote dielectric sensing (ReDS)
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ABSTRACT

Aim. To conduct a comparative assessment of parameters and dynamics of pulmonary congestion according to

lung ultrasound and remote dielectric sensing (ReDS) in patients hospitalized with decompensated chronic heart
failure (CHF)

Materials and methods. The pilot single-center study included patients hospitalized with decompensated CHF.
Lung ultrasound and ReDS were simultaneously performed within 24 hours from the moment of hospitalization
and at discharge. Eight-zone lung ultrasound was performed with the calculation of the sum of B-lines. Pulmonary
congestion was confirmed with the sum of B-lines > 5. ReDS was performed according to the manufacturer’s
protocol. Congestion was confirmed at the value of more than 35%. To determine ReDS interoperator variability,
each patient was examined by two operators who were blind to each other’s findings with a 20-30-minute interval.

Results. Thirty-five patients were included in the study: 40% (n = 14) men, the average age was 71 (65.5; 78.5)
years, the median NT-proBNP was 1,379 (470; 4,277) pg / 1. Hydrothorax at admission was observed in 31,4%
(n = 11) of patients. The incidence of pulmonary congestion according to lung ultrasound was 57.1% (n = 20):
31.4% (n = 11) of patients had mild congestion, 22.9% (n = 8) — moderate, and 2.9% (n = 1) — severe congestion.
ReDS data revealed pulmonary congestion in 62.9% (n = 22) of cases, of which 37,1% (n = 13) of cases were
characterized by mild, 22.9% (n = 8) — by moderate, and 2.9% (n = 1) — by severe congestion. A moderate cor-
relation was found between ReDS (%) and lung ultrasound (sum of B-lines) findings at admission (Spearman’s
rank correlation coefficient = 0.402; p = 0.017). No correlation between the two methods was found at discharge
(p = 0.613). The frequency of agreement between lung ultrasound and ReDS on signs of congestion at admission
was 77.1% (p = 0.004) with an average Cohen’s Kappa coefficient (k = 0.53). The average interoperator variability
in ReDS was 9.9%.

Conclusion. A moderate correlation was revealed between ReDS (%) and lung ultrasound (sum of B-lines) in
detecting pulmonary congestion (Spearman’s rank correlation coefficient = 0.402; p = 0.017). No correlation
between the two methods was found at discharge (p = 0.613).
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OueHKa Hannuna N AUHAMUNKN NIero4yHOro 3acTos No AaHHbIM
yNnbTpa3sByKOBOIro  ANCTaHLUNOHHOrO AN3/IeKTPUUYECKOro nccneaoBaHuns
(REDS) y naymeHTOB, rocnnTann3npoBaHHbIX C AeKOMMNeHcaunen
XPOHNYECKON cepAevYHON He[OCTaTOYHOCTH

Ko6anasa X.[.", Ca¢apoBa A.d."?, TonkaueBa B.B.’, 3opsa O.T.', Kabenbo MonTomna @.3.’,

Hasapos U.C.', JlJanwuH A.A." 2, CmupHoB WU.M.", Xyunwsunu H.A., Tanoukun C.A." 2,
Bauuk-Fopogeukas M.B.2

! Poccutickuil ynusepcumem opyscowl hapooos (PYIIH)
Poccus, 117198, 2. Mocksa, yn. Muxnyxo-Maxknas, 8

2 opoockas knunuveckas 6onvnuya (I'KB) um. B.B. Bunozpadosa
Poccusa, 117292, 2. Mockea, ya. Basunosa, 61

PE3IOME

Henb: npoBecTH CPABHUTEIBHYIO OLICHKY HAMYHS ¥ JUHAMUKH JIETOYHOTO 3aCTOs 10 JAHHBIM YJIbTPa3BYKOBOTO
(Y3U) u nucrannronHoro auanektpudeckoro (ReDS) uccnenoBanus y naiyueHToB, FOCIUTAIN3UPOBAHHBIX C JI€-
KOMITEHCalluel XpoHIUYeCcKol cepaeyHoit HepoctaTouHocTH (XCH).

Marepuajbl 1 MeTOIbl. B NHIOTHOE OIHOIIEHTPOBOE MCCIIEA0BaHHE BKIIOYAIHCH MAUSHTHI, TOCIHTAIH3HPO-
BaHHbIe ¢ nexomreHcanueir XCH. B Teuenue 24 4 0T MOMEHTA rOCIUTAIM3ALWU U TPU BBIIMKCKE OJJHOMOMEHTHO
npoBoauiuck Y3U nerkux u uccienoBaHue ¢ npuMeHeHueM texHonoruu ReDS. Vibrpa3BykoBoe uccienoBanue
JIETKUX BBINOJIHSJIOCH O MPOTOKOJY C OLEHKOW BOCEMH 30H U MOJCYETOM CyMMBI B-nmuHuid. JlerouHsiii 3acToii
HNoATBepKAajca npu cymme B-nmunuit >5. MccnenoBanue ReDS BhINOIHATIOCH 10 IPOTOKOILY IPOU3BOAUTENS, 3a-
CTOM MOATBEPsKIAIICS MTPU MOTydeHUH 3HaYeHUs Oomee 35%. JIist onpeneneHus MeXOoepaTopcKoii BapruadesibHO-
cti ReDS kax oMy nanueHTy ucciieioBaHue IPOBOAMIIN J[Ba 3acIIEIJICHHBIX ollepaTtopa ¢ uHTepBaioM 20—30 MuH
HE3aBUCHMO JIPYT OT JpyTa.

PesyabTatel. B mccienoBanne Obutn BkIroueHb! 35 mammentoB: 40% (n = 14) MyX4uH, CpeJHHH BO3pacT
71 (65,5; 78,5) rox, menuana NT-proBNP cocrasuna 1 379 (470; 4 277) nr/n. ['mapoTopakc npu MOCTYIIEHHH
nHabmonancst y 31,4% (n = 11) nanuentos. YacroTa 1erouyHoro 3actos, no gaHueiM Y3U, cocrasmna 57,1% (n =
20), u3 HUX JIeTKas CTeTeHb 3acTost Habmoxanace y 31,4% (n = 11), cpequsas —y 22,9% (n = 8), Tsokenas —y 2,9%
(n = 1) mannenToB. Jlerounsi 3actoif, mo nanueM ReDS, nabmonancs y 62,9% (n = 22), uz Hux nerkuit y 37.1%
(n = 13), cpennmii y 22,9% (n = 8), tsoxensiit y 2.9% (n = 1). BeisiBieHna ymepeHHass KOppeISIIUOHHAS CBS3b
Mexy nokaszarersiMu ReDS (%) u Y3U nerkux (cymma B-munnit) npu nocrymrenuu (» = 0,402; p = 0,017). Ilpn
BBIIHICKE KOPPETAIMOHHON B3aHMOCBSI3H MEXK/Ty IBYMsI METOJIaMH BBIsBICHO He Obu10 (p = 0,613). Yacrora co-
TJIacusl TI0 HAJIMYUIO WJIM OTCYTCTBHIO IIPU3HAKOB 3aCTOS, 110 JJAHHBIM 00OOMX METOJOB, HA MOMEHT ITOCTYILICHUS
cocrasmia 77,1% (p = 0,004) co cpennuM 3HadeHHeM KodhdurenTa cornacus kammna Kosna (k = 0,53). Habmro-
Jlanach CpPemHssl MEKOIepaTopcKkas BapuadenbHOCTh I uccienosanus ReDS (xosddunment BapuabensHocTH
9,9%).

3akaoyenne. OTMedeHa yMepeHHasI KOPPENSAIMOHHAs CBsI3b Mexkay mokasatensamu ReDS (%) n Y3U nerknx
(cymma B-nuHUMIT) B OTHOIIEHHWH BBISBIECHHS JIETOYHOTO 3acTos Npu moctymienun (» = 0,402; p = 0,017). Ilpu
BBINMCKE KOPPEISIMOHHON B3aMOCBSI3H MEKAY IBYMSI METOJaMH BBISIBIIEHO He Ob110 (p = 0,613).

KuroueBble ciioBa: cepieuHasi HEI0CTaTOUHOCTD, JIETOUHBIH 3acTol, Y3 serkux, IMCTaHIIMOHHOE TUDJIEKTpUYe-
ckoe nuccaenonanue (ReDS)
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KoHpankT nHTepecoB. ABTOPHI ACKIapUPYIOT OTCYTCTBHE SIBHBIX M MOTEHIMAIBHBIX KOH(IIUKTOB HHTEPECOB,

CBSI3aHHBIX C MyOIUKanueil HacTOsIeH CTaThU.

HUcTounuk Q)nﬂancnposannﬂ. ABTOpLI 3asIBJISIIOT 00 OTCYTCTBUU q)HHaHCI/IpOBaHI/ISI IpH MpOBECACHUN UCCIIEN0-

BaHUA.

CooTBeTcTBHE NMPUHIMIIAM 3THKH. Bce manneHTs! noamucany NHGOPMUPOBAHHOE COTTACHE HA yJaCTHE B HC-
cienoBanuu. Vccnenosanue 0100peHO JIOKaTbHBIM 3THYecKUM komureToM PY TH.

Jos untupoBanus: Kobanasa XK. /1., Cadaposa A.®D., Tonkauesa B.B., 3ops O.T., Kabenpo MonToita @.0., Ha-
3apoB U.C., Jlanmmun A.A., CmupnoB W.IL., Xyuumsunu H.U., Tanoukun C.A., Banuk-I'oponenxas M.B. Ouenka
HQJIMYKS U JIMHAMUKY JIETOYHOT'O 3aCTOS MO JIAHHBIM YJIBTPAa3BYKOBOI'O U JUCTAHLIMOHHOIO JTUDJIEKTPUUECKOTO HC-
cienoanns (REDS) y manmeHToB, TOCIUTATU3MPOBAHHBIX C ICKOMIICHCAIIUEH XPOHUYECKOM CepJICYHON HEe0CTa-
TOYHOCTH. broanemens cubupckoti meduyunsi. 2024;23(4):38-46. https://doi.org/10.20538/1682-0363-2024-4-38-46.

INTRODUCTION

Determining the hydration status, including a
quantitative assessment of congestion severity, is one
of the urgent tasks in the treatment of decompensated
heart failure in hospital and outpatient settings.
Hemodynamic overload and subsequent venous
congestion are links of pathophysiological reactions
included in the formation of this condition.

Discharge from hospital before congestion is
fully resolved increases the risk of death and re-
hospitalization [1-3]. In addition, patients may
experience subclinical congestion at discharge,
which is detected only by laboratory and instrumental
methods, and clinical manifestations may develop
even before the end of the first week after the discharge
[2, 3].

More than 90% of heart failure-related
hospitalizations are due to pulmonary congestion
(CHAMPION trial) [4]. Early detection of pulmonary
congestion is extremely important, as it allows
to prevent the development of a decompensation
episode, start proper treatment, and improve the
disease prognosis.

According to current European guidelines, chest
X-ray and lung ultrasound are recommended as
instrumental methods to detect pulmonary congestion
in patients with acute heart failure (HF) [5, 6].

According to previously published studies,
including randomized clinical trials and large foreign
registries, lung ultrasound demonstrated significantly
higher sensitivity and specificity in detecting
pulmonary congestion and had independent prognostic
value [7-9]. However, due to the limitations of these
methods, a search for new methods to assess the
degree of pulmonary congestion remains relevant.

A non-invasive remote dielectric sensing (ReDS)
technology makes it possible to quantify the total

volume of fluid in the lungs by determining the
dielectric properties of the tissue. As a result of the
measurement, the operator quickly and safely receives
a numerical value corresponding to the percentage
of fluid in the lung tissue. According to the meta-
analysis, which included works published from 2017
to 2021 with the analysis of a sample of 985 patients,
management of patients using the ReDS technology
reduced the frequency of readmission for HF [10].

Still, studies on the comparative assessment of
lung ultrasound and ReDS in patients with HF are
few [11], and there are no studies involving Russian
patient population.

Therefore, the aim of this study was to compare
the incidence and dynamics of pulmonary congestion
according to lung ultrasound and ReDS in patients
hospitalized with acute decompensated heart failure
(ADHF).

MATERIALS AND METHODS

The study included 35 patients hospitalized with
ADHF, regardless of left ventricular ejection fraction,
in the emergency hospital of V.V. Vinogradov City
Clinical Hospital (Moscow). ADHF was diagnosed
based on current clinical guidelines [12, 13].

The study did not include patients with severe liver
diseases, immobilization, terminal somatic symptom
disorders and malignant diseases, acute coronary
syndrome, edema of another etiology, an electrical
pacemaker, severe chest deformity, and acute infectious
diseases (including COVID-19-assicuated pneumonia).

The research protocol was approved by the local
Ethics Committee at RUDN University. All patients
signed an informed consent to the examination
procedures. The study was performed in accordance
with the standards of Good Clinical Practice and the
principles of the Declaration of Helsinki.
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All patients included in the study underwent
a standard physical, laboratory, and instrumental
examination upon hospitalization and discharge,
which included lung ultrasound, determination of NT-
proBNP, a study using the ReDS technology, liver
FibroScan, bioimpedance vector analysis of the body
composition, and assessment of venous congestion
according to the VExUS score. The design of the
study is shown in Fig.1. The characteristics and main
laboratory and instrumental parameters of the patients
are presented in Table.

Single-center, prospective study

The study included 35 patients

{

Admission >

Clinical and demographic characteristics

Clinical symptoms of HF according to the HFA score (shortness of
breath, edema, bulging veins, wheezing, orthopnea)
Comprehensive assessment:

NT-proBNP, ReDS, lung ultrasound, liver FibroScan, BIVA,
VExUS

Fig. 1. Design of the study

Table

Clinical and demographic characteristics and laboratory and
instrumental findings of patients included in the study, » = 35

Parameter | Value

Clinical and demographic characteristics
Gender (male / female), n (%) 14 (40%)/21 (60%)
Age, years, Me (IQR) 71 [65.5; 78.5]
BMI, kg / m?, Me (IOR) 34.5[27.0; 38.6]

Smoking, n (%) 8 (22.9%)
LVEEF, % Me (IOR) 52 [40; 55]
Arterial hypertension, n (%) 34 (97.2%)
Previous stroke, n (%) 5(14.3%)
Coronary artery disease, 1 (%) 14 (40.0%)
Previous myocardial infarction, n (%) 6 (17.2%)
Atrial fibrillation / flutter, n (%) 22 (62.9%)
Type 2 diabetes mellitus, n (%) 9 (25.7%)
Chronic kidney disease, n (%) 22 (62.9%)
COPD / BA, n (%) 5(14.3%)
SBP, mm Hg., Me (IOR) 133 [120.5; 146]
DBP, mm Hg., Me (IOR) 80 [70; 84.5]
Heart rate, beats per min, Me (IQR) 85 [74; 120]

Laboratory and instrumental characteristics at admission

Liver stiffness, kPa, Me (IOR) 13 [6; 21]
Sum of B-lines in lung ultrasound, .

Me (IOR) 8 [4; 16]
BIVA, resistance, Om / m, M + SD 394 +99
BIVA, reactance, Om / m, Me (IOR) 38 [31; 45]
Size of the inferior vena cava, mm, 945

M= SD

End of table
Parameter Value
GRADE 0: 14 (40%)
Congestion grade according to VExUS, GRADE 1: 3 (8.6%)
n (%) GRADE 2: 6 (17.1%)
GRADE 3: 12 (34.3%)
NT-proBNP, pg / ml, Me (I0R) 1,379 (470; 4,277)
ReDS findings, M + SD 37+6

Note. BMI — body mass index, LVEF — left ventricular ejection
fraction, SBP — systolic blood pressure, DBP — diastolic blood
pressure, BIVA — bioimpedance vector analysis.

To identify and assess the severity of pulmonary
congestion, lung ultrasound was performed according
to the protocol with the calculation of the number
of B-lines in 8 zones along the anterior and lateral
surfaces of the chest using the GE Vivid iq ultrasound
system. The sum of B-lines of 6—15 was considered
as mild, of 16-30 — as moderate, of more than 30 — as
severe congestion.

The ReDS technology is based on the estimation
of dielectric properties of the tissue. Low-power
electromagnetic radiation passes through tissues from
the emitter to the receiver. Since water has a very
high dielectric constant, and dielectric constants of
tissues are determined mainly by liquid contained in
it, the assessment of changes in the parameters of radio
waves makes it possible to accurately measure the total
volume of liquid in the tissue. Thus, the ReDS system
calculates the air-to--liquid volumetric ratio and shows
the percentage of pulmonary fluid [10, 11, 14].

The study was conducted according to the
manufacturer’s protocol. A sensor was placed on the
right side of the patient’s chest in a sitting position.
The measurement took about 45 seconds (Fig.2). The
manufacturer’s recommended range of normal values
was 20-35%. More than 35% indicated pulmonary
congestion. The severity of congestion was determined
by the following values: 36-40% — grade 1 (increased
fluid content in the lungs), 41-50% — grade 2 (high
fluid content in the lungs), more than 50% — grade
3 (extremely high fluid content in the lungs).

To determine ReDS interoperator variability, each
patient was examined by two operators who were
blind to each other’s findings with a 20-30-minute
interval.

Statistical processing of the results was performed
using the MedCalc version 19.0 and SPSS (version
22.0) software. Quantitative variables were described
as the arithmetic mean (M) and the standard deviation
(SD) (with a normal distribution) or as the median and
the interquartile range Me (IQR) (with a non-normal
distribution).
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Fig. 2. Remote dielectric sensing (ReDS) technology. The device consists of two sensors (front and rear), a computing unit,
and a monitor

The nature of data distribution was determined
using the Kolmogorov — Smirnov test. For normally
distributed data, the significance of differences was
assessed by the Student’s fs-test for dependent and
independent samples. For non-normally distributed
data, the significance of differences between the
groups was assessed using the Mann— Whitney test
for independent samples and the Wilcoxon’s test for
dependent samples. The differences were considered
statistically significant at p < 0.05 (with the
Bonferroni correction). The direction and strength of
the correlation between the two quantitative variables
were estimated by the Spearman’s rank correlation
coefficient (with non-normally distributed data).

To assess interoperator variability for qualitative
parameters, the coefficient of agreement, or Cohen’s
kappa (k) was determined, which was calculated
using the formula: k = (po— pe) / (1— pe), where po
is actually observed agreement between operators,
pe is expected agreement that would be observed by
chance alone (with complete agreement, k = 1, and
in the absence of agreement, k = 0). In the meantime,
k = 0-0.2 indicates slight agreement, x = 0.21-0.4 —
fair agreement, k = 0.41-0.6 — moderate agreement,
k =0.61-0.8 — substantial agreement, and k =0.81-1 —
almost perfect agreement.

RESULTS

Pulmonary congestion at admission according
to ReDS data was diagnosed in 62.9% (n = 22) of
patients, of which 37.1% (n = 13) of patients had mild,

22.9% (n = 8) of patients — moderate, and 2.9% (n = 1)
of patients — severe congestion. Pulmonary congestion
at discharge was detected in 44% (n = 15) of patients.
Lung ultrasound revealed pulmonary congestion at
admission in 57.2% (n = 20) of cases, of which mild
congestion was detected in 31.4% (n = 11) of patients,
moderate —in 22.9% (n = 8) of patients, and severe — in
2.9% (n=1) of cases. At discharge, it was detected in
16% cases (n = 5) (Fig.3). Hydrothorax at admission
was observed in 31.4% (n = 11) of patients.

A moderate correlation was found between ReDS
(%) and lung ultrasound (sum of B-lines) findings at
admission (r = 0.402; p = 0.017). At discharge, no
correlation was found between the two methods (p =
0.613) (Fig.4).

The frequency of agreement between the two
methods on the presence or absence of signs of
congestion at admission was 77.1% (p = 0.004) with a
moderate Cohen’s kappa value (k=0.53). Atdischarge,
the frequency of agreement between the methods
was 41.7% (p = 0.223), and the Cohen’s kappa value
was negative. Taking into account hydrothorax as a
sign of congestion along with the sum of B-lines on
lung ultrasound at admission, the agreement between
the methods was 71.4% (p = 0.033), and Cohen’s
kappa was k = 0.388. At discharge, taking into
account hydrothorax did not change the frequency
of agreement between the two methods in detecting
pulmonary congestion.

The average interoperator variability for the ReDS
study was revealed (the variability coefficient was
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9.9%). At the same time, ReDS showed that variability between operators in detecting pulmonary congestion
between operators was 12.7% at admission and 6.6% was k = 0.82 (k= 0.908 at admission and k = 0.657 at
at discharge. For the ReDS study, Cohen’s kappa discharge).

ReDS data at admission ReDS data at admission ReDS data at discharge
2.9%
22.9%
37.1% £ 37.1%
£l 44%

0,
62.9% 56%

No congestion
1 congestion [l 37.1%

No congestion m Congestion 2 congestion No congestion m Congestion
3 congestion [l

Ultrasound data at admission Ultrasound data at discharge Ultrasound data at discharge
2.9%
22.9% 4 ‘
i 1
42.8% . \ 42.8%
57.2% No congestion
1 congestion [
2 congestion 31.4%

No congestion @ Congestion 3 congestion [l
No congestion

Fig. 3. The incidence of pulmonary congestion in patients with ADHF at admission and at discharge according to ReDS and lung
ultrasound findings (n = 35)
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50.0 39.0: . .
£360. w
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Fig. 4. Correlation between ReDS (%) and lung ultrasound (sum of B-lines) findings
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DISCUSSION

The accuracy of the diagnosis of pulmonary
congestion by lung ultrasound is high, the sensitivity
and specificity of this method exceed 95%. The
consensus of experts recommends lung ultrasound for
the diagnosis of pulmonary congestion [15]. Therefore,
lung ultrasound in this study was considered as the
gold standard for assessing pulmonary congestion.
However, this study is a semi-quantitative method and
requires appropriate equipment and highly qualified
specialists.

As an alternative method for quantifying the
degree of congestion in the lungs and displaying the
percentage of pulmonary fluid in 45 seconds, the
ReDS technology can be used. This is a non-invasive
method that does not require expertise.

A strong correlation was demonstrated between ReDS
findings and clinical signs of pulmonary congestion in
patients with ADHF during hospital stay [16]. It was
shown that ReDS values were strongly correlated with
other assessment methods, including high-resolution
computed tomography (0.90 (95% confidence interval
(CI) 0.85-0.95) [17] and right heart catheterization [18].
In a study conducted in Japan, a moderate correlation
between ReDS values and high-resolution computed
tomography was revealed (» = 0.65, p < 0.001). In
addition, it was shown that the ReDS value is an
independent predictor of pulmonary congestion after
adjustment for N-terminal pro b-type natriuretic peptide
(NT-proBNP) and patient’s body weight [19].

The gold standard for quantifying the severity
of pulmonary congestion is catheterization of
the right heart with measurement of pulmonary
capillary wedge pressure (PCWP). However, given
a number of limitations, such as the invasive nature
of the procedure, the risk of complications, including
exacerbation of HF, especially in patients with unstable
hemodynamics and those receiving anticoagulants,
catheterization of the right heart is not widely used in
routine clinical practice.

In a study conducted in Israel including 139 patients
with HF, a positive correlation was found between the
ReDS values and pulmonary artery pressure (» = 0.492,
p < 0.001), as well as between the values of ReDS
and central venous pressure (» = 0.406, p < 0.001). It
was shown that the ReDS value (threshold value of
34%) had high sensitivity (90.7%), high specificity
(77.1%), and a negative prognostic value (94.9%) in
determining PCWP of 18 mm Hg [20]. In another
study, a moderate correlation was found between the

values of ReDS and PCWP (» = 0.698, p < 0.001);
the ReDS value of 28% was a threshold value for
predicting PCWP > 15 mm Hg with sufficiently high
sensitivity (0.70) and specificity (0.75) [17].

It was shown that the ReDS technology is
comparable to lung ultrasound in detecting subclinical
pulmonary congestion, since ReDS values of > 35%
had sensitivity of 66.7%, specificity of 87.5%, and a
negative prognostic value of 93.3% compared to the
sum of B-lines in lung ultrasound [11].

In our study, pulmonary congestion at admission
according to ReDS data was diagnosed in 62.9% of
cases, according to lung ultrasound — in 57.2% of
patients. A moderate correlation was found between
ReDS (%) and lung ultrasound (sum of B-lines)
findings at admission (» = 0.402; p = 0.017). The
interoperator variability of ReDS was also studied.
The Cohen’s kappa for the ReDS study in detecting
pulmonary congestion was k =0.82 (x = 0.908 at
admission and k= 0.657 at discharge), which indicated
almost complete agreement in values between the two
operators. This is confirmed by the literature data.
A study in Japan involving 10 healthy volunteers
also demonstrated very high reliability of ReDS
measurements between three operators (0.966, 95%
CI: 0.952-0.976). This allows to suggest that a single
ReDS measurement is reliable [21].

CONCLUSION

The remote dielectric sensing (ReDS) technology
has a moderate correlation with lung ultrasound in
terms of assessing pulmonary congestion in patients
hospitalized with ADHF. However, it is worth noting
that currently these methods can be considered as
complementary, and the use of the ReDS technology
in patients with HF requires further study.
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Changes in VEGFR1 and VEGFR2 expression and endothelial cell maturity
in laboratory animals with a model of Alzheimer’s disease
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ABSTRACT

Aim. To evaluate the expression of VEGFR1 and VEGFR2 and the maturity of endothelial cells in neurogenic
niches in the model of Alzheimer’s disease.

Materials and methods. The study was carried out on 6-month-old male C57BL/6 mice. The experimental group
(n=15) received 2 pl of 1 mM AP25-35 solution in the CA1 hippocampal region, while the control group (n = 15)
received normal saline. Brain plasticity was assessed at day 10, 17, and 38 after surgery by the passive avoidance
test. The expression of VEGFR1, VEGFR2, and CLDNS5 was assessed by immunohistochemistry and the Image
ExFluorer imaging system.

Results. In the control group, cognitive training stimulated angiogenesis in the neurogenic niches of the brain,
which was accompanied by the formation of microvasculature with fully mature endothelium. In the experimental
group, an early and pronounced increase in the VEGFR1 expression was observed by day 7 after cognitive training,
which was followed by impaired barrier formation and high VEGFR2 expression by day 28 after cognitive training.
These changes were associated with the formation of small vessels with structural incompetence of endothelial
cells.

Conclusion. Angiogenesis in neurogenic niches of the animals with the model of Alzheimer’s disease is
characterized by incompetent mechanisms regulating the subpopulation composition of endothelial cells, impaired
stabilization of the endothelial layer, and a decrease in the maturation rate of endothelial cells in newly formed
microvessels by the time of cognitive deficit manifestation. This may contribute to microcirculatory dysfunction
and impaired neurogenesis in neurogenic niches as well as to the development of pathological permeability and
neuroinflammation. On the whole, the disruption of angiogenesis in neurogenic niches observed in the animal
model of Alzheimer’s disease suggests a potential contribution of this mechanism to the development of aberrant
brain plasticity.

Keywords: VEGFR1, VEGFR2, CLDNS, neurogenesis, angiogenesis, neurogenic niches
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N3meHeHune s3kcnpeccun VEGFRT n VEGFR2 n 3penoctn Knetok sHaoTennsa
Y SKCNepMMEHTaNbHbIX }KUBOTHbIX C MOAeNblo 6onesHu Anburennmepa

Kykna M.B., ABepuyK A.C., CraBpoBcKas A.B., PozaHoBa H.A., BepgHukos A.K.,
Konotbesa H.A., CanmuHa A.b.

Hayunwlii yenmp neeponocuu
Poccus, 125367, 2. Mockea, Borokoramckoe wocce, 80

PE3IOME

Heanb: onenuts skcnpeccuto VEGFR1 u VEGFR2 u 3penocTh KIETOK 3HAOTENMS B HEMPOreHHBIX HUINAX IPH
JKCTIepUMEHTaNIbHOM Ooe3nu Anbureiivepa (bBA).

Matepuaisl 1 MeToabl. VccnenoBanue mpoBeneHo Ha camiiax mpimei auanu C57BL/6 B Bo3pacte 6 mec. Dke-
NepuMeHTaNbHO rpymre (7 = 15) BBomumu 2 mxi 1 MM pactBopa AP25-35 B mone CA1 runmokamiia, KOHTPOJIb-
Ho#i Tpymmne (n = 15) — dusnonornveckuii pacrsop. I[ImactuanocTs Mo3ra ouneHuBanu Ha 10-e, 17- u 38-e cyT
HOCJIe ONEpalyi C MCIOJIb30BAaHUEM TECTa YCIOBHOM peakiMy MacCHBHOTO M30eraHus. DKCIPECCHI0 MapKepOB
(VEGFR1, VEGFR2, CLDN5) uccrnenoBaiy METOAOM HMMYHOTHCTOXHMHH € TIOMOIIBIO CHCTEMbI BU3YalTH3alud
Image ExFluorer.

Pe3yabTaThl. Y )KUBOTHBIX KOHTPOJBHOH I'PyNIbl KOTHUTUBHBIM TPEHUHT CTUMYJIUPYET IIPOLIECCHl HEOaHTHOre-
He3a B HeWPOTeHHBIX HUIIAX TOJIOBHOTO MO3Ta, YTO CONPOBOXKIACTCS HOPMUPOBAHHEM MHKPOCOCYIOB CO 3PEIIbIM
9HJ0TEeNNEM. Y JKUBOTHBIX C 3KCIIEPUMEHTAIBHON MoJienbio BA peructpupyercs paHHee U BEIpaKCHHOE YBEInYe-
Hue sxkcnpeccun VEGFRI1 k 7-M cyT nocsie KOTHUTUBHOM Harpy3KH, COIIPOBOXKIaeMO€e HapyIlIeHHeM OapbeporeHe-
3a U BBICOKUM ypoBHeM 3kcrpeccud VEGFR2 k 28-M cyT nociie KOrHUTUBHOM Harpy3ku. DT U3MEHEHHS COps-
JKEHbI ¢ (OPMUPOBAHHEM MEJIKHUX COCYJIOB C HEJIOCTATOYHOM CTPYKTYPHOI KOMIIETEHTHOCTBIO KJIETOK DHIOTEIIHSL.

3akiaouenue. Heoanruorenes B HEMpPOreHHBIX HUIIAX KUBOTHBIX C DKCIIEPUMEHTAIbHON MoJienbio BA xapakre-
pU3yeTCS HECOCTOSTEIBHOCTHI0 MEXaHU3MOB PETYJISIIIUU CYOIOMYJIISIIIMOHHOTO COCTaBa KICTOK 3HAOTEIHS, Hapy-
[ICHUEM CTAOMIN3AIUY SHIOTEITHATEHOTO CIIOS ¥ CHIDKEHHEM CKOPOCTH CO3PEBaHHUS KIIETOK SHJIOTENUS BO BHOBb
00pa30BaHHBIX MHKPOCOCY/IaX K MEPUOY MaHU(ECTAIIMH KOTHUTUBHOTO JAe(UIMTA, YTO MOXKET CIIOCOOCTBOBAThH
HapyLICHUI0O MUKPOLUUPKYJISIIMM U HEHpOreHe3a B HEHMpPOreHHBbIX HUIIAX, a TAKKE Pa3sBUTHUIO MATOJIOIMYECKOM
MPOHUIIAEMOCTH U HelpoBocnaieHus. B nenom HapyieHe npoueccoB HEOaHTMOreHe3a B HeHPOreHHbIX HUILIAX,
perucrpupyeMoe rpu KOrHUTUBHOM Harpy3Ke >KMBOTHBIX € MOJIeIIbI0 BA, CBUIETENBCTBYET O BOBMOXKHOM BKJIaJIe
3TOr0 MEXaHH3Ma B pa3BUTHE a0CPPaHTHOM IIIACTUYHOCTH FOJIOBHOTO MO3ra.

Kirouessie ciioBa: VEGFR1, VEGFR2, CLDNS, HeiiporeHes, aHrHOreHe3, HeHpOreHHbIE HUIIH

KondaukT uHTEepecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHM KOH(IMKTa HHTEPECOB MPHU MPOBEICHUN UCCIEI0BaA-
HHUS.

Hcrounuk punancuposanusi. VccienoBaHnue BBIIOIHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro ¢onzma Ne 22-
15-00126, https://rscf.ru/project/22-15-00126.

CooTBeTcTBHE NPUHIONNAM 3THKH. VccienoBanue yTBEp)KAEHB! PEIICHUEM JIOKaJIBHOTO 3THYECKOT0 KOMUTETA
OT'BHY «Hayunslii ientp HeBposorum» (mpotokoi Ne 5-3/22 ot 01.06.2022).

Jsa nutuposanus: Kykina M.B., Asepuyk A.C., CraBposckas A.B., Po3anosa H.A., bepauukos A K., KonoTbe-
Ba H.A., Canmuna A.b. U3menenue sxcnpeccun VEGFR1 u VEGFR2 1 3penoct KJI€TOK S3HAOTENUS Yy 3KCIIEpU-
MEHTAJIbHBIX JKUBOTHBIX ¢ MOJICNBIO 00Jie3Hn AJblirelimepa. broiemens cubupckou meduyunot. 2024;23(4):47—
54. https://doi.org/10.20538/1682-0363-2024-4-47-54.

INTRODUCTION

phosphorylated tau protein accumulates

Alzheimer’s disease (AD) is characterized
by neurodegenerative changes due to impaired
synthesis and accumulation of amyloid beta (Ap)
in the extracellular space [1, 2]. Simultaneously,

neurons, leading to damage and death of brain cells.
The effect of AP on neurons results in cell
membrane dysfunction, disruption of signaling
pathways, and premature neuronal death. These
changes are particularly significant in brain regions
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responsible for memory and cognitive functions,
such as the hippocampus [3]. The activation of
microglia in response to AP accumulation provokes
neuroinflammation, while the disruption of the blood
— brain barrier (BBB) under the effect of AP further
contributes to inflammation and tissue damage [4]. In
addition to BBB damage, microvessels in AD undergo
extensive remodeling accompanied by unproductive
angiogenesis and aberrant barriergenesis [5]. These
events may be especially significant in neurogenic
niches. Studies have shown that during ischemic
brain injury, new microvessels with increased BBB
permeability play a crucial role not only in the
development of neuroinflammation, but also in the
formation of new areas of neurogenesis, promoting
brain tissue recovery [6].

It is worth noting that the vascular scaffold plays
a key role in regulating neurogenesis. In the
subventricular zone (SVZ), increased BBB permea-
bility facilitates the entry of regulatory molecules
from the blood into the microenvironment of neural
stem cells (NSCs) and neuronal progenitor cells
(NPCs), whereas in the subgranular zone of the
hippocampus (SGZ), the microvessel wall is less
permeable, making locally produced factors more
critical for regulating the processes that maintain
the NSC and NPC pools [7]. Such changes in the
local microenvironment during neuroinflammation
and aberrant angiogenesis in AD, as well as in other
neurodegenerative diseases or brain development
disorders, reduce the intensity of neurogenesis,
contributing to cognitive deficits [8—10]. Previously,
we demonstrated [11] that in the period preceding
the development of cognitive deficits in animals with
experimental AD, mitochondrial fission and endothelial
cell autophagy in microvessels intensify in the SGZ of
the hippocampus, indicating microvessel remodeling.

The role of vascular endothelial growth factor
(VEGF) has long been studied in the context of
neurogenesis and cerebral angiogenesis. In the brain,
VEGF receptors are expressed on neuronal and glial
cells, macrophages, and endothelial cells, regulating
various aspects of their activity under both normal and
pathological conditions [12, 13]. Overall, they facilitate
the transmission of signals that positively regulate cell
proliferation, migration, and development. There are
three types of receptors: VEGFR1 (Flt-1), VEGFR2
(KDR or FIk-1), and VEGFR3 (Flt-4). VEGFR1 and
VEGFR?2 play crucial roles in regulating angiogenesis
and neurogenesis in the brain, while VEGFR3 is
typically associated with lymphatic angiogenesis

and regulation of endothelial cell proliferation in
lymphatic vessels [14]. The primary producers of
VEGF are neuronal and glial cells [15, 16]. Given that
angiogenesis is accompanied by the acquisition of a
specific endothelial cell phenotype—tip cells (migrating
along the gradient of pro-angiogenic molecules), stalk
cells (proliferating and following tip cells establishing
the walls of newly formed microvessels), and phalanx
cells (stabilizing the barrier function of the vascular
wall) — it is important to mention that activation of
different receptor types on these cells regulates this
specialization. For instance, VEGFR2 activation on
the membrane of tip cells increases D114 expression.
This protein then interacts with Notch receptors on
neighboring endothelial cells, causing a decrease in
VEGFR2 and VEGFR3 expression in these cells.
This process prevents the conversion of stalk cells
into tip cells (lateral inhibition mechanism). VEGFR1
activation on the membrane of phalanx cells promotes
their migration [17, 18]. Notably, the expression of
both types of receptors — VEGFR1 and VEGFR2 —in
the brain tissue is exclusive to endothelial cells [19].
BBB stabilization in newly formed microvessels is
ensured by the induction of expression of tight and
adherens junction proteins (JAM, ZO1, CLDNS,
etc.) in endothelial cells and the reduction of local
VEGF production, which is important for maintaining
the structural integrity of the barrier [16, 20]. When
these mechanisms fail, barriergenesis becomes
ineffective, potentially leading to the development of
neuroinflammation.

The aim of this study was to evaluate the expression
of VEGFR1 and VEGFR2 and the maturity of
endothelial cells in neurogenic niches in the animal
model of AD.

MATERIALS AND METHODS

Thirty male C57BL/6 mice were selected for
the study. At the start of the experiments, the mice
were 6 months old. The animals were kept under
standard vivarium conditions with round-the-clock
access to food and water. For anesthesia, Zoletil-100
(Virbac Sante Animale, France) diluted with saline in
a 1:4 ratio was used. The mixture was administered
intramuscularly at a dose of 15 mg of active substance
per 25 g of body weight. Xyla (Interchemie werken
“De Adelaar” B.V., the Netherlands) was also used,
diluted in a 1:2 ratio and administered intramuscularly
at a dose of 0.6 mg per 25 g of body weight.

A stereotactic surgery was performed using the
coordinates AP — 2.0; ML — 1.9; DV — 1.3. The
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experimental group of mice (n = 15) was bilaterally
injected with 2 pl of 1 mM AP25-35 solution (Sigma-
Aldrich Co., USA) directly into the hippocampus. The
control group (n = 15) received identical injections of
saline in the same volume.

All studies were conducted in accordance with
ethical principles of animal use and were approved by
the local Ethics Committee at the Research Center of
Neurology (Protocol No. 5-3/22 of 01.06.2022).

Cognitive training. The full protocol and results of
cognitive testing were presented earlier in [11]. The
analysis used the passive avoidance response (PAR)
test and the ShutAvoid 1.8.03 program on the Panlab
Harvard Apparatus. The assessment was conducted on
days 10, 17, and 38 after the surgery during daytime
hours (corresponding to 1, 7, and 28 days after
cognitive training of the animals).

At each time point, biological material was
collected from 5 animals from each group one hour
after cognitive testing.

Immunohistochemical study. To remove the animals
from the experiment, they were anesthetized and
decapitated. The extracted mouse brain was fixed in 4%
paraformaldehyde (Wuhan Servicebio Co. Ltd, China).
Histological sections of 10 um thickness were prepared
on the Tissue-Tek® Cryo3 cryostat (Sakura-Finetek,
Japan). The biological material was stored at +4 °C.

Immunohistochemical staining was performed
using primary labeled antibodies: anti-VEGFR2
(1:250, AF6281-F488, Affinity, China); anti-CLDNS
(1:250, AF5216-F488, Affinity, China); anti-CD31
(1:250, AF6191-F555, Affinity, China), and primary
anti-VEGFR1 (1:100, FNab09393, FineTest, China)
with corresponding secondary goat anti-rabbit
antibodies (1:100, E-AB-1060, Elabscience, China).

Prior to staining, the sections were washed in
PBS (2.1.1. Rosmedbio, Russia) for 10 minutes and
then in a 0.1% Triton X-100 solution for 20 minutes
(Calbiochem Research Biochemicals, USA) with the
addition of 5% BSA (1126GR100 BioFroxx, Ger-
many). The sections were mounted under a coverslip
using the Fluoroshield Mounting Medium with DAPI
(Sigma Aldrich, F6057, USA). Visualization was per-
formed using the Image ExFluorer visualization system
(LCI, Korea), and the images were processed using
the plugin for the ImagelJ software [21]. The intensity
of the specified marker expression was characterized
by the number of cells expressing the corresponding
marker, normalized to 100 DAPI-positive cells.

Western blotting protocol. Protein extraction
from brain tissue homogenates was performed

using RIPA Lysis Buffer (Servicebio, China) on ice.
Protein separation was carried out by SDS-PAGE
electrophoresis, loading 40 ug of protein into each
well. Protein transfer to a nitrocellulose membrane
(0.45 um, Bio-Rad) was performed using the SVT-2
wet transfer system (Servicebio, China) at a constant
current of 300 mA for 30 minutes. The membrane was
incubated with primary antibodies VEGF (1:1000,
AF5131, Affinity, China), BDNF (1:1000, DF6387,
Affinity, China), and Actin (1:1500, AF7018, Affinity,
China) for 12 hours at +4 °C. After incubation,
the membrane was washed in the Tris-Tween-20
solution. The next incubation of the membrane with
secondary antibodies (1:1000, SAA544Rb59, Cloud-
Clone, China) containing peroxidase was carried out
for 60 minutes at +37 °C. DAB stain was used for
visualization. Protein detection was performed using
the Geldoc Go system (Bio-Rad, USA). The Bio-Rad
ImageLab software was used to analyze the obtained
images.

PAR test results were analyzed using the one-way
ANOVA and Fisher’s exacttest. Immunohistochemical
data were evaluated using the Mann — Whitney U-test
in the Statistica v. 12.0 software package (StatSoft
Inc., USA). The results were considered significant at
p <0.05. The data were presented as the mean and the
standard deviation (M + o).

RESULTS AND DISCUSSION

As was previously shown, in animals with the
model of AD-associated neurodegeneration, a
statistically significant decline in cognitive functions
was registered at day 28 after the first session in the
PAR test [11]. This was accompanied by changes in
Arg3.1/Arc expression in the neurogenic niches of the
animals’ brains [22], which allowed to consider the
PAR protocol as an adequate method for implementing
cognitive training in experiments.

We analyzed VEGFR1 expression in the
neurogenic niches of animals in both groups (Fig. 1).
In the control group, a statistically significant increase
in the number of VEGFRI1-expressing cells in the
SGZ and SVZ was observed by day 28 compared
to previous periods (p = 0.0450). We may suggest
that it resembled induction of neoangiogenesis with
a consistent progressive increase in the number of
phalanx cells forming the endothelial layer in newly
formed microvessels by day 28, likely related to
the activation of neurogenesis following cognitive
training [23]. This is indirectly supported by the fact
that VEGFRI activation stimulates the migration of
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endothelial phalanx cells involved in the formation
of new microvessels [15]. Notably, this effect was
inverted in animals with AD, where an increase in
the number of VEGFR1-positive cells was registered
much earlier (on day 7 after training) and then almost
disappears. This likely reflected the failure of training-
stimulated neoangiogenesis mechanisms in animals
with the AD model [11].

Next, we analyzed VEGFR2 expression in
neurogenic niches (Fig. 2). A sign of increased
angiogenesis stimulated by cognitive training in
animals from both groups in the hippocampal SGZ
was an increase in the number of VEGFR2-positive
cells at day 7 (p = 0.0495). By day 28, the number
of VEGFR2+ cells in the control group decreased,

SGZ

i

—

r 1
—

Controls

—

:[ ® Amyloid
10 1 .
0 .

28

&

Expression level, %
ne
=

Illox

Time, day

Expression level, %

which may be associated with a decrease in the
number of endothelial tip cells and an increase in the
number of stalk cells (lateral inhibition mechanism).
In the animals with AD, this mechanism appeared
ineffective, as the number of VEGFR2-positive cells
remained consistently high in both neurogenic niches
until day 28, corresponding to the manifestation of
cognitive dysfunction. Thus, neoangiogenesis in the
neurogenic niches of animals with experimental AD
was characterized by failed mechanisms regulating
the subpopulation composition of endothelial
cells and impaired stabilization of the endothelial
layer in newly formed microvessels by the time
of cognitive deficit manifestation (day 28 after
training).
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Fig. 1. The number of VEGFRI1-positive cells in the SGZ and SVZ of control sham-operated animals (C) and animals with
intrahippocampal injection of AB25-35 (A) at the time of cognitive training (“shock™), at day 7 and 28 after training, M + o, p <0.05
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Fig. 2. Changes in the number of VEGFR2-positive cells in the SGZ and SVZ of control sham-operated animals (C) and animals
with intrahippocampal injection of AB25-35 (A) at the time of training (“shock”), at 7 and 28 days after training. The number of
VEGFR2-positive cells is normalized to 100 DAPI+ cells, M + o, p < 0.05

When assessing VEGFA levels in the brain tissue
(Fig. 3), we found that by day 28 after the training, the
levels of this angiogenic factor progressively decreased
in both control and AB-treated animals. However, no

statistically significant differences in such changes
were found in the control and experimental groups.
Therefore, VEGF levels in the brain tissue were not
associated with the observed inversion of VEGFRI1
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and VEGFR2 expression in neurogenic niches in
animals of both groups. Apparently, local changes in
training-stimulated VEGFA production in the SGZ
and SVZ may be responsible for the observed effects,
and this requires further study.

Given the findings that in experimental AD,
angiogenesis in the neurogenic niches of the brain
stimulated by learning might be associated with
impaired endothelial layer formation, we further
assessed how this related to the maturity of endothelial

cells. To do this, we analyzed the ratio of CLDNS5-
expressing endothelial cells to the total number of
CD31-positive cells in neurogenic niches (Fig. 4).
Notably, in the SGZ of animals with experimental
AD, in contrast to the control group, a significant
decrease in the proportion of mature endothelial cells
(CLDNS5* CD31" cells) was registered at day 28,
while in the SVZ, similar changes occurred earlier, at
day 7, which corresponded to the period preceding the
manifestation of cognitive deficit.
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Fig. 4. Changes in the proportion of CLDN5" cells in the CD31* endothelial cell population in the SGZ and SVZ of control sham-
operated animals (C) and animals with intrahippocampal injection of AB25-35 (A) at the time of training (“shock™), at day 7 and 28
after the training, M + o, p < 0.05

CONCLUSION

When assessing the characteristics of expression of
VEGF receptor subtypes and tight junction proteins
in the endothelial cells of microvessels in the SGZ
and SVZ, we established that cognitive training in
the sham-operated animals resulted in intensified
neoangiogenesis in the neurogenic niches of the

brain, which is likely necessary to maintain effective
neurogenesis. These events were accompanied
by subpopulational changes in endothelial cells
(suggesting lateral inhibition mechanism) and signs
of their maturation (increased CLDNS5 expression)
during 28 days following the training, which was
related to the period of emergence of new neurons in
the neurogenic niche [24].
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In animals with a model of AD, angiogenesis in
neurogenic niches was also induced after cognitive
training. However, at the time when cognitive deficits
manifested (28 days after training), a statistically
significant decrease in the number of VEGFRI-
expressing cells and maintenance of high VEGFR2
expression were found in these brain regions,
indicating failure of endothelial cells to form a
stable endothelial layer, likely due to the disruption
of lateral inhibition mechanisms. The changes in
neoangiogenesis within neurogenic niches observed
after the learning session in the animals with AD
suggest a potential contribution of this mechanism
to the development of neuroinflammation, local
microcirculatory dysfunction, and the development of
aberrant brain plasticity.
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ABSTRACT

Aim. To identify the features of the subpopulation composition of blood monocytes and tumor macrophages in
relation to the plasma concentration and intratumoral expression of galectins 1 and 3 in patients with colorectal
cancer.

Materials and methods. A total of 23 patients with colorectal cancer (ICD C18-20) were examined — 5 men and
18 women (average age 63.8 + 9.4 years). The control group consisted of healthy volunteers; the comparison group
encompassed age- and sex-matched patients with colon adenomas. The study materials included whole blood and
tumor biopsies. The concentration of galectins 1 and 3 in the blood was determined by enzyme-linked immunosor-
bent assay, the content of tumor galectin-1" and galectin-3* cells — by immunohistochemistry. Subpopulations of
blood monocytes were evaluated by flow cytometry; the macrophage immunophenotypes M1 (CD68'CD80*) and
M2d (CD68'CD206") in tumor tissues were determined using immunofluorescence staining. Statistical processing
of the research results was performed by the Jamovi 2.3.21 software package for Windows.

Results. In patients with colorectal cancer (CRC), a positive relationship was identified between high plasma
concentrations of galectins 1 and 3 and an imbalance of blood monocytes manifested by a decrease in the
relative count of classical CD14""CD16- monocytes and, conversely, an increase in the number of non-classical
CD14'CD16"" and intermediate CD14'CD16" cells. The relative numbers of M1 (CD68'CD80") and M2d
(CD68"CD206") macrophages in CRC tissue samples turned out to be comparable and did not depend on the level
of galectins 1 and 3 in the blood and tumor. In patients with colon adenomas, the M2d subpopulation of tumor-
associated macrophages was predominant (p = 0.031).

Conclusion. In patients with CRC, galectins 1 and 3 have a modulating effect on the ratio of non-classical
CD14*CD16", intermediate CD14°CD167, and classical CD14""CD16 monocytes in the blood and do not affect
the M1/M2d expression profile of tumor-associated macrophages.
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PE3IOME

Hensb. BeissBUTE 0cOOCHHOCTH CyOMOMYIISIIIMOHHOTO COCTaBa MOHOIIUTOB KPOBU M MAaKpO(haroB OITyXOJIH BO B3aH-
MOCBSI3H C IJIa3MEHHOM KOHIICHTpAIMel 1 BHYTPHOITYXOJIEBOH IKCIpeccHel raleKTHHOB 1 1 3 y OONBHBIX pakoM
TOJICTOM KHUIIIKH.

Matepuansl 1 Metoabl. O6cnenoBansl 23 60abpHBIX KojopekTanbHeIM pakoM (MKB C18-20) — 5 myxuuH U
18 xeHmuH, cpeanuit Bospact (63,8 + 9,4) net. ['pynity KOHTPOJIS COCTABHIM 3A0POBBIE JOOPOBOJIBLBL, TPYIIITY
CpaBHEHHs — NALUEHTHI C aJICHOMAaMM TOJICTOH KHIIKH, COIIOCTaBHMBbIE MO MOy W BO3pacTy. MarepuaioM Hc-
CIIEOBAHMS SIBJISUIUCH LielbHAsl KPOBb U OHONTATHI OyXonu. KoHIeHTpaluo ranekTuHoB 1 u 3 B KpoBH onpe/e-
JISUTA METOJOM MMMYHO(EPMEHTHOTO aHaH3a, COJACP)KaHUE OITyXOJIEBbIX TIeKTHH-1" M rajJekTuH-3" KIeTOK —
METO/I0OM UMMYHOrHCTOXUMUH. [TozicueT CyOnomy Iauii MOHOLMTOB KPOBHU BBIIIOIHSUIM METOJIOM IPOTOYHOI 111~
TodyopumeTpun, onpeaeneaue ummynopenorunos M1 (CD68*CD80*) u M2d (CD68*CD206%) makpodaros B
OITyXOJICBOM TKaHH — METOJJOM UMMYHO(IIyOpeCLieHIIMH. Pe3ynbTaThl HccieoBaHus 00pabaThIBali CTaTHCTHYE-
CKHMH METO/IaMH ¢ IPIMEHEHNEM MIPOrpaMMHOT0 maketa Jamovi 2.3.21 g Windows.

Pe3yabTathl. ¥V GonpHBIX pakoM Toictoi kumku (PTK) ycraHoBieHa MONoXHTENIbHAs CBSI3b MEXTY BBICOKOM
IUIa3MEHHOM KOHIIGHTpAalMed raJeKTHHOB | M 3 M HapylleHHeM OallaHca MOHOIIUTOB KPOBH B BHJE CHIIKECHHS
OTHOCHUTEILHOrO cojepxkanus kiaccndecknx CD147CD16° MOHOUMTOB M, HANpPOTHUB, YBEIHUEHHUS YHCIICH-
HocTH Heknaccuyeckux CD14°CD16™ u nepexomusix CD14*CD16™ knerok. OTHOcuTenpHOE KoiudecTBo M1
(CD68*CD80") 1 M2d (CD68'CD206") makpocdaros B oOpasiax tkaneit PTK okazanock comocTaBuMbIM 1 HE 3a-
BHICEJIO OT YPOBHsI TAJICKTUHOB 1 ¥ 3 B KPOBH U OITyXOJIH. Y TMAI[MEHTOB C aIcHOMaMH TOJICTOH KHILKY npeobianana
M2d-cy6nonyJsiust OmyXoJb-acCOLMUPOBaHHBIX Makpodaros (p = 0,031).

3axmouenne. Y 60npHBIX PTK ranekturs! 1 ¥ 3 0ka3bplBalOT MOIYJIHPYIOIICE BIMSHAE HA COOTHOIIICHHE HEKIIac-
cuueckux CD14+CD16™, nepexogusix CD14°CD16™ u knaccuueckux CD14"CD16” MOHOIMTOB B KPOBH U HE
BIHSIOT Ha popmupoBanre M1/M2d-3kcipecCHOHHOTO MPOQHIIS OMyX0JIb-aCCOIMUPOBAHHBIX MaKpO(aroB.

KiioueBble cj10Ba: TalleKTHHBI, MOHOLIUTHI, MaKpo(dark, pak TOJICTOI KUIIKH, IMMYHO(DEHOTHI
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CBSI3aHHBIX C MyOIUKaNKeil HACTOSIIEH CTaThH.

Hcrounuk ¢puHAHCHPOBAHUA. ABTOPHI 3asBIISIIOT 00 OTCYTCTBUH (DMHAHCUPOBAHUS IPH NMPOBEICHHU HUCCIIENO0-
BaHMUS.
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cienoBannu. Mccnenopanue omoopeHo stuaeckinM komuteroM Cuol' MY (mporokon Ne 8881 ot 29.11.2021).
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INTRODUCTION

Colorectal cancer (CRC) is one of the top
malignancies in terms of morbidity and mortality
both in Russia and worldwide [1, 2]. Despite
significant efforts aimed at early detection of CRC and
improvement of treatment methods, in half of cases,
the disease is diagnosed at stage III-IV. One-year
mortality amounts to 19.2%, and five-year survival is
57%. There is also an increase in the CRC incidence
among young people [3].

The pathogenesis of CRC is based on the interaction
of tumor cells with the tumor microenvironment
(macrophages, endothelial and mesenchymal
progenitor cells, fibroblasts, etc.). These interactions
are mediated by many regulatory molecules, including
galectins — proteins that bind to [p-galactosides.
Molecules of this family are characterized by a
common carbohydrate-recognition domain and exert
a variety of functions both extra- and intracellularly
[4-7]. It has been shown that the pool of tumor-
associated macrophages, myeloid-derived suppressor
cells, and individual dendritic cells is replenished by
blood monocytes [8].

The aim of the study was to identify the features
of the subpopulation composition of blood monocytes
and tumor-associated macrophages in relation to the
plasma concentration and intratumoral expression of
galectins 1 and 3 in patients with CRC.

MATERIALS AND METHODS

The study included 23 patients with verified
CRC (ICD C18-20) — 5 men and 18 women (mean
age 63.8 £ 9.4 years), who were registered at Tomsk
Regional Cancer Center (chief physician — Maksim Yu.
Grishchenko, Cand. Sci. (Med.), Associate Professor).
The patients were divided into groups according to the
stage of the disease: the group with stage | CRC included
4 people, with stage II — 9 patients, with stage III — 5
patients, and with stage IV — 5 patients. The comparison
group encompassed patients with colon adenomas — 8
men and 7 women (mean age 60.7 + 10.4 years). The
control group included 11 healthy volunteers (6 men
and 5 women aged 61.5 + 9.7 years) from those who
visited the institution for a regular health checkup.

The exclusion criteria were: chronic inflammatory
non-infectious or infectious (in the acute phase)
and autoimmune or allergic (without achieving
control) diseases, purulent processes, other malignant
neoplasms, antitumor therapy (at the time of the study
and in medical history), as well as refusal to participate

in the study. Each subject signed an informed consent.
The study was approved by the Ethics Committee at
Siberian State Medical University (Protocol No. 8881
of 29.11.2021). Information about the patient’s age,
diagnosis, tumor localization, and cancer stage was
obtained from medical records.

The study material was whole venous blood and
tumor biopsy samples (malignant and benign) obtained
from the colon. The concentration of galectin 1 and
galectin 3 in blood plasma was measured by enzyme-
linked immunosorbentassay using the Boster Bio ELISA
kits (USA). The expression of galectins in tumor biopsy
samples was determined by immunohistochemistry
using a standard technique. The number of monocyte
subpopulations was counted by flow cytometry on the
BD Accuri flow cytometer (USA) using antibodies to
CD14 labeled with R-Phycoerythrin and antibodies to
CD16 labeled with FITC.

Sample preparation involved lysis of erythrocytes,
washing of leukocytes, addition of fluorochrome-
labeled antibodies to the cell suspension according
to the manufacturer’s instructions, incubation of
the solution, and addition of the staining buffer.
The number of each monocyte subpopulation was
evaluated according to the expression of CD14 and
CD16 on the cell membranes. Monocytes expressing
CDI14*CD16"" were classified as non-classical,
CD14*CD16 — as classical, and CD14*"CD16* — as
intermediate cells.

To assess the colocalization of CD68, CD206,
and CD80 molecules on the surface of macrophages,
triple immunofluorescence staining of paraffin
sections (according to the standard technique) was
performed, followed by confocal microscopy. For
immunofluorescence staining, the following primary
antibodies were used: mouse monoclonal anti-CD68
(Novus Biologicals, NBP2 445-39, clone KP1, 1:200
working dilution, USA), rabbit polyclonal anti-CD80
(Abcam, ab64116, 1:70 working dilution, USA), goat
polyclonal anti-CD206 (R&D Systems, AF2634, 1:40
working dilution, USA). Additionally, the following
combinations of secondary antibodies were utilized:
anti-mouse Alexa Fluor 488-labeled, anti-rabbit Alexa
Fluor 555-labeled, anti-goat Alexa Fluor 647-labeled
(working dilution of all secondary antibodies was
1:400). When staining cell nuclei, DAPI fluorescent
stain (ab104135, Abcam, USA) was used for their
subsequent visualization on the Carl Zeiss LSM 780
NLO confocal microscope (Germany). The results
were analyzed using the Black Zen and Qupath 0.4.4
software (Fig.1).
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Fig. 1. Immunofluorescence staining of paraffin sections: a — colorectal cancer, b — colon adenoma

Based on the expression of the CD68/CD206/
CD80 markers, CD68"CD80" macrophages were
considered as cells with M1 immunophenotype, and
CD68"CD206* —as cells with M2d immunophenotype.
Since CD68 is a common marker for macrophages [9],
the number of CD68" cells was initially assessed as a
percentage of all stromal cells, and then the relative
number of CD68"CD206" and CD68*CD80" cells was
determined.

Statistical analysis of the results was performed
using the Jamovi 2.3.21 software package for
Windows. The Kolmogorov — Smirnov and the
Shapiro — Wilk tests were used to check the normality
of distribution of the studied variables. The Mann
— Whitney U-test was used to assess the statistical
significance of differences in quantitative variables
between the samples. The Spearman’s rank correlation
coefficient () was calculated to identify relationships
between paired quantitative variables. The results
were considered statistically significant at p < 0.05.

RESULTS

According to our previous study [10], the content
of galectin 1-expressing cells in the tumor tissue of
patients with CRC was higher than in the comparison
group: 33.5 (27.0; 55.0) % in CRC and 11.0 (5.0;
21.0) % in colon adenomas (p < 0.001). Similarly, the
concentration of galectins 1 and 3 in the peripheral
blood of individuals with CRC was higher than in
patients with colon adenoma and healthy donors by
2.5 and 6.6 times, respectively (p < 0.001). A positive
correlation was found between the concentration of

galectin 1 and galectin 3 in peripheral blood plasma
(rs =0.843, p <0.01).

Statistically significant differences in the number
of classical, intermediate, and non-classical blood
monocytes were found between the studied groups
(Table 1). At the same time, the total number of
leukocytes (p = 0.201) and monocytes (p = 0.673) in
the blood was comparable.

Table 1

Subpopulation composition of blood monocytes in patients
with colorectal cancer, Me (Q,; O,)

Subpopulations of

monocytes, % Patients with CRC Healthy donors
Classical
CD14°CD1675.53 (71.41; 78.12) 88.66 (86.06; 93.29)

p <0.001

Intermediate 8.76 (6.19; 10.53) | 1.87(0.93; 2.6)

CD14"CD16" p<0.001

Non-classical 15.08 (11.80; 19.91) | 4.09 (1.26;5.51)

CD14'CD16"* p<0.001

The increase in the number of non-classical
CD14*CD16™ monocytes had a direct strong
correlation with the level of galectin 1 (rs = 0.557)
and galectin 3 (s = 0.780) in blood plasma. A
similar relationship was observed for the number of
intermediate CD14"*CD16* monocytes: a direct strong
correlation was identified with the concentration of
galectin 1 (rs = 0.618) and galectin 3 (rs = 0.617) in
blood plasma.

Therefore, in patients with CRC, an increase in
the number of CD16" monocytes in the blood was
revealed compared to the group of healthy volunteers.

58 Bulletin of Siberian Medicine. 2024; 23 (4): 55-63



Original articles

A direct strong correlation was determined between
the number of non-classical monocytes and low
tumor differentiation grade (G3), i.e. a high malignant
potential of the tumor. On the other hand, an inverse
strong relationship was identified between the number
of classical monocytes (CD14"*CD16") in the blood
and tumor differentiation grade (s =—0.469, p <0.01),
the level of galectin 1 (rs = —0.663, p < 001) and
galectin 3 (rs =—0.804, p <0.001) in the blood plasma.

Following the analysis of the subpopulation
composition of macrophages in tumor biopsy
samples in patients with CRC and colon adenomas,
no differences in the content of tumor-associated
CD68"CD80*" macrophages (with the M1 phenotype)
were found between the groups. The number of
CD68"CD206* cells (macrophages with the M2d
phenotype) in patients with CRC was 1.9 times smaller

a

W Megatve W CDE8+ M CDB0+ [0 CD206+
W COEE+COB0 CDBO+CD206+ CDEB+CD206+
COE8-COB0+CO206+

than in patients with colon adenomas (Table 2). At the
same time, in patients with colon adenomas, relative
predominance of the M2d macrophages in the tumor
tissue was discovered (p = 0.030), while in CRC, the
ratio of tumor-associated M1- and M2d macrophages
was comparable.

Table 2

Subpopulation composition of tumor-associated macrophages
in patients with colorectal cancer, Me (Q,; Q,)

Immunophenotype of

macrophages, % Colon adenoma

Colorectal cancer

4.34 (1.80; 6.74) 4.26 (1.19; 6.53)
p=0.454
3.21(2.01;4.79) | 6.10 (3.97;7.71)
=0.031

M1 (CD68°CD80%)

M2d (CD68*CD206")

The example of stained tumor tissue samples is
shown in Fig. 2.

Fig. 2. Staining of tumor tissue specimens

The correlation analysis of the M1/ M2 expression
profile of tumor-associated macrophages and the
content of galectins 1 and 3 in peripheral blood
and tumor tissue found no statistically significant
relationships.

DISCUSSION

Galectins are a family of proteins expressed by a
variety of cells, including cells in a tumor [11]. Among

the lectins involved in the pathogenesis of cancer,
galectin 1 and galectin 3 are of particular importance
[12, 13]. These molecules not only affect the properties
of tumor cells, such as the ability to proliferate and
metastasize (detachment from the primary tumor,
aggregation, adhesion, intra- and extravasation,
migration, and invasion) and susceptibility to
programmed cell death [14], but also participate in
the interaction of the tumor with immunocompetent
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cells having immunosuppressive properties, which
contributes to tumor escape from immune surveillance
[4]. The mechanism underlying this effect is based on
binding of galectins to CD receptors on leukocytes,
which regulates maturation of polarization, activation,
and apoptosis of these cells [15, 16]. Galectins-1 and
3 also exhibit predominantly anti-inflammatory and
tolerogenic (suppressive) effects toward macrophages,
directing their polarization along the alternative M2
pathway [17, 18]. Macrophages differentiated in this
way, in turn, actively synthesize galectin 1 and galectin
3 themselves, while classical M1 macrophages, on the
contrary, are characterized by low expression of these
lectins [19].

According to N.N. Sarbaeva (2016), the
identification of two  distinct macrophage
subpopulations (M1 and M2) does not fully characterize
the diversity of macrophage immunophenotypes
due to their plasticity [20]. Macrophages with the
anti-inflammatory M2 phenotype are classified into
M2a, M2b, M2c, and M2d subpopulations. Such
differences between the cells are due to the set of
intracellular and membrane molecules expressed by
them (transcription factors, differentiation clusters,
receptors for cytokines and chemokines, etc.), secreted
cytokines (mainly interleukin (IL) 10 and transforming
growth factor B (TGFp)), and functions (phagocytosis,
activation of cell growth and regeneration processes,
maintenance of tissue homeostasis, polarization of
the immune response toward the Th2 (humoral) or
Th17 (autoimmune) pathway, or Treg-mediated
immunosuppression, etc.). According to the literature,
macrophages expressing CD68 and CD206 markers
(i.e. with the M2d phenotype) promote tumor growth,
angiogenesis  (including tumor vascularization
through production of proangiogenic mediators), and
extracellular matrix remodeling [21, 22].

Galectins 1 and 3 act as chemoattractants for
monocytes newly recruited to the tumor site,
thereby forming a vicious circle that promotes tumor
progression [23, 17]. There is evidence that galectin
1 promotes M2 polarization of macrophages by
regulating arginine metabolism and reducing nitric
oxide production [24].

According to the results of the present study,
patients with colitis showed a slight trend toward
an increase in the proportion of M1 macrophages
compared to patients with colon adenomas. This could
be attributed to the involvement of inflammation
in the mechanisms of malignant tumor growth.
Inflammation can both precede the development of

colitis-associated CRC and accompany the formation
and progression of a tumor not associated with colitis.
A colon tumor formed in the context of chronic
inflammation is morphologically characterized by
pronounced infiltration with immunocompetent cells,
which in turn are a source of pro- and anti-tumorigenic
and proinflammatory cytokines [25].

In a benign tumor (adenoma) of the colon, we found
an imbalance in the ratio of M1 / M2 macrophages
with the predominance of the M2d subpopulation,
which, according to many authors, is more characte-
ristic of malignant tumors [26-28]. Interpreting
the obtained results, it should be noted that in most
studies, the authors evaluate the immunophenotype
of tumor-associated macrophages in comparison to
healthy tissue samples. In our study, we assessed the
ratio of M1 / M2 macrophages in CRC compared to
their content in patients with colon adenoma.

Division of macrophages into polarized
subpopulations (M1 and M?2) is more consistent
with in vitro conditions and does not fully reflect
the heterogeneity of these cells in vivo. Markers that
determine the M1 and M2 immunophenotypes can be
simultaneously expressed on a single cell. For example,
macrophages of human skin wounds, along with
cytokines characteristic of M1 cells, synthesize IL-10
and express CD206, CD163, CD36, and the receptor
for IL-4 on their membranes [29]. The possibility
of direct and reverse transformation of M1 and M2
immunophenotypes accompanied by changes in the
spectrum of secreted cytokines and efferocytosis (the
process of burying dead cells — removal of apoptotic
cells by phagocytosis) has been described [30, 31].

Atthe same time, there are no standardized methods
for the quantitative assessment of macrophages,
and significant differences in the protocols for their
immunofluorescence typing exist [32]. To assess
the subpopulation composition of macrophages,
researchers use various combinations of surface
molecules [33-35] due to the lack of highly specific
markers. In our study, to level out the subjective
component of the assessment, we used the QuPath
software, which allows to automate cell counting or
exclude the “tumor” component from the analysis and
assess only the cells of the tumor microenvironment.

The pool of tumor-associated macrophages,
immunosuppressive cells of myeloid origin, and
immunogenic and tolerogenic dendritic cells is
replenished via migration of monocytes originated
from the bone marrow into tissues. The influence of
the tumor on monocytes can manifest itself not only

60 Bulletin of Siberian Medicine. 2024; 23 (4): 55-63



Original articles

within the tumor site, but also directly at the level
of their precursors in the bone marrow or spleen. In
turn, monocytes themselves produce cytokines and
chemokines, thereby participating in the recruitment of
new immune cells into the tumor site and maintaining
inflammation [8].

According to some authors, the properties of
tissue-associated macrophages are determined by the
status of blood monocytes, while others claim that the
role of monocytes in the formation of macrophage
immunophenotypes is ambiguous [8, 30], and their
differentiation depends on the interaction of cells with
elements of the microenvironment and is mediated
by growth factors, extracellular matrix components,
etc. [23]. Galectin 1 is an inducer of monocyte
chemotaxis and can modulate the expression of major
histocompatibility antigens and FcyRI receptors,
which mediate phagocytosis [28].

In the present study, we hypothesized that
galectins 1 and 3 are capable of influencing the
direction of polarization of monocytes as precursors
of tumor-associated macrophages. According to our
results, patients with CRC were characterized by
a decrease in the content of classical monocytes in
the blood, while the number of cells with alternative
immunophenotypes — non-classical and intermediate
monocytes — was increased.

According to the literature, an increase in the
number of circulating non-classical CD14°CD16™
monocytes may be associated with their specific
function of synthetizing growth factors, and an increase
in the intermediate CD14""CD16" monocyte count
— with the production of tumor necrosis factor alpha
(TNFa), which acts as a mediator of tumor-associated
inflammation [29]. The positive relationship between
high content of galectin 1 and galectin 3 and the
increase in the number of non-classical CD14"CD16™
and intermediate CD14"*CD16* monocytes in the
blood identified in our study indicates the possible
effect of these lectins on the polarization of monocyte
subpopulations toward CD16-positive cells.

The obtained quantitative data were not associated
with the clinical and morphological parameters of the
tumor, gender, and age of patients. We believe that
this can be attributed to the variability of the clinical
course of the underlying disease and the diversity
of its symptoms, which depend on the location
of the primary tumor node, the features of tumor
growth, the presence of complications, the severity
of inflammation-related manifestations of alteration
accompanying cancer, etc.

The absence of a relationship between the content
of galectins 1 and 3 in the blood and in the tumor with
the M1 / M2 expression profile of tumor-associated
macrophages in patients with CRC, on the one hand,
indicates that galactoside-binding proteins do not have
a significant distant and local effect on the maturation
and functional specialization of tissue macrophages.
On the other hand, this might be due to an insufficient
sample size, which requires further, more detailed
studies with an increase in sample data and expansion
of the spectrum of tested regulatory biomolecules
capable of polarizing the differentiation of myeloid
cells within the tumor microenvironment.

CONCLUSION

We revealed galectin-1, 3-dependent changes
in the subpopulation composition of monocytes: a
decrease in the number of classical CD147CD16
cells and an increase in the number of non-classical
CD14°CD16" and intermediate CD14"CD16 cells in
the peripheral blood of patients with CRC. Elevated
content of galectin 1-expressing tumor cells and high
concentration of galectins 1 and 3 in the blood plasma
did not influence the ratio of M1 (CD68"CD80%) and
M2d (CD68"CD206") tumor-associated macrophages.

A detailed study of the immunoregulatory effect
of galectins on individual subpopulations of blood
monocytes and tissue macrophages opens up prospects
for the use of these lectins as new biomarkers for
CRC and molecular targets for innovative methods
of targeted and immune (via reprogramming of the
tumor microenvironment) therapy for colon cancer.
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Predictors of mortality in hospitalized patients with COVID-19
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Vinokurova D.A., Starovoitova E.A., Agaeva S.A., Nesterovich S.V., Kalyuzhin V.V.
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2, Moscow Trakt, 634050, Tomsk, Russian Federation

ABSTRACT

Aim. To determine clinical and laboratory factors associated with a severe course and lethality in hospitalized
patients with COVID-19.

Materials and methods. A retrospective comparative study included data of 745 adult patients hospitalized with
COVID-19 from 16.05.2020 to 30.09.2020 (Tomsk, Russia). The intergroup comparison of indices, ROC analysis,
and determination of odds ratio to assess the association between risk factors and the outcome were performed.

Results. Age > 62 years, pneumonia within a year before COVID-19, and the presence of >3 comorbidities were
associated with a fatal outcome (FO). Negative predictors of the outcome at the time of hospitalization included
dyspnea, diastolic blood pressure < 80 and pulse pressure > 48 mmHg, SpO, < 94% (and/or a decrease to < 89%
throughout hospitalization). Laboratory predictors of FO at admission were platelets < 183 x 10° / 1, neutrophils
> 4.57 x 10° / 1, lymphocytes < 1.08 x 10° / 1, neutrophil-to-lymphocyte ratio > 4.8, aspartate aminotransferase
>39 U /1, urea > 6.75 mmol / 1, lactate dehydrogenase > 219 U / 1, blood albumin < 38 g/ 1, C-reactive protein
(CRP) > 47 mg / 1. When threshold values were reached during any of the hospitalization periods, FO was asso-
ciated with CRP > 38 mg / 1, ferritin > 648.6 pg /1, D-dimer > 731.11 ng / ml, white blood cells > 14.27 x 10° /1,
lymphocytes < 0.73% 10° / 1, duration of oxygen therapy > 3 days, need for non-invasive and invasive ventilation
> 1 day, need for glucocorticoid administration > 1 day, reaching a total course dose > 6 mg for dexamethasone.

Conclusion. The factors associated with FO in hospitalized patients with COVID-19 were identified.

Keywords: novel coronavirus infection, COVID-19, biomarkers, predictors of severe disease, predictors of
mortality
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I'IpenanTopbl NneTasibHOro ucxoaa y rocnntajin3ampoBaHHbIX NnayneHToB

c COVID-19

ManunoBckun B.A., ®DepoceHko C.B., CemakuH A.B., Anpkc U.U., ApxxaHuk M.b.,
CemenoBa 0.J1,, BuHokyposa [1.A., CrapoBonTtoBa E.A., AraeBa C.A., Hecteposuu C.B.,

KanioxuH B.B.

Cubupckuii cocyoapcmeennbiil meouyurckul yrusepcumem (Cubl’ MY)

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

PE3IOME

Iles1b. YCTaHOBUTH KIMHUKO-Ta00paTOpHbIE (GaKTOPhl, ACCOLMUPOBAHHBIE C TSDKENIBIM TEYEHHEM U JIETAIbHOCTHIO
y TOCIUTAIM3UPOBAHHbIX MAIIMEHTOB C HOBOH KopoHaBupycHoi uHdexuueit (COVID-19).

Marepuajbl 1 MeTOABI. [IpOBEICHO PETPOCTIEKTUBHOE CPABHUTEIBHOE HCCIICAOBAHUE IO JAHHBIM 745 B3pOCIBIX
MaIMeHTOB, rocnuramu3npoBanHbeix ¢ COVID-19 ¢ 16.05.2020 mo 30.09.2020 (Tomck, Poccust). Beimonsaeno me-
JKIPYIIIOBOE CpaBHEHME NokasaTeneir, ROC-ananus, onpe/ecHue OTHOMICHUS AHCOB ISl OIICHKU CBSI3H MEKIY
(hakTOpaMu prCcKa U UCXOJIOM.

Pe3syasTatsl. C neransabM uexonoM (JIM) accormmpoBaHbl Bo3pacT cTapiie 62 JeT, THEBMOHUS B T€UEHHE o
o COVID-19, mannyre >3 COMyTCTBYIOLINX MaTONOTHi. HeraTuBHBIC MPEIUKTOPHI UCXOJa HA MOMEHT TOCIIH-
TaNW3alK: OJBIIKa, JHACTOINYEeCKoe AaBieHne <80 U myIbcoBoe AaBieHue Oonee 48 MM pT. CT., SpO2 MeHee
94% (u (MnH) CHYDKEHHUE 3a TocTIUTanu3anuio 10 <89%). Jlaboparopusie npeauktops! JIM mpu rocnuranu3anum:
tpomGouuTel < 183 x 10%1, Helitpoduser 6onee 4,57 x 10%/n, mumdbonursr <1,08 x 10°/1, HeHTpOPHIBEHO-THM-
(douunTapHoe oTHOMmEHUE Oonee 4,8, acnapraramuHoTpaHcdepasza 6onee 39 EJI/n, moueBnHa Oomnee 6,75 MMOIIB/ I,
nakTaraeruaporenasa oonee 219 EJ1/n, ane0ymun kposu <38 r/11, C-peaktuBHbIi 6en0k (CPB) 6onee 47 mr/i. [1pu
JOCTIKEHHY TIOPOTOBBIX 3HAYEHHH B 1000 13 neprooB rociuranusanuy ¢ JIW acconnuposanucs: yposeHs CPb
B KpoBH Oonee 38 mr/m, ¢pepputrHa 6onee 648,6 Mxr/in, D-gumepa 6onee 731,11 Hr/mn, nelikouuTtoB O6osee 14,27
x 10°/n, mamdonmror <0,73 X 10°/1, IPOAOIKUTEIFHOCTS OKCUTEHOTEpAIIHHU Oostee 3 CyT, He0OXOMMOCTh HEUH-
Ba3MBHOU M MHBA3WBHOW BEHTHJLIIUY JETKHUX >1 CyT, HOTpeOHOCTh HA3HAYEHHS TTIOKOKOPTHKOCTEPOHUIOB Ooree
1 cyT, mocTmxeHue o0Imeil KypcoBoi 1036l Ooliee 6 T 10 JeKCaMeTa3oHy.

3axiirouenue. BrisiBieHs! (pakTopsl, accouunpoBanusle ¢ JIW y rocnuranuszuposanHbix nauuerTos ¢ COVID-19.

Kawuessble ciioBa: HoBas KopoHaBupycHas uHpekus, COVID-19, OnoMapkepsl, IPeIUKTOPHI TSHKEIIOTO Tede-
HUS, IPEANKTOPHI JICTAIFHOTO HCXO01a

KOHq).]'Il/lKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U MOTCHIUAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J’[HKaHH€ﬁ HaCTOS{H.[eﬁ CTaTbHu.

Hcrounnk ¢punaHCHpPOBaHUS. ABTOPHI 3asBISIOT 00 OTCYTCTBUM (PMHAHCHPOBAHMS IPH IPOBEICHUH HCCIIE0-
BaHMSI.

CooTBeTCTBHE NPUHIMIAM 3THKH. Bce mamueHThl moanucann MHGOPMHUPOBAHHOE COIJIACHE HA YYacTHE B
uccnenoanuu. McciaenoBanue o100peHO JOKaTbHBIM 3THYECKMM KomuTeToM CubI'MY (mpotokon Ne 8511 ot
21.12.2020).

Jns nutupoBanusi: Manmunosckuit B.A., ®enocenko C.B., Cemakun A.B., Iupkc U.U., Apxanuk M.b., Ceme-
Hosa O.JI., Bunokyposa JI.A., CtapoBoiitoBa E.A., Araea C.A., Hecreposnu C.B., Kanroxxun B.B. IIpennkro-
PHI JIETATBHOTO MCXO/1a y TOCIHTAIN3UpOBaHHBIX manueHToB ¢ COVID-19. Boaremensv cubupckoti meouyumsi.
2024;23(4):64—73. https://doi.org/10.20538/1682-0363-2024-4-64-73.

INTRODUCTION

The outbreak of novel coronavirus infection
(COVID-19) in late 2019 in the People’s Republic of
China triggered the pandemic that caused enormous
socioeconomic damage and lasted for more than
three years. The first waves of the pandemic

were characterized by a lack of preparedness and
unprecedented collapse of healthcare systems
worldwide, as well as by the use of drugs with
insufficient evidence-based efficacy.

As of December 2023, there were more than 772
million confirmed cases and more than 6.9 million
deaths worldwide. According to the 2022 meta-
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analysis, the highest rates of excess mortality from
COVID-19 were registered in India (4.07 million
deaths), USA (1.13 million deaths), and Russia (1.07
million deaths) [1].

Despite the existing vaccination programs, the
emergence of modified variants of the virus with a
less dangerous course of the disease and the spread
of new strains around the world make the problem of
COVID-19 control relevant. As more data become
available, an analysis is being conducted to identify
unique biomarkers that may correlate with COVID-19
severity and adverse outcomes in order to provide
appropriate medical care and reduce the burden on
healthcare.

The aim of this study was to determine clinical and
laboratory factors associated with a severe course and
lethality in hospitalized patients with COVID-19.

MATERIALS AND METHODS

A retrospective comparative study was carried
out using a continuous sampling method. The study
included medical records of 745 adult patients
(343 men (46.0%) and 402 women (54.0%)) with
COVID-19 confirmed by polymerase chain reaction
(PCR), who were treated at the respiratory hospital
(RH) in Siberian State Medical University clinics
(Tomsk) from 16.05.2020 to 30.09.2020 (period of
circulation of the wild-type SARS-CoV-2 strain in
Russia). The study protocol was approved by the local
Ethics Committee at Siberian State Medical University
(Protocol No.8511 of 21.12.2020).

For all patients of the RH, anamnestic data and
results of objective examination and laboratory and
instrumental investigations were collected according
to the approved algorithm in the first 48 hours
from the moment of hospitalization for a dynamic
assessment and determination of the relationship
with the outcome of hospitalization. Two comparison
groups were formed retrospectively, depending on the
outcome of hospitalization. The main group consisted
of patients whose hospitalization ended in discharge
from hospital (survivors, n = 683), the comparison
group consisted of patients with a fatal outcome (FO,
deceased, n = 62).

Statistical analysis of the obtained data was
performed using the Statistica 12 (StatSoft.Inc,
USA), MedCalc 22.009 (Copy©MedCalc SoftWare
Ltd., Belgium), and Microsoft® Excel® 2016 MSO
(version 2309 16.0.16827.20166, USA) software
packages. Quantitative variables were described as
the median and the interquartile range Me (Q,,; Q).

Qualitative variables were described as absolute and
relative frequencies (n (%)). Intergroup comparison
of quantitative variables was performed using the
nonparametric Mann — Whitney U-test. Qualitative
variables were compared using the Pearson’s y2 test.

The quantitative assessment of the association
between the disease outcome and the presence of a
risk factor in the sample was performed using odds
ratio (OR). Results were presented using the odds
ratio and 95% confidence interval (CI). The results
were considered statistically significant if CI did not
contain 1. In addition, the impact of factors on the
odds of FO was assessed using the ROC analysis. The
area under the curve (AUC) with 95% CI, the cut-off
point according to the Youden index, and sensitivity
and specificity for this point were evaluated. The
results were considered significant at p < 0.05.

RESULTS

Demographic and anamnestic characteristics of the
patients. Age of the patients in the group of survivors
was 57 (43; 67) years, in the group of the deceased
patients — 73 (66; 81) years (p < 0.001). Age of
more than 62 years (AUC 0.804 (0.774; 0.832), p <
0.001) was a risk factor for an adverse outcome with
sensitivity of 85.5% and specificity of 65.6%.

The compared patient groups did not differ
significantly in gender distribution: the main group
consisted of 316 men (46.3%) and 367 women
(53.7%), the comparison group consisted of 27
men (43.5%) and 35 women (56.5%), p = 0.681.
Patients’ gender also did not significantly affect the
outcome of hospitalization (OR 1.1 (0.7;1.9)). The
duration of illness before hospitalization was 6 (3; 9)
days in the main group and 5 (1.5; 7.0) days in the
comparison group (p = 0.011). The analysis showed
that pneumonia experienced by patients in the year
preceding COVID-19 increased the odds of FO by
almost 15 times (OR 14.9 (3.6; 61.6)).

In the outpatient setting, patients with COVID-19
were treated by a variety of medication groups. The
analysis included only records of the patients whose
data on pre-hospital drug intake could be clarified.
Thus, antibacterial drugs (ABD) were taken in the
outpatient setting by 117 (17.1% of 683) patients of
the main group and 10 (16.1% of 62) patients of the
deceased group (p = 0.840). Antiviral drugs were
taken by 8 (36.4% of 22) patients from the deceased
group and 146 (90.1% of 162) patients from the main
group (p < 0.001). Non-steroidal anti-inflammatory
drugs (NSAIDs) were received by 8 (34.8% of 23)

66 Bulletin of Siberian Medicine. 2024; 23 (4): 64-73



Original articles

patients from the deceased group and 82 (82% of
100) survivors. Administration of antiviral drugs
(umifenovir, interferon alfa-2b, interferon beta-1b,
imidazolyl ethanamide pentandioic acid, ritonavir
+ lopinavir, tilorone, rimantadine, oseltamivir,
meglumine acridone acetate, and kagocel) and
NSAIDs at the prehospital stage was associated with
areduction of the odds for mortality by approximately
16 (OR 0.06 (0.02; 0.17)) and 9 (OR 0.11 (0.04; 0.32))
times, respectively (p < 0.050).

Following the analysis of patients’ comorbidities,
we formed groups of diseases that increased the
odds of FO and did not affect it. Thus, the diseases
that increased the risk of FO included coronary
heart disease (by 8 times), essential hypertension
(by 5 times), diabetes mellitus (by 2 times), chronic

heart failure (by 5 times), anemia (by 4 times),
liver cirrhosis (by 11 times), decreased glomerular
filtration rate (GFR) of less than 60 ml / min / 1.73
m? according to the CKD-EPI equation (by 11
times), previous stroke (by 9 times), alcoholism
(by 9 times), bedsores (by 9 times), cooccurring
cancer (by 6 times), and neurological disorders (by
5 times). Group 2 encompassed diseases that did not
increase the odds of FO: bronchial asthma, chronic
obstructive pulmonary disease, liver diseases, except
for cirrhosis, kidney diseases without decreased GFR,
drug addiction (Table 1).

The presence of at least three comorbidities was
associated with FO (AUC 0.821 (0.792; 0.848),
p <0.001) with sensitivity of 83.9% and specificity of
64.3%.

Table 1

Characteristics of comorbidities in the patients

Parameter Main group (survivors), n (%) Comparison fr((;/l:f (deceased), p OR (95% CI), Me (Q,; Q.
CHD 160 (23.4%) 44 (71.0%) <0.001 7.99 (4.49; 14.28)
Hypertension 386 (56.5%) 54 (87.1%) <0.001 5.19 (2.43; 11.08)
Diabetes mellitus 107 (15.7%) 16 (25.8%) 0.039 1.87 (1.02; 3.43)
Chronic heart failure 147 (21.5%) 36 (58.1%) <0.001 5.05 (2.95; 8.63)
Bronchial asthma 29 (4.3%) 3 (4.8%) 0.830 1.15 (0.34; 3.88)
COPD 27 (4.0%) 5(8.1%) 0.127 2.13(0.79; 5.74)
Anemia 37 (5.4%) 11 (17.8%) 0.001 3.76 (1.81; 7.81)
Liver cirrhosis 2 (0.3%) 2 (3.2%) 0.003 11.35 (1.57; 82.02)
Other liver diseases 30 (4.4%) 5(8.1%) 0.191 1.91 (0.71; 5.11)
HIV infection 5(0.7%) 2 (3.2%) 0.051 4.52 (0.86; 23.80)
Kidney diseases 223 (32.7%) 26 (41.9%) 0.138 1.49 (0.88; 2.53)
GFR <60 ml/min/ 1.73 m? 50 (7.3%) 29 (46.8%) <0.001 11.13 (6.25; 19.79)
Injection drug abuse 1(0.2%) 1 (1.6%) 0.328 11.16 (0.70; 180.71)
Previous stroke 20 (2.9%) 13 (21.0%) <0.001 8.78 (4.12; 18.71)
Alcoholism 4 (0.6%) 3 (4.8%) 0.001 8.61(1.88; 39.37)
Bedsores 5(0.7%) 4 (6.5%) 0.001 9.34 (2.44; 35.73)
Cancer 30 (4.4%) 14 (22.6%) <0.001 6.34 (3.15; 12.75)
Neurological disorders 132 (19.3%) 35 (56.5%) <0.001 5.41 (3.16; 9.26)

Note. CHD — coronary heart disease, COPD — chronic obstructive pulmonary disease, GFR — glomerular filtration rate. OR — odds ratio

p — statistical significance of intergroup differences. 95% CI —95% confidence interval.

Patient complaints and objective examination
data on admission to the RH. Symptoms of patients
on admission to the RH that affected the odds of FO
were identified. Thus, dyspnea, which was present in
28.4% of survivors and 62.0% of the deceased (p <
0.001), was associated with higher odds of mortali-
ty. In contrast, the presence of anosmia and headache
was associated with lower odds of mortality — OR
4.11 (2.30;7.50), OR 0.08 (0.01;0.57), and OR 0.51
(0.26;0.99), respectively. The proportion of patients
with headache was 37.6 and 23.5% among survi-

vors and deceased patients, respectively (p = 0.044).
Anosmia was almost 10.5 times less common in the
group of deceased patients (2%) compared to survi-
vors (20.5%, p = 0.001). Such symptoms as cough,
purulent sputum production, fever, chest pain, general
weakness, chills, myalgia, and diarrhea were not sig-
nificantly associated with mortality in the compared
groups (p > 0.05).

Among the objective examination findings
at admission to the RH, FO was also associated
with diastolic blood pressure < 80 mm Hg (AUC
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0.603 (0.567; 0.639), p = 0.005, sensitivity 78.7%,
specificity 38.3%), pulse pressure value > 48 mm
Hg (AUC 0.581 (0.544; 0.616), p = 0.048, sensitivity
64.5%, specificity 56.4%), respiratory rate >19 breaths
per minute (AUC 0.704 (0.670; 0.737), p < 0.001,
sensitivity 44.3%, specificity 91.9%), blood oxygen
saturation (SpO,) measured by pulse oximetry < 94%
(AUC 0.751 (0.718; 0.782), p < 0.001, sensitivity
64.5%, specificity 73.0%). A decrease in SpO, to <
89% during hospital stay was also associated with FO
(AUC 0.859 (0.831; 0.884), p < 0.0001, sensitivity
77.8%, specificity 84.6%). The odds of FO were
increased if auscultatory signs, such as diminished
breath sounds (OR 2.06 (1.15; 3.70)) and moist rales
(OR 3.96 (1.51; 10.37)), were registered on admission
in patients with COVID-19.

Laboratory parameters during hospital stay.
Among hemogram parameters on admission to the
RH, statistically significant predictors associated with
FO included:

1) platelet count < 183 x 10°/1(AUC 0.673 (0.638;
0.708), p = 0.001, sensitivity 61.7%, specificity
71.8%);

2) neutrophil count > 4.57 x 10°/ 1 (AUC 0.696
(0.660; 0.730), p <0.001, sensitivity 63.8%, specificity
72.4%);

3) lymphocyte count < 1.08 x 10°/ 1 (AUC 0.768
(0.735; 0.798), p<0.001, sensitivity 70.2%, specificity
70.3%);

4) neutrophil-to-lymphocyte ratio > 4.8 (AUC
0.774 (0.741; 0.804), p < 0.001, sensitivity 66.0%,
specificity 80.7%).

The analysis of changes in the hematologic
parameters throughout hospitalization showed that
increased leukocyte count > 14.27 x 10° (AUC 0.855
(0.827; 0.880), p <0.001, sensitivity 70.0%, specificity
90.0%) and decreased lymphocyte count < 0.73 x 10°
/1 (AUC 0.878 (0.852; 0.901), p < 0.001, sensitivity
85.0%, specificity 82.3%) were also predictors of FO
of the disease (Table 2).

Hematologic parameters

Parameter AUC, Me (st; Q75)

Thrombocytes, thousands / pl

0.673 (0.638; 0.708)

Leukocytes, x10°/1

0.615 (0.578; 0.650)

Neutrophils, x10°/1

0.696 (0.660; 0.730)

Lymphocytes, x10°/1

0.768 (0.735; 0.798)

Neutrophil-to-lymphocyte ratio

0..774 (0.741; 0.804)

Leukocytes (maximum level)

0.855 (0.827; 0.880)

Lymphocytes (minimum level)

0.878 (0.852; 0.901)

Table 2
P Cut-off point | Sensitivity, % | Specificity, %
0.001 <183 61.7 71.8
0.028 >7.71 48.0 81.1
<0.001 >4.57 63.8 72.4
<0.001 <1.08 70.2 70.3
<0.001 >4.80 66.0 80.7
<0.001 >14.27 70.0 90.0
<0.001 <0.73 85.0 82.3

Note. Here and in Table 3, AUC — area under the curve.

p — significance of differences

Among the blood biochemistry parameters
on admission, statistically significant predictors
associated with FO were registered:

1) aspartate aminotransferase level >39 U /1(AUC
0.647 (0.610; 0.682), p = 0.001, sensitivity 68.5%,
specificity 58.8%);

2) urea level > 6.75 mmol / 1 (AUC 0.796 (0.764;
0.824), p < 0.001, sensitivity 75.9%, specificity
74.1%);

3) lactate dehydrogenase level > 219 U /1 (AUC
0.777 (0.718; 0.828), p < 0.001, sensitivity 95.2%,
specificity 51.8%);

4)blood albumin level <38 g/1(AUC 0.792 (0.731;
0.844), p <0.001, sensitivity 89.5%, specificity 62%);

5) C-reactive protein (CRP) level >47 mg /1 (AUC
0.782 (0.744; 0.816), p < 0.001, sensitivity 66.7%,
specificity 81%).

The analysis of blood biochemistry parameters
demonstrated that CRP concentration > 38 mg / 1
(AUC 0.862 (0.833; 0.887), p < 0.001, sensitivity
89.4%, specificity 71.0%), ferritin level > 648.6 pug /1
(AUC 0.715 (0.666; 0.761), p = 0.001, sensitivity
52.4%, specificity 86.0%), and serum D-dimer level
> 731.11 ng / ml (AUC 0.792 (0.723; 0.850),
p < 0.001, sensitivity 90.0%, specificity 61.%),
registered as the highest at any of the hospitalization
periods, were significantly associated with FO in
COVID-19 (Table 3).
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Table 3

Blood biochemistry parameters

Parameter AUC, Me (Q,; 0., p Cut-off point Sensitivity, % Specificity, %
Total protein, g /1 0.687 (0.650; 0.722) <0.001 <60 51.0 78.6
Glucose, mmol / 1 0.637 (0.599; 0.674) 0.003 >6.13 55.0 76.3
Aspartate aminotransferase, U / | 0.647 (0.610; 0.682) 0.001 >39 68.5 58.8
Urea, mmol /1 0.796 (0.764; 0.824) <0.001 >6.75 76.0 74.1
Creatinine, pmol / 1 0.592 (0.555; 0.629) 0.057 >116 31.5 94.1
Sodium, mmol /1 0.637 (0.599; 0.674) 0.005 <1395 56.0 73.9
C-reactive protein, mg / | 0.782 (0.744; 0.816) <0.001 >47 66.7 81.0
Lactate dehydrogenase, U /1 0.777 (0.718; 0.828) <0.001 >219 95.2 51.8
Albumin, g /1 0.792 (0.731; 0.844) <0.001 <38 89.5 62.0
D-dimer, ng / ml 0.746 (0.655; 0.823) 0.002 >731 85.7 61.2
C-reactive protein 0.862 (0.833; 0.887) <0.001 >38 89.4 71.0
Ferritin (maximum level), pg /1 0.715 (0.666; 0.761) 0.001 >648.6 52.4 86.0
D-dimer (maximum level), ng / ml 0.792 (0.723; 0.850) <0.001 >731.11 90.0 61.1
Risks associated with therapeutic interventions. DISCUSSION

According to the ROC analysis, duration of oxygen
therapy > 3 days (AUC 0.809 (0.779; 0.837), p <
0.001, sensitivity 88.7%, specificity 59.7%), the need
for noninvasive ventilation (NIV) for > 1 day (AUC
0.700 (0.666; 0.733), p < 0.001, sensitivity 43.6%,
specificity 96.5%), and the need for invasive mechanical
ventilation (IMV) for at least 1 day (AUC 0.699 (0.665;
0.732), p < 0.001, sensitivity 40.3%, specificity 99.6%)
were associated with FO in hospitalized patients with
COVID-19. It is important to note that the need for
oxygen therapy via a face mask (OR 14.97 (5.38;41.71)),
the use of NIV (OR 22.61 (11.86; 43.10)), and the use of
IMV (OR 384.35(110.59; 1335.72), p <0.001) increased
the odds of FO.

The use of antiviral drugs (favipiravir, umifenovir,
interferon alpha-2b, interferon beta-1b, ritonavir +
lopinavir) and anticoagulants during hospitalization
did not demonstrate a significant effect on the outcome
of COVID-19 (p > 0.05).

According to the ROC analysis, the need for in-
hospital glucocorticoid (GCS) administration for
> 1 day (AUC 0.803 (0.772; 0.831), p < 0.0001,
sensitivity 90.3%, specificity 62.1%) and reaching a
total course dose of > 6 mg for dexamethasone (AUC
0.834 (0.806; 0.860), p < 0.0001, sensitivity 91.9%,
specificity 60.9%) were predictors of mortality. The
study also found that the odds of mortality in patients
with COVID-19 who required the use of GCS (OR
29 (9.00; 93.45), p < 0.001), interleukin-6 inhibitors
(OR 7.08 (2.99; 16.78), p < 0.001), and Janus kinase
inhibitors (OR 7.78 (2.14; 28.36), p = 0.001) were
significantly higher than in patients who did not
receive these drugs.

The age of COVID-19 patients is considered as
one of the key factors associated with mortality. Thus,
according to the data of a multicenter study by F.
Zhou et al. [2], increased odds of in-hospital mortality
were associated with older age (a median age in the
deceased group was 69.0 (63.0; 76.0) years, in the
survivor group —52.0 (45.0; 58.0) years (p < 0.0001)
OR 1.10 (1.03; 1.17), p = 0.0043). In a study by L.
Kubiliute et al. (2023), older age was an independent
predictor of in-hospital mortality, associated with
a 4% increase in the odds of FO per year. This has
been associated with a large number of comorbidities
and immunosenescence characterized by age-related
defects in T- and B-cell function, which attenuate the
immune response to most viruses, including SARS-
CoV-2[3, 4].

In the performed study, no significant differences
were revealed in the incidence of FO in hospitalized
patients with COVID-19 depending on gender. It is
worth noting that previously published clinical trial
data cite different results on the effect of gender on
mortality rates in COVID-19. Thus, in the studies by
A.C. Jain et al. (2020) and N.C. Basaran et al. (2022),
the mortality rate in men was higher than in women [5,
6]. In contrast, other studies have found no significant
effect of gender on a hospitalization outcome [7-9]
and patient survival [10].

According to a systematic review by L.J. Quinton
et al. (2018), pneumonia has a significant impact on
the physiological processes that maintain pulmonary
homeostasis, with the development of long-term
negative consequences that impair health and
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accelerate mortality after the end of the acute disease
phase [11]. In our study, the fact of developing
pneumonia in the year preceding COVID-19 increased
the odds of mortality almost by 15 times.

According to published data, the risk of FO is
associated with the presence of comorbid pathology
in the patient [12, 13]. In this study, not only the total
number of comorbidities, but also the presence of a
certain pathology or groups of diseases in patients,
including CHD, essential hypertension, CHF, stroke,
diabetes mellitus, anemia, alcoholism, liver cirrhosis,
neurological diseases, decreased GFR of <60 ml/ min
/ 1.73m? according to CKD-EPI, and cancer, at the
time of hospitalization or in the medical history had
a significant impact on the outcome of COVID-19.
Our results on the role of concomitant and comorbid
pathology in predicting the severity of the course and
outcome of COVID-19 generally correlate with the
data of other authors [14-18].

In our study, the use of antiviral drugs at the
outpatient stage was associated with decreased odds
of mortality from COVID-19, which did not contradict
the results of several other studies [19, 20].

The analysis of patient complaints demonstrated
that anosmia and headache on admission to the hospital
were associated with a favorable disease outcome
in patients with COVID-19. Interestingly, similar
results were obtained in the study by B. Talavera et
al. (2020) [21].

The development of respiratory failure and
its severity in COVID-19 reflects the severity of
pulmonary parenchyma damage and is associated
with a disease outcome according to studies [22]. Our
study demonstrated that a decrease in SpO, to < 94%
on admission and / or to < 89% throughout hospital
stay was associated with FO.

To date, multiple studies have been published
that consider various laboratory values as predictors
of an adverse outcome. At the same time, there is a
noticeable variation in the threshold values of the
studied parameters. According to the results of the study
by B. Cheng et al. (2019), NLR value > 3.19 (AUC
0.810 (0.732; 0.878), p < 0.001) and CRP > 33.4 mg /
1 (AUC 0.890 (0.825; 0.946), p < 0.001) on admission
were associated with FO [23]. In the performed study
neutrophil-to-lymphocyte ratio > 4.8 (AUC 0.774
(0.741; 0.804), p < 0.0001, sensitivity 66%, specificity
80.7%) and CRP level > 47 mg /1 (AUC 0.782 (0.744;
0.816), p <0.001, sensitivity 66.7%, specificity 81.0%)
measured early during hospital stay were associated
with an adverse outcome in COVID-19.

According to H. Ghobadi et al. (2022), who studied
the role of systemic inflammatory markers, leukocyte
levels > 9.05 x 10°/ 1 (AUC 0.969 (0.960; 0.977),
p < 0.0001, sensitivity 89.0%, specificity 95.9%),
neutrophil count > 8.79 x 10°/1 (AUC 0.971 (0.962;
0.978), p < 0.0001, sensitivity 89.8%, specificity
94.3%), and lymphocyte count < 0.91 x 10° /1 (AUC
0.566 (0.543; 0.589), p < 0.0001, sensitivity 50.4%,
specificity 61.2%) were threshold values in predicting
FO in patients with COVID-19 [24]. In our study,
neutrophil level > 4.57x 10°/ 1 (AUC 0.696 (0.660;
0.730), p < 0.001, sensitivity 63.8%, specificity
72.4%), lymphocyte level < 1.08 x 10°/ 1 (AUC
0.768 (0.735; 0.798), p < 0.001, sensitivity 70.2%,
specificity 70.3%), an increase in the leukocyte count
>14.27 x10°/1(AUC 0.855 (0.827; 0.880), p < 0.001,
sensitivity 70.0%, specificity 90.0%), and a decrease
in the lymphocyte count < 0.73 x 10°/1 (AUC 0.878
(0.852;0.901), p<0.001, sensitivity 85.0%, specificity
82.3%) throughout hospital stay were associated with
an adverse disease outcome.

Many researchers have considered platelet count
as an available biomarker associated with disease
severity and a risk of mortality in COVID-19. Thus, in
a study by J. Duan et al. (2020), platelet level < 174 x
10°/1 (AUC 0.810 (0.760; 0.850, sensitivity 100.0%,
specificity 56.0%) allowed to predict progression to
severe disease [25]. In our study, the platelet count
<183 x 10°/1 (AUC 0.673 (0.638; 0.708), p = 0.001,
sensitivity 61.7%, specificity 71.8%) was associated
with an adverse outcome.

In a study by Z. Mohammadi et al. (2022), AST
elevation > than 36.5 U /1 (AUC 0.374 (0.328; 0.403,
sensitivity 61.9%, specificity 57.6%) was a significant
predictor of in-hospital COVID-19 mortality [26].
According to A. Pitamberwale et al (2022), a serum
urea concentration of > 52 mg / dl (sensitivity
73.6%, specificity 60.5%) was associated with FO.
Maintaining a serum albumin concentration > 3.25 g/
dl demonstrated significance as a predictor of survival
with 76.7% sensitivity and 59.3% specificity [27]. In
our study, AST level > 39 U /1 (AUC 0.647 (0.610;
0.682),p=0.001, sensitivity 68.5%, specificity 58.8%),
blood albumin < 38 g /1 (AUC 0.792 (0.731; 0.844),
p < 0.001, sensitivity 89.5%, specificity 62.0%), and
urea level > 6.75 mmol /1 (AUC 0.796 (0.764; 0.824),
p < 0.001, sensitivity 76.0%, specificity 74.1%) were
predictors of FO in COVID-19 patients. It is worth
noting that creatinine level did not significantly affect
the outcome of the disease (p = 0.057) according to
the performed study.
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In the study by E. Poggiali et al. (2020), lactate
dehydrogenase (LDH) level was considered as a
marker of tissue damage and a predictor of severity
of acute respiratory failure in patients with fatal
acute respiratory distress syndrome (ARDS). In
the meantime, LDH level > 450 U /1 (AUC 0.760,
p < 0.0001) with sensitivity of 75.0% and specificity
of 70.0% allowed to predict moderate and severe
ARDS [28]. In our study, the predictor of an adverse
outcome was LDH level on admission > 219 U / 1
(AUC 0.777 (0.718; 0.828), p < 0.001, sensitivity
95.2%, specificity 51.8%).

In the study by A. Bastug et al., D-dimer on
admission > 0.565 mg / 1 (AUC 0.896 (0.810; 0.970),
p<0.001, sensitivity 85.7%, specificity 80.6%) allowed
to predict an unfavorable course of the disease [8]. In
our study, we demonstrated that the D-dimer level
(throughout hospitalization) > 731.11 ng / ml (AUC
0.792 (0.723; 0.850), p < 0.001, sensitivity 90.0%,
specificity 61.1%) was significantly associated with FO.

The analysis of prescribed therapy for COVID-19
during the hospitalization period draws attention to the
fact that using GCS > 1 day and reaching a total course
dose > 6 mg for dexamethasone were associated with
an adverse hospitalization outcome. The odds of FO
in patients who required the use of GCS, interleukin-6
inhibitors, and Janus kinase inhibitors were significantly
higher than in patients who were not prescribed these
drugs. Our findings should be interpreted with caution,
as these groups of drugs have been used with a limited
evidence base for efficacy and safety in COVID-19
and more often in a more severe progressive course of
the disease [23, 29].

In addition, according to our study, duration of
oxygen therapy for more than 3 days (AUC 0.809
(0.779; 0.837), p < 0.001, sensitivity 88.7%, specificity
59.7%), the need for NIV for > 1 day (AUC 0.700
(0.666; 0.733), p <0.001, sensitivity 43.6%, specificity
96.5%), and the need for IMV for > 1 day (AUC 0.699
(0.665; 0.732), p <0.001, sensitivity 40.3%, specificity
99.6%) were associated with FO in hospitalized
patients with COVID-19. The obtained results do not
contradict the data of other authors. Thus, in a study
by V.N. Gorodin et al. (2022), the duration of oxygen
therapy via nasal cannulas or a face mask for more than
4.5 days significantly increased the odds of FO (length
between two successive R waves (RR) 1.919 (1.308;
2.817), p < 0.05, sensitivity 35.7%, specificity 95.2%).
The fact of using NIV as a second step of respiratory
support and the duration of its use > 2 days significantly
increased the risk of an adverse outcome (RR 2.276

(1.202; 4.311), p < 0.05, sensitivity 75.9%, specificity
66.7% and RR 2.0 (1.184; 3.377), p < 0.05, sensitivity
68.2%, specificity 100.0%, respectively) [30].

CONCLUSION

The results of the study allowed us to identify a
number of factors and their quantitative values that
were predictors of FO already at the early stage of
hospitalization for COVID-19. Thus, older age,
presence of comorbidities, and pneumonia in the
year preceding COVID-19 played a key role among
anamnestic factors. In contrast, outpatient antiviral
medication reduced the risk of an adverse outcome.

When assessing physical status, severe dyspnea,
diastolic and pulse pressure levels, decreased oxygen
saturation on admission and throughout hospitalization,
as well as the presence of moist rales and diminished
breathing may be considered as potential risk factors
for COVID-19.

Decreased levels of platelets, lymphocytes, and
serum albumin, increased levels of leukocytes,
neutrophils, neutrophil-to-lymphocyte ratio, AST,
urea, LDH, CRP, D-dimer, and ferritin should be
identified among the laboratory markers associated
with the risk of FO.

REFERENCES

1. Wang H., Paulson K.R., Pease S.A., Watson S., Comfort H.,
Zheng P. etal. Estimating excess mortality due to the COVID-19
pandemic: a systematic analysis of COVID-19-related mortal-
ity, 2020-21. The Lancet. 2022;399(10334):1513-1536. DOI:
10.1016/S0140-6736(21)02796-3.

2. Zhou F., Yu T.,, Du R., Fan G., Liu Y., Liu Z. et al. Clinical
course and risk factors for mortality of adult inpatients with
COVID-19 in Wuhan, China: a retrospective cohort study. The
Lancet. 2020;395(10229):1054-1062. DOI: 10.1016/S0140-
6736(20)30566-3.

3. Kubiliute 1., Vitkauskaite M., Urboniene J., Svetikas L., Za-
blockiene B., Jancoriene L. Clinical characteristics and pre-
dictors for in-hospital mortality in adult COVID-19 patients:
A retrospective single center cohort study in Vilnius, Lithua-
nia. PLoS One. 2023;18(8):€0290656. DOI: 10.1371/journal.
pone.0290656.

4. Bartleson J.M., Radenkovic D., Covarrubias A.J., Furman D.,
Winer D.A., Verdin E. SARS-CoV-2, COVID-19 and the Age-
ing Immune System. Nat. Aging. 2021;1(9):769-782. DOI:
10.1038/543587-021-00114-7.

5. Jain A.C., Kansal S., Sardana R., Bali R.K., Kar S., Chawla R.
A retrospective observational study to determine the early pre-
dictors of in-hospital mortality at admission with COVID-19.
Indian J. Crit. Care Med. 2020;24(12):1174-1179. DOL:
10.5005/jp-journals-10071-23683.

6. Basaran N.C., Ozdede M., Uyaroglu O.A., Sahin T.K.,
Ozcan B., Oral H. et al. Independent predictors of in-hospi-

BlonneteHb cMbupckoin meguuuHbl. 2024; 23 (4): 64-73 71



Malinovskiy V.A., Fedosenko S.V., Semakin A.V. et al.

Predictors of mortality in hospitalized patients with COVID-19

10

11.

12.

13.

14.

15.

16.

17.

18.

72

tal mortality and the need for intensive care in hospitalized
non-critical COVID-19 patients: a prospective cohort study.
Intern. Emerg. Med. 2022;17(5):1413-1424. DOI: 10.1007/
s11739-022-02962-6.

. Shi S., Liu X, Xiao J., Wang H., Chen L., Li J. et al. Predic-

tion of adverse clinical outcomes in patients with coronavirus
disease 2019. J. Clin. Lab. Anal. 2021;35(1):¢23598. DOI:
10.1002/jcla.23598.

. Bastug A., Bodur H., Erdogan S., Gokcinar D., Kazanciog-

lu S., Kosovali B.D. et al. Clinical and laboratory features of
COVID-19: Predictors of severe prognosis. Int. Immunophar-
macol. 2020;88:106950. DOI: 10.1016/j.intimp.2020.106950.

. Korkhmazov V.T., Alekseenko S.N., Perkhov V.I. Gender

and age profile of mortality caused by COVID-19. Innova-
tive Medicine of Kuban. 2022;4(28):39—46 (in Russ.). DOI:
10.35401/2541-9897-2022-25-4-39-46.

. Raimondi F., Novelli L., Ghirardi A., Russo F.M., Pelle-

grini D. et al. Covid-19 and gender: lower rate but same mor-
tality of severe disease in women-an observational study. BMC
Pulm. Med. 2021;21(1):96. DOI: 10.1186/512890-021-01455-0.
Quinton L.J., Walkey A.J., Mizgerd J.P. Integrative physiolo-
gy of pneumonia. Physiol. Rev. 2018;98(3):1417-1464. DOI:
10.1152/physrev.00032.2017.

Arutyunov G.P., Tarlovskaya E.I., Arutyunov A.G., Belen-
kov Y.N., Konradi A.O., Lopatin Y.M. et al. International
register “Analyzing the dynamics of comorbidities in SARS-
CoV-2 survivors” (AKTIV SARS-CoV-2): analysis of predic-
tors of short-term adverse outcomes in COVID-19. Russian
Journal of Cardiology. 2021;26(4):116-131 (in Russ.). DOI:
10.15829/1560-4071-2021-4470.

Williamson E.J., Walker A.J., Bhaskaran K., Bacon S., Bates C.
et al. Factors associated with COVID-19-related death us-
ing OpenSAFELY. Nature. 2020;584(7821):430-436. DOIL:
10.1038/541586-020-2521-4.

Hu K., Li B., Bae S., Kim S.R., Kim M.N., Shim W.]J. et al.
Impact of cardiovascular disease and risk factors on fatal out-
comes in patients with COVID-19 according to age: a system-
atic review and meta-analysis. Heart. 2021;107(5):373-380.
DOI: 10.1136/heartjnl-2020-317901.

Zhang J., Wang Z., Wang X., Hu Z., Yang C., Lei P. Risk
Factors for Mortality of COVID-19 Patient Based on Clin-
ical Course: A Single Center Retrospective Case-Control
Study. Front Immunol. 2021;12:581469. DOI: 10.3389/fim-
mu.2021.581469.

Xiao Y., Wu D., Shi X,, Liu S., Hu X., Zhou C., Tian X. et al.
High Child-Pugh and CRUBG65 scores predict mortality of de-
compensated cirrhosis patients with COVID-19: A 23-center,
retrospective study. Virulence. 2021;12(1):1199-1208. DOI:
10.1080/21505594.2021.1909894.

Berenguer J., Borobia A.M., Ryan P., Rodriguez-Baiio J.,
Bellon J.M., Jarrin 1. et al. Development and validation of
a prediction model for 30-day mortality in hospitalised pa-
tients with COVID-19: the COVID-19 SEIMC score. Thorax.
2021;76(9):920-929. DOI: 10.1136/thoraxjnl-2020-216001.
Cho S.I., Yoon S., Lee H.J. Impact of comorbidity burden on
mortality in patients with COVID-19 using the Korean health
insurance database. Sci. Rep. 2021;11(1):6375. DOI: 10.1038/
s41598-021-85813-2.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Zhanibekov Zh.Zh., Chukhliaev P.V., Khavkina D.A., Akhme-
dova M.D., Ruzhentsova T.A. The importance of outpatient
etiotropic therapy in patients hospitalized with COVID-19.
Journal of Infectology. 2023;15(1):48-54 (in Russ.). DOI:
10.22625/2072-6732-2023-15-1-48-54.

Leneva I.A., Pshenichnaya N.Y., Bulgakova V.A. Umifenovir
and coronavirus infections: a review of research results and
clinical practice. Therapy Archives. 2020;92(11):91-97 (in
Russ.). DOI: 10.26442/00403660.2020.11.000713.

Talavera B., Garcia-Azorin D., Martinez-Pias E., Trigo J.,
Hernandez-Perez 1., Valle-Penacoba G. et al. Anosmia is asso-
ciated with lower in-hospital mortality in COVID. J. Neurol.
Sci. 2020;419:117163. DOI: 10.1016/j.jns.2020.117163.
Yadaw A.S., Li Y.C, Bose S., Iyengar R., Bunyavanich S.,
Pandey G. Clinical features of COVID-19 mortality: devel-
opment and validation of a clinical prediction model. Lancet
Digit Health. 2020;2(10):516-525. DOI: 10.1016/S2589-
7500(20)30217-X.

Cheng B., Hu J., Zuo X., Chen J., Li X., Chen Y., et al. Pre-
dictors of progression from moderate to severe coronavirus
disease 2019: a retrospective cohort. Clin. Microbiol. Infect.
2020;26(10):1400-1405. DOI: 10.1016/j.cmi.2020.06.033.
Ghobadi H., Moham madshahi J., Javaheri N., Fouladi N.,
Mirzazadeh Y., Aslani M.R. Role of leukocytes and system-
ic inflammation indexes (NLR, PLR, MLP, dNLR, NLPR,
AISI, SIR-I, and SII) on admission predicts in-hospital
mortality in non-elderly and elderly COVID-19 patients.
Front. Med (Lausanne). 2022;9:916453. DOI: 10.3389/
fmed.2022.916453.

Duan J., Wang X., Chi J., Chen H., Bai L., Hu Q. et al. Cor-
relation between the variables collected at admission and
progression to severe cases during hospitalization among
patients with COVID-19 in Chongqing. J. Med. Virol.
2020;92(11):2616-2622. DOI: 10.1002/jmv.26082.
Mohammadi Z., Faghih D.M., Vahed N., Ebrahimi B.H., Rah-
mani F. Clinical and Laboratory Predictors of COVID-19-Re-
lated In-hospital Mortality; a Cross-sectional Study of
1000 Cases. Arch. Acad. Emerg. Med. 2022;10(1):49. DOI:
10.22037/aaem.v10i1.1574.

Pitamberwale A., Mahmood T., Ansari A.K., Ansari S.A.,
Limgaokar K., Singh L. et al. Biochemical parameters as
prognostic markers in severely Il COVID-19 patients. Cu-
reus. 2022;14(8):28594. DOI: 10.7759/cureus.28594.
Poggiali E., Zaino D., Immovilli P., Rovero L., Losi G.,
Dacrema A. et al. Lactate dehydrogenase and C-reactive
protein as predictors of respiratory failure in COVID-19 pa-
tients. Clin. Chim. Acta. 2020;509:135-138. DOI: 10.1016/j.
cca.2020.06.012.

Tomazini B.M., Maia LS., Cavalcanti A.B., Berwanger O.,
Rosa R.G., Veiga V.C. et al. Effect of Dexamethasone on
Days Alive and Ventilator-Free in Patients With Moder-
ate or Severe Acute Respiratory Distress Syndrome and
COVID-19: The CoDEX Randomized Clinical Trial. JAMA.
2020;324(13):1307-1316. DOI: 10.1001/jama.2020.17021.
Gorodin V.N., Moysova D.L., Pronin M.G., Zotov S.V., Mi-
hayluk E.I., Tikhonenko Yu.V. Predictors of poor outcomes
in patients with pandemic viral infections (influenza AHIN-
1pdm09, COVID-19) on a ventilator. Infectious Diseases3

Bulletin of Siberian Medicine. 2024; 23 (4): 64-73



Original articles

31. Gorodin V.N., Moysova D.L., Pronin M.G., Zotov S.V., Mi- I1pdm09, COVID-19) on a ventilator. Infectious Diseases.
hayluk E.I., Tikhonenko Yu.V. Predictors of poor outcomes 2022;20(4):25-33 (in Russ.). DOI: 10.20953/1729-9225-
in patients with pandemic viral infections (influenza AHIN- 2022-4-25-33.

Authors’ contribution

Malinovskiy V.A.—conception and design, collection and processing of the material, drafting of the article. Fedosenko S.V. — conception
and design, drafting and editing of the article. Semakin A.V. — collection and processing of the material, drafting of the article. Dirks L.1.,
Semenova O.L. — collection and processing of the material. Arzhanik M.B., Agaeva S.A. — collection and processing of the material,
editing of the manuscript. Vinokurova D.A. — conception and design. Starovoitova E.A., Nesterovich S.V., Kalyuzhin V.V. — conception
and design, editing of the manuscript.

Authors’ information

Malinovskiy Vladislav A. — Post-Graduate Student, Division of General Medical Practice and Outpatient Therapy, Internal Medicine
Physician, Siberian State Medical University, Tomsk, vladislav-9509@mail.ru, https://orcid.org/0009-0004-8099-3870

Fedosenko Sergey V. — Dr. Sci. (Med.), Associate Professor, Professor of the Division of General Medical Practice and Outpatient
Therapy, Siberian State Medical University, Tomsk, s-fedosenko@mail.ru, https://orcid.org/0000-0001-6655-3300

Semakin Aleksey V. — Post-Graduate Student, Division of General Medical Practice and Polyclinic Therapy, Internal Medicine
Physician, Siberian State Medical University, Tomsk, drsemakinav@gmail.com, https://orcid.org/0009-0008-4723-1494

Dirks Ivan L. — Student, Department of Medical Biology, Siberian State Medical University, Tomsk, i.dirks@yandex.ru, https://orcid.
0rg/0009-0005-5560-0016

Arzhanik Marina B. — Cand. Sci. (Pedagogy), Associate Professor, Division of Medical and Biological Cybernetics, Siberian State
Medical University, Tomsk, arzh m@mail.ru, https://orcid.org/0000-0003-4844-9803

Semenova Oksana L. — Senior Lecturer, Division of Medical and Biological Cybernetics, Siberian State Medical University, Tomsk,
oksleon@list.ru, https://orcid.org/0000-0002-6866-5020

Vinokurova Daria A. — Head of the Internal Medicine Clinic, Teaching Assistant, Division of Intermediate-Level Therapy with a
Course in Pharmacology, Siberian State Medical University, Tomsk, vinokurovadarial@gmail.com, https://orcid.org/0000-0002-8422-
8349

Starovoitova Elena A. — Dr. Sci. (Med.), Associate Professor, Head of the Division of General Medical Practice and Outpatient
Therapy, Siberian State Medical University, Tomsk, elena-starovoytova@yandex.ru, https://orcid.org/0000-0002-4281-1157

Agaeva Sofiya A. — Student, Department of Pediatrics, Laboratory Assistant and Researcher, Division of Introduction into Internal
Diseases with a Course in Therapy of the Pediatric Department, Siberian State Medical University, Tomsk, agaeva.sofiyaa@gmail.com,
https://orcid.org/0009-0004-5619-5473

Nesterovich Sofia V. — Dr. Sci. (Med.), Chief Physician of Siberian State Medical University clinics, Tomsk, nesterovich.sv@ssmu.
ru, https://orcid.org/0000-0003-2098-2964

Kalyuzhin Vadim V. — Dr. Sci. (Med.), Professor, Head of the Advanced Therapy Division with a Course in Rehabilitation,
Physiotherapy and Sports Medicine, Siberian State Medical University, Tomsk, kalyuzhinvv@mail.ru, http://orcid.org/0000-0001-
9640-2028

(D<) Agaeva Sofiya A., agaeva.sofiyaa@gmail.com
Received 11.06.2024;

approved after peer review 25.06.2024;
accepted 27.06.2024

BlonneteHb cMbupckoin meguuuHbl. 2024; 23 (4): 64-73 73



YK 616.127-005.8-02:616.131-008.331.1]-055.1-053.81/.85
https://doi.org/10.20538/1682-0363-2024-4-74-81

Predictors of pulmonary hypertension in the subacute period
of myocardial infarction in young and middle-aged males

Menshikova A.N., Gordienko A.V., Sotnikov A.V., Nosovich D.V.

S.M. Kirov Military Medical Academy
6, Akademika Lebedeva Str., Saint Petersburg, 194044, Russian Federation

ABSTRACT

Aim. To identify predictors of the development of pulmonary hypertension (PH) in the subacute period of
myocardial infarction (MI) in young and middle-aged males to improve preventive measures.

Materials and methods. We studied the results of treatment of male patients aged 32—-60 years with a verified
diagnosis of MI. Based on echocardiography findings and detection of PH at the end of the third week of MI, the
patients were divided into the study group (patients with PH) and the comparison group (patients with a normal
pressure in the pulmonary artery). In the studied groups, a comparative assessment of various parameters was
performed, and an analysis of the risks of developing PH using the Pearson’s chi-squared test was conducted.

Results. We found that the risk of developing PH in the subacute period of MI was significantly affected by certain
parameters of peripheral hemodynamics, the presence of bradycardia, and the calculated value of total pulmonary
resistance. The main parameters of the lipid profile were found to be significant predictors of PH in the subacute
period of MI, along with some parameters of electrolyte metabolism (sodium and magnesium in the first 48 hours
of MI, potassium and calcium at the end of the third week of the disease). We established the presence of a reliable
relationship between several parameters of the structural and functional state of the myocardium both in the first
48 hours of MI and the end of the third week of the disease with the risk of developing PH in the subacute period
of ML

Conclusion. The identified predictors make it possible to determine patients with MI who are at an increased risk
of PH to timely diagnose and treat the disease and improve the prognosis.

Keywords: pulmonary hypertension, predictors, myocardial infarction, cardiovascular disease risk factors,
pulmonary artery pressure, systolic dysfunction, echocardiography, men, young and middle age
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MpeanKTOpbI IErOYHON rMNEepTeH31N B NOA0CTPOM Nepuope nHpapkra
MUOKapAa y My>K4YMH MOJIOAOro 1 cpeaHero Bospacra

Menbwukosa A.H., lopanenko A.B., CotHukos A.B., Hocosuu [1.B.

Boenno-meouyuncrasn axademusn (BMA) um. C.M. Kuposa

Poccus, 194044, 2. Canxm-Ilemep6ype, yn. Axademuxa Jlebeoesa, 6

PE3IOME

Iesb. BosBUTE IpeIUKTOPHI pa3BUTHS JeroyHoil runeprensuu (JII') B mogoctpom nepuoae nHpapkTa MHOKapaa
(IM) y My>4HH MOJIOZIOTO ¥ CPEIIHET0 BO3pACTa ISl COBEPIICHCTBOBAHUS NPOPMIAKTHYECKUX MEPOIIPUATHH.

MarepuaJjbl 1 MeToabI. VI3ydeHb! pe3ysbTaThl JedeHus My»4uuH 32—60 neT ¢ Bepu(pUIMPOBAHHBIM JHAarHO30M
WM. Tlo uroram BhINOIHEHHs 3X0Kapauorpadun u BeisiieHns JII' B koHne Tpetbel Henenn M nmanmeHToB pas-
JeTsUIH Ha uccnenyeMyro rpymmy (¢ JII') u rpynmy cpaBHeHHs (C HOPMaJIbHBIM YPOBHEM JaBJICHHS B JETOYHOM
aprtepun). B m3yuaeMmbIx rpyImmax npoBeeHa CpaBHUTENbHAS OLIEHKA Pa3JIMYHbIX IapaMeTPOB, a TAK)KE BHIIOIHEH
aHanu3 puckos pa3sutus JII' ¢ momomsio kpurepus y2 [Tupcona.

PesyabTarel. Ha puck pazsurtus JII' B mogoctpom nepuoae UM oka3biBalOT CTaTUCTUYECKU 3HAYMMOE BIUSHHE
HEKOTOpPBIE TapaMeTphl epudepuIeckoi reMOANHAMUKY, HATMYUe OpaauKapAni, pacueTHas BEIHYHHA OOIIETO
JIETOYHOTO COIIPOTHBJICHUS. 3HAUNMBIMH nipeankTopamu JII' B momoctpom neproae UM oka3anuch OCHOBHBIE TTa-
paMeTphI JIMMHIOTPAMMEI, a TAaK)Ke HEKOTOPHIE TIOKA3aTEIH dIICKTPOIUTHOTO 0OMEeHa (HATPUI M MarHUil B TIEPBBIC
48 u UM, kanuii 1 KaJbLUil B KOHIIE TPEThEH Helleln 3a00JIeBaHMs1). Y CTAHOBIICHO HAJIMYHE CTATUCTHYCCKA 3HAUH-
MOM B3aMMOCBSI3H Psifia TIOKa3aTeJel CTPYKTYPHO-(QYHKIIMOHAIBHOTO COCTOSHISI MHOKap/a Kak mepBbix 48 1 UM,
TaK ¥ KOHIIa TPEeTheil Heenu 3aboneBanus, ¢ puckoM passutus JII' B momoctpom neproae M.

3ak04enne. BeisBIeHHBIE TPEAUKTOPHI MTO3BOIIT (POPMHUPOBATH IPYIIIBI MOBBIIIEHHOTO prcka JII” cpenu maru-
eHToB ¢ M c 1enbio cBOeBpEMEHHON TUArHOCTHKYU U JICUSHUSI AJIsl yTydIISHUs IPOTHO3A.

KwueBsble cJIoBa: JIerovHas TUIEPTEH3Hs, PEAUKTOPHI, HHPAPKT MHOKap/a, (GaKTOphl PUCKA KapAUOBACKYJISP-
HBIX 3a00JICBaHUH, JaBJICHUE B JICTOYHOM apTepUH, CUCTONUYECKas TUCHYHKIHUS, IXOKapauorpadus, MyKUUHbI,
MOJIOJION U CpeHHI BO3pacT

KOHq).]Il/lKT HHTEPECOB. ABTOpLI JACKIApUPYIOT OTCYTCTBUE SAIBHBIX U INOTCHIUAJIBHBIX KOHq)III/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J’IPIKaIIPIeI71 Hacro;{meﬁ CTaTbHu.

Hcrounuk ¢puHAHCHPOBAHHUA. ABTOPHI 3asBISIOT 00 OTCYTCTBHM (\HHAHCHPOBAHUS TPH NMPOBEICHHN HUCCIEN0-
BaHMSI.

CooTBeTcTBHE NPHHIMIIAM 3THKH. VccienoBanne 000peHO HE3aBUCUMBIM 3THYECKUM KOMHUTETOM Ipu BoeH-
Ho-MeauuuHckoil akagemun uM. C.M. Kuposa (mpotoxon Ne 258 ot 21.12.2021) u BBIIOJHEHO B COOTBETCTBUU C
IIaHOM Hay4HOU pa6oTsl BMA nm. C.M. Kuposa.

[ uurupoBanusi: Mensmukosa A.H., l'opauenko A.B., CotaukoB A.B., Hocosuu /JI.B. IlpenukTops! nerod-
HO¥ THIIEPTEH3UHU B TI0JIOCTPOM TEepHO/Ie HH(APKTa MHOKap/a y My»KYMH MOJIOZIOTO ¥ CPEAHEro Bospacra. broie-
menb cubupckou meouyunwl. 2024;23(4):74-81. https://doi.org/10.20538/1682-0363-2024-4-74-81.

INTRODUCTION

Pulmonary hypertension (PH) is a pathological
condition that is often a complication of a significant
number of diseases, which underlies the modern
classification of this pathology. PH is considered
separately in diseases of the left chambers of the heart,
especially in myocardial infarction (MI) [1, 2], since
this complication significantly aggravates its course
and worsens the prognosis [1, 3]. This statement has
been proven to a greater extent in relation to elderly

patients [4, 5]; however, there is currently a clear trend
toward MI incidence in young individuals [6, 7].
Since young and middle-aged males are exposed
to such common risk factors for the development
of cardiovascular pathology as unhealthy diet, low
physical activity, overweight, psychological stress,
smoking, and arterial hypertension, the incidence of
MI in this group of patients increases. In the long
run, this will make PH a relevant problem in males
of working age [6—8]. Echocardiography (ECHO) is
the most accessible noninvasive method for detecting
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increased pressure in the pulmonary artery, which,
however, does not always allow for timely diagnosis
of PH, despite its widespread use [1, 5, 8]. PH is
characterized by a steadily progressive course. As a
rule, it does not have clear clinical manifestations for
a long time, which makes it difficult to diagnose and
leads to disability of patients, as well as a decrease in
the effectiveness of therapy [1, 2, 8].

The aim of the study was to identify predictors
of the development of PH in the subacute period of
MI in males under 60 years of age among the most
accessible clinical and test parameters to improve its
prevention.

MATERIALS AND METHODS

The main inclusion criteria were the following:
male; age from 18 to 60 years; verified type 1
MI (Fourth Universal Definition of Myocardial
Infarction, 2018) [9]. The exclusion criteria were as
follows: female; age younger than 18 and older than
60 years; at baseline, reduced glomerular filtration
rate (CKD-EPI, 2011) of less than 30 ml / min / 1.73
m?; type 2, 3, 4, and 5 MI; presence of concomitant
pathology capable of independently influencing the
development of PH (viral hepatitis B and C, cirrhosis,
other portal hypertension syndromes, HIV infection;
systemic connective tissue diseases with constant
immunosuppressive  therapy; congenital heart
disorders); verified cancers; endocrine pathology
(except diabetes mellitus); pronounced deviations in
the complete blood count (hemoglobin level of less
than 130 g / 1, platelet count of less than 100 x 10°/1,
leukocyte count of less than 3.0 x 10°/1).

The study was approved by the Independent Ethics
Committee at S.M. Kirov Military Medical Academy
(Protocol No. 258 of 21.12.2021). All the examined
persons or their relatives signed an informed consent
to participate in this study before undergoing the
procedures.

Thus, the study included 570 males aged 32-60
years, among whom Q-wave MI and the presence of
complications were detected in 53.5% (305 patients)
and 56.5% (322 patients) of cases, respectively.
Reinfarction and recurrent MI were registered in
49.7% (283 patients) and 4.4% (25 patients) of
cases, respectively. Depending on the location of MI,
patients were distributed as follows: anterior MI in the
left ventricle (LV) was detected in 47.0% (268 people)
of cases, LV inferior wall MI —in 39.5% (225 people),
and MI in other locations — in 13.5% (77 people).
When divided into the study and the comparison

group, the patients did not significantly differ in these
characteristics. A fatal outcome was observed in 5.1%
of cases (29 patients) — only among patients of the
comparison group (p = 0.012).

In the first 48 hours (I) and at the end of the
third week of MI (II), all patients underwent a set of
clinical examinations and tests in accordance with
approved clinical guidelines, including ECHO, during
which the sizes of the heart chambers and the mean
pulmonary artery pressure were recorded (mPAP) [1,
10], and LV systolic function was assessed (according
to the Simpson method) [11-13]. The value of total
pulmonary resistance (TPR) was calculated by the
Shishmarev method [13-15]. ECHO was used to
determine the following parameters in all patients:
the dimensions of the left atrium (LA), the thickness
of the LV posterior wall (PW), right ventricular end-
diastolic volume (RVEDV), LV e¢jection fraction
(EF), including cardiac index (CI), LV myocardial
mass index (LVMMI), LV end-systolic (ESV/S)
and end-diastolic (EDV/S) volumes. Indexing was
estimated by body surface area (proposed by D. Du
Bois and E.F. Du Bois) [10, 11]. Depending on the
values of mPAP, the patients were divided into two
groups: the study group, in which the level of mPAP,
was within the normal range (less than 20 mm Hg)
and elevated to 21 mm Hg and more — 102 patients
(average age 51.0 = 7.0 years); and the comparison
group — patients with normal or elevated levels of
mPAP, and normal levels of mPAP, — 468 patients
(51.4 £ 6.0 years, p = 0.978).

In order to conduct early monitoring of
manifestations of heart failure (HF), in the first
48 hours and at the end of the third week of MI,
the severity of its symptoms (shortness of breath,
palpitations, weakness, cough, fatigue) were assessed
by calculating the index of subjective manifestations
of HF (SMHFI) [15]. The main parameters of
peripheral hemodynamics were used as parameters of
the clinical examination: heart rate (HR) per minute,
levels of systolic (systBP), diastolic (diastBP) and
mean (meanBP) blood pressure (meanBP = diastBP +
1/3 x (systBP — diastBP)). Among the test parameters,
the main parameters of the lipid profile were studied:
the concentration of total cholesterol (TC) in the
blood, lipoproteins ranked by density (high (HDL),
very low (VLDL) and low (LDL)), their ratio (LDL/
HDL and TC/HDL), and atherogenic coefficient (AC).
In addition, parameters of electrolyte metabolism
were determined, including the levels of potassium,
sodium, total calcium, and magnesium.
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All patients included in the study received drug
therapy in accordance with clinical guidelines for
the management of patients with MI, including
anticoagulants, antiplatelets, and lipid-lowering
agents, as well as renin — angiotensin — aldosterone
system inhibitors, beta-blockers, and nitrates. Patients
in the study group and the comparison group did
not have significant differences in terms of drug
therapy. The proportion of patients who underwent
revascularization was 25.5% (26 people) and 21.8%
(102 people, p = 0.263) in the study and comparison
groups, respectively. The selected groups did not
have significant differences in the number of arteries
affected in coronary artery disease (CAD), the extent
and severity of the identified CAD, as well as in the
frequency and the volume of revascularization. The
low proportion of patients who underwent coronary
angiography and early myocardial revascularization is
mainly due to their refusal to undergo the procedure
and/or delayed hospitalization due to late presentation.

The obtained data of the clinical and test
examinations were organized using a formalized
medical history, presented in the form of an electronic
database (Microsoft Excel 2016). The research results
were statistically processed using the Microsoft Excel
2016, Statistica 10.0, and SAS JMP 11 software. The
obtained parameters were compared between the
selected groups using the Mann — Whitney test and
the Pearson’s chi-squared test. In addition, the latter
was used to assess the statistical significance of the
influence of factors on a binary target variable when
calculating the risks of PH at the second time point
(IT) — absolute risk (AR, %) and relative risk with a
95% confidence interval (RR, abs. [95% CI]). The

cut-off levels of these factors were determined by
their maximum statistical significance. The value of
p <0.05 was considered to be statistically significant.

RESULTS

When assessing the influence of peripheral
hemodynamic parameters on the risk of PH
development at the second measurement point (II),
it turned out that parameters determined during this
period (II), such as meanBP  levels of 93.3 mm Hg or
more (AR: 11.2%; RR: 1.98 [1.23; 3.19]; p = 0.003)
and diastBP, of 75 mm Hg or more (AR: 10.9%; RR:
1.98 [1.19; 3.30]; p=0.005), as well as systBP, level of
160 mm Hg or more (AR: 9.3%; RR: 1.58 [1.07, 2.33];
p =0.023) and HR | of less than 75 bpm (AR: 20.5%;
RR:3.71[2 .19; 6.28]; p <0.001) in the first hours (I)
of MI had a significant relationship. It was revealed
that the risk of developing PH after MI increases if the
patient has bradycardia during ECG (AR: 17.3%; RR:
2.04 [1.33; 3.14]; p = 0.020) and decreases if sinus
tachycardia is registered (AR: -17.9%; RR: 0.18 [0.06,
0.57]; p < 0.001). The risk of PH development in the
subacute MI period increases in patients with a TPR,
value of less than 421 dyn. x s x cm™ (AR: 20.1%;
RR: 3.29 [2.03; 5.32]; p < 0.001) and TPR of 237.3
dyn. x s x cm? or more (AR: 17.6%; RR: 4.03 [1.81;
8.97]; p < 0.001). The risk of PH development after
MI was associated with an estimated level of SMHFI
of less than 19.3%, determined at the end of the third
week of MI (AR: 12.1%; RR: 2.16 [1.02; 4.58]; p =
0.033).

Figures 1 and 2 present data on the relationship
between lipid metabolism parameters and the risk of
PH development after MI.

TC/HDL (I) < 6.2 (AR: 13.1%; RR: 1.93 [1.09; 3.40], p = 0.021) NN 41+

AC (I) < 5.2 (AR: 11.8%; RR: 1.92 [1.01; 3.62], p = 0.039) R :: 7 "

e ——

HDL (I) > 0.9 mmol / 1 (AR: 12.5%; RR: 1.86 [1.06; 3.26], p = 0.027) NN 15«

R, 171

VLDL () > 1.2 mmol /1 (AR: 17.2%; RR: 2 [1.10; 3.64], p = 0.032) GGG

e 3+ 5

TC (I) < 5.7 mmol /1 (AR: 8.9%; RR: 1.57 [1.02; 2.40], p = 0.037) R = =

& Comparison group

T
0.0%

5.0% 10.0% 15.0% 20.0% 25.0% 30.0% 35.0% 40.0%

& Study group

Fig. 1. Relationships between lipid metabolism parameters in the first hours of myocardial infarction and the risk of developing
pulmonary hypertension in its subacute period: p — level of significance, the chi-squared test
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LDL/HDL (II) < 3.0 (AR: 21.3%; RR: 2.78 [1.06; 7.28], p = 0.034) e o
TC/HDL (IT) < 6.0 (AR: 26.7%; RR: 4.63 [1.82; 11.77], p < 0.001) A% b
AC (IT) < 5.0 (AR: 26.7%; RR: 4.63 [1.82; 11.77], p < 0.001) e -

LDL (II) < 3.0 mmol /1 (AR: 21.8%; RR: 2.89 [1.10; 7.59], p = 0.028) “ wa

TC (IT) < 5.6 mmol / 1 (AR: 12.2%; RR: 1.98 [1.08; 3.61], p = 0.024) S

4.1

0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0% 35.0% 40.0%
= Comparison group = Study group

Fig. 2. Relationships between lipid metabolism parameters at the end of the third week of myocardial infarction and the risk of
developing pulmonary hypertension during this period: p — level of significance, the chi-squared test

Significant patterns of changes in the risks of
developing PH in the examined patients depending
on the concentration of the main electrolytes in the

blood plasma were obtained both during the first
hours (Fig. 3) and at the end of the third week of the
disease (Fig. 4).

5%
Potassium (I) < 5.1 mmol /1 (AR: -17.2%; RR: 0.52 [0.32; 0.85], p = 0.014)

111%
Magnesium (I) > 1.1 mmol /1 (AR: 88.9%; RR: 9 [1.42; 57.12], p=0.011)

I 1 ;
| #
#

16.6%
Sodium (I) > 143.0 mmol / 1 (AR: 18.3%; RR: 2.1 [1.35; 3.26], p = 0.001) h I
0.0% 20.0% 40.0% 60.0% 80.0% 100.0% 120.0%

m Comparison group = Study group

Fig. 3. Relationships between blood plasma electrolyte concentrations in the first hours of myocardial infarction and the risk of
pulmonary hypertension at the second measurement point: p — level of significance, the chi-squared test

Potassium (IT) > 4.7 mmol / 1 (AR: 16.7%; RR: 2.41 [1.17; 4.99], p = 0.013)

Calcium (II) > 2.4 mmol / 1 (AR: 32.3%; RR: 5.83 [1.47; 23.19], p = 0.002) -

0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0% 35.0% 40.0% 45.0%
m Comparison group = Study group

Fig. 4. Relationships between blood plasma electrolyte concentrations at the end of the third week of myocardial infarction and the
risk of developing pulmonary hypertension in its subacute period: p — significance level, the chi-squared test

Of all the studied factors, the parameters of the
structural and functional state of both the left and right
heart chambers were found to have the largest number
of relationships with the risk of PH development at the
end of the subacute MI period (Fig. 5, 6). In the first 48
hours of the disease, the following parameters turned
out to be significant: CI, LVMMI, LV ESV/S and LV

EDV/S, LA sizes and LVPW thickness, LVEF, and
RVEDV.

At the end of the third week of MI, a relationship
with the risk of PH development was identified
for the following parameters: right atrium (RA)
size, LVMMI, LV PW thickness, and LA transverse
size.
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RVEDY (1)2 28.0 mim (AR: 19.276; RR: 2,02 10.05; 8931, p = 0.04) |y
LVEF (I) > 48.9% (AR: 8.0%; RR: 1.56 [1.00; 2.43], p = 0.046) m
LA () <43.0 mm (AR: 8.7%; RR: 1.74 [0.99; 3.06], p = 0.046) L

LV PW (I) < 10.3 mm (AR: 8.6%; RR: 1.55 [1.04; 2.30], p = 0.033)

ESV/S (I) <48.2 ml/ m? (AR: 12.1%; RR: 2.4 [1.14; 5.04], p = 0.012) |y
EDV/S (I) <78.2 ml/ m? (AR: 11.5%; RR: 2.15 [1.17;3.94], p = 0.005)
LVMMI (I) < 175.6 g/ m® (AR: 14.1%; RR: 2.77 [1.42; 5.41], p=0.001) [
CI(1)<2.5 1/ min*m2 (AR: 13.7%; RR: 2.4 [1.42; 4.07], p < 0.001) e —

= Comparison group

0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0%  35.0%

= Study group

Fig. 5. Relationships between the parameters of the structural and functional state of the heart in the first hours of myocardial
infarction and the risk of pulmonary hypertension development in the second period of the study: p — level of significance, the chi-
squared test

LA (II) <41.5 mm (AR: 11%; RR: 1.86 [1.15; 3.01], p = 0.009)

LV PW (II) < 10.3 mm (AR: 8.1; RR: 1.52 [1.01; 2.27], p = 0.045)

LVMMI (I) < 156.0 g / m? (AR: 9.2%; RR: 1.61 [1.05; 2.48], p = 0.026)

RA (II) > 53.0 mm (AR: 77.8%; RR: 4.5 [1.90; 10.68], p = 0.023)

mComparison group

["F

20.0% 40.0% 60.0% 80.0% 100.0% 120.0%

= Study group

Fig. 6. Patterns of changes in parameters of the structural and functional state of the heart at the end of the third week of myocardial
infarction and the risk of pulmonary hypertension development during this period: p — level of significance, the chi-squared test

DISCUSSION

Hemodynamic parameters, such as blood pressure
and heart rate, as well as a significant increase in
TPR in the patients of the study group, significantly
affect the development of PH, which confirms that
persistent narrowing of pulmonary vessels in addition
to a passive retrograde increase in the pulmonary
artery pressure participate in the pathogenesis of PH
during MI [2, 8, 13]. It was found that the risk of PH
development in the subacute MI period is higher in
patients with bradycardia, which is most likely due to
a long history of cardiovascular diseases accompanied
by the development of atherosclerotic and/or
postinfarction cardiosclerosis, leading to a decrease in
the automaticity of the sinoatrial node [16]. The effect
of the SMHFI value on the risk of developing the
studied complication has no independent prognostic

value; however, it indirectly reflects the degree of
functional myocardial insufficiency. In the patients
of the study group, the calculated SMHFI value was
less than 19.3%, which corresponds to a minimal or
moderate degree of myocardial insufficiency [16].
The identified relationship between the risk of
developing PH in MI and lipid metabolism parameters
is reflected in the literature. It has been shown that
apolipoprotein Al- and E-dependent mechanisms
employ the patterns of interrelated changes in
pulmonary hemodynamics and lipid levels [17], with
the involvement of specific regulatory elements,
such as microRNA [18], protein associated with
transforming growth factor beta [19], and exosomes
[20]. Electrolyte changes found in the patients of
the study group, in particular an increase in sodium
concentration, indicate increased activity of hormones
of the renin — angiotensin —aldosterone system, water
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retention in the body, an increase in pre- and afterload
on the myocardium, the occurrence and subsequent
increase in diastolic dysfunction, and also hypertrophy
of vascular smooth muscle cells and fibrosis of their
walls [1, 14, 20]. An increase in the concentration of
total calcium in the blood serum in the patients of the
study group confirms the separate role of this ion and
numerous calcium channels in the PH development
due to the regulation of pulmonary vasoconstriction
and remodeling of pulmonary vessels [21].

The parameters of the structural and functional
state of the myocardium in the first hours of the disease
significantly affect the risk of PH development, which
indicates the presence of more pronounced LV systolic
dysfunction in patients with PH, as well as dilatation
and remodeling of the left heart [8, 14], which reflects
the pathogenesis of PH in diseases of the left chambers
of the heart [1]. The baseline increase in RVEDV in
the patients of the study group indicates a smaller
adaptive reserve of the right chambers of the heart
and is a prerequisite for the PH development during
the studied MI period and acts as a predictor of an
unfavorable prognosis [22].

The result of the study confirms a statistically
significantrelationshipbetween PHand LV dysfunction,
and changes in electrolyte and lipid metabolism.
However, we should not exclude the effect of other
probable causes of PH, given their ability to additionally
contribute to the development and progression of this
pathology. In order to determine the presence of LV
myocardial dysfunction as the main etiological factor
of PH, as well as to conduct differential diagnosis with
rare syndrome-like conditions as causes of increased
pressure in the pulmonary arteries, it is recommended
to determine the concentration of N-terminal pro—B-
type natriuretic peptide [23]. It is important to establish
the hemodynamic mechanisms of PH depending on
the degree of pulmonary vascular resistance to initiate
optimal therapy, which dictates the need for early
diagnosis of increased pulmonary artery pressure [1, 8,
24]. When conducting the differential diagnosis of PH
in M1, it is recommended to exclude right ventricular
and atrial MI, ruptures of the interventricular septum,
previously undiagnosed congenital heart disorders, as
well as severe mitral regurgitation requiring surgical
correction [3, 4, 25].

CONCLUSION

The study established the presence of a number
of anamnestic, clinical, and test markers associated
with the development of PH in the subacute period of

MI. Their early detection at the stage of admission to
hospital makes it possible to form a group of patients
at high risk of developing this complication for timely
and necessary diagnostic and therapeutic measures
in accordance with the algorithm. ECHO is the most
convenient, reliable, non-invasive, and currently
available technique that allows to verify PH at early
stages, as well as to predict the risk of its development.
This explains the need to determine the level of mPAP
over time in patients at high risk of developing PH in
early phases of ML

REFERENCES

1. Humbert M., Kovacs G., Hoeper M.M., Badagliacca R.,
Berger RM.F., Brida M. et al. 2022 ESC/ERS Guidelines for the
diagnosis and treatment of pulmonary hypertension. Eur. Respir.
J.2023;61(1):2200879. DOI: 10.1183/13993003.00879-2022.

2. Maeder M.T., Schoch O.D., Kleiner R., Joerg L., Weilenmann D.,
Swiss Society For Pulmonary Hypertension. Pulmonary hy-
pertension associated with left-sided heart disease. Swiss Med.
Wkly. 2017;147:w14395. DOIL: 10.4414/smw.2017.14395.

3. Cetin M., Ozer S., Cinier G., Yilmaz A.S., Erdogan T.,
Satiroglu O. Left atrial volume index and pulmonary arterial
pressure predicted MACE among patients with STEMI during
8-year follow-up: experience from a tertiary center. Herz.
2021;46(4):367-374. DOI: 10.1007/300059-020-04966-4.

4. Sannino A., Smith R.L., Schiattarella G.G., Trimarco B., Es-
posito G., Grayburn P.A. Survival and cardiovascular outcomes
of patients with secondary mitral regurgitation: a systematic
review and meta-analysis. JAMA Cardiol. 2017;2(10):1130-
1139. DOI: 10.1001/jamacardio.2017.2976.

5. Fan X.T., Wang S.J., Mujahid H., Ji X.P. Effect of elevated
pulmonary artery systolic pressure on short-term progno-
sis in patients with acute myocardial infarction. Angiology.
2020;71(6):567-572. DOI: 10.1177/0003319720909056.

6. Benjamin E.J., Virani S.S., Callaway C.W., Chamberlain A.M.,
Chang A.R., Cheng S. et al. Heart Disease and Stroke Statis-
tics-2018 Update: A Report From the American Heart Asso-
ciation. Circulation. 2018;137(12):e67—492. DOIL: 10.1161/
CIR.0000000000000558.

7. Boitsov S.A., Pogosova N.V., Bubnova M.G., Drapkina O.M.,
Gavrilova N.E., Yeganyan R.A, et al. Cardiovascular preven-
tion 2017. National guidelines. Russian Journal of Cardiology.
2018;23(6):7-122 (in Russ.). DOI: 10.15829/1560-4071-2018-
6-7-122.

8. Chung K., Strange G., Codde J., Celermajer D., Scalia G.M.,
Playford D. Left heart disease and pulmonary hypertension: are
we seeing the full picture? Heart Lung Circ. 2018;27(3):301—
309. DOI: 10.1016/j.h1c.2017.09.015.

9. Thygesen K., Alpert J.S., Jaffe A.S., Chaitman B.R., Bax J.J.,
Morrow D.A. et al. Fourth universal definition of myocardi-
al infarction (2018). Eur. Heart J. 2019;40(3):237-269. DOI:
10.1093/eurheartj/ehy462.

10. Kitabatake A., Iuone M., Asao M. Noninvasive evaluation of

pulmonary hypertension by a pulsed Doppler technique. Cir-
culation.1983;68(2):302-309. DOI: 10.1161/01.cir.68.2.302.

80 Bulletin of Siberian Medicine. 2024; 23 (4): 74-81



Original articles

11.

12.

13.

14.

15.

16.

17.

Vdovenko D.V., Libov I.A., Libis R.A. Assessment of func-
tion of the left heart myocardium by tissue doppler imaging
and speckle tracking echocardiography in patients with chron-
ic heart failure with preserved left ventricular ejection fraction.
Kardiologiia.2019;59(2):17-23 (in Russ.). DOI:10.18087/
cardio.2019.2.10227.

Galderisi M., Cosyns B., Edvardsen T., Cardim N., Delga-
do V., Di Salvo G. et al. 20162018 EACVI Scientific Doc-
uments Committee. Standardization of adult transthoracic
echocardiography reporting in agreement with recent chamber
quantification, diastolic function, and heart valve disease rec-
ommendations: an expert consensus document of the Europe-
an Association of Cardiovascular Imaging. Eur. Heart J. Car-
diovasc. Imag. 2017;18(12):1301-1310. DOI: 10.1093/ehjci/
jex244.

Bartosh-Zelenaya S.Yu., Guseva O.A. The algorithm of echo-
cardiography and the formation of the impression. St. Peters-
burg: SPbGPU, 2014: 65 (in Russ.).

Sotnikov A.V., Gordienko A.V., Nosovich D.V., Yakov-
lev V.V., Egorenkova E.V., Kovalev S.V. Noninvasive assess-
ment of the effect of clinical parameters on hemodynamics of
the small circle of blood circulation in men under 60 years of
age with myocardial infarction in the initial periods of the dis-
ease. Eurasian Heart Journal. 2017;3:85 (in Russ.).
Gordienko A.V., Sotnikov A.V., Nosovich D.V. Clinical cri-
teria for assessing the quality of life in young and middle-aged
men in the initial periods of myocardial infarction. Medical
and pharmaceutical journal “Pulse”. 2018;20(1):34-44 (in
Russ.).

Sidhu S., Marine J.E. Evaluating and managing bradycardia.
Trends in Cardiovascular Medicine. 2020;30(5):265-272.
DOI: 10.1016/j.tcm.2019.07.001.

Yao X., Gordon E.M., Figueroa D.M., Barochia A.V.,
Levine S.J. Emerging roles of apolipoprotein E and apolipo-
protein A-I in the pathogenesis and treatment of lung disease.

Authors’ information

18.

19.

20.

21.

22.

23.

24.

25.

Am. J. Respir. Cell Mol. Biol. 2016;55(2):159-169. DOI:
10.1165/rcmb.2016-0060TR.

Song Z., Gao R., Yan B. Potential roles of microRNA-1 and
microRNA-133 in cardiovascular disease. Rev. Cardiovasc.
Med. 2020;21(1):57-64. DOI: 10.31083/j.rcm.2020.01.577.
Boratkd A., Csortos C. PKC mediated phosphorylation of
TIMAP regulates PP1c activity and endothelial barrier func-
tion. Biochimica et Biophysica acta. Molecular Cell Research.
2017;1864 (2):431-439. DOI: 10.1016/j.bbamcr.2016.12.001.
Yuan Y., Du W,, Liu J.,, Ma W., Zhang L., Du Z., Cai B.
Stem cell-derived exosome in cardiovascular diseases: macro
roles of micro particles. Front. Pharmacol. 2018;9:547. DOI:
10.3389/fphar.2018.00547.

Liu G,. Fu D., Tian H., Dai A. The mechanism of ions in pul-
monary hypertension. Pulm. Circ. 2021;11(1):1-20. DOI:
10.1177/2045894020987948.

Da Costa Junior A.A., Ota-Arakaki J.S., Ramos R.P., Uellen-
dahl M., Mancuso F.J., Gil M.A. et al. Diagnostic and prog-
nostic value of right ventricular strain in patients with pulmo-
nary arterial hypertension and relatively preserved functional
capacity studied with echocardiography and magnetic res-
onance. Int. J. Cardiovasc. Imag. 2017;33(1):39—46. DOL:
10.1007/s10554-016-0966-1.

McDonagh T.A., Metra M., Adamo M., Gardner R.S., Baum-
bach A., Bobhm M. et al. 2021 ESC Guidelines for the diagno-
sis and treatment of acute and chronic heart failure. Fur. Heart
J.2021;42(36):3599-3726. DOI: 10.1093/eurheartj/chab368.
Kabbach G., Mukherjee D. Pulmonary hypertension secondary
to left heart disease. Curr. Vasc. Pharmacol. 2018;16(6):555—
560. DOI: 10.2174/1570161115666170913105424.
Amords-Figueras G., Rosell6-Diez E., Sanchez-Quintana D.,
Casabella-Ramon S., Jorge E., Nevado-Medina J. et al.
Changes in local atrial electrograms and surface ECG in-
duced by acute atrial myocardial infarction. Front. Physiol.
2020;11:264. DOI: 10.3389/fphys.2020.00264.

Menshikova Alexandra N. — Associate Professor, Department of Advanced-level Therapy, S.M. Kirov Military Medical Academy,
Saint Petersburg, aleksandral2591@mail.ru, https://orcid.org/0000-0001-9422-4969

Gordienko Alexander V. — Dr. Sci. (Med.), Professor, Professor of the Department of Advanced-level Therapy, S.M. Kirov Military
Medical Academy, Saint Petersburg, gord503@mail.ru, https://orcid.org/0000-0002-6901-6436

Sotnikov Alexey V. — Dr. Sci. (Med.), Associate Professor, Professor of the Department of Advanced-level Therapy, S.M. Kirov
Military Medical Academy, Saint Petersburg, alexey vs@mail.ru, https://orcid.org/0000-0002-5913-9088

Nosovich Dmitry V. — Cand. Sci. (Med.), Senior Lecturer, Department of Advanced-level Therapy, S.M. Kirov Military Medical
Academy, Saint Petersburg, nozovich@mail.ru, https://orcid.org/0000-0003-2891-4747

(P<) Menshikova Alexandra N., aleksandral2591@mail.ru

Received 08.12.2024;
approved after peer review 02.05.2024;
accepted 13.06.2024

BlonneteHb cMbupckon meguuuHbl, 2024; 23 (4): 74-81 81



VK 616.379-008.64-021.6-08:615.825.3:577.12
https://doi.org/10.20538/1682-0363-2024-4-82-94

Effects of forced treadmill exercise on lipid and carbohydrate metabolism
parameters in a mouse model of type 2 diabetes mellitus
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ABSTRACT

Aim. To study the effect of forced treadmill exercise on lipid and carbohydrate metabolism parameters in liver and
skeletal muscle tissues of mice with a model of type 2 diabetes mellitus, taking into account age and biological
rhythm characteristics.

Materials and methods. To create a model of type 2 diabetes mellitus (T2DM), a high-fat diet was used. Physical
activity in the form of forced treadmill exercise was carried out for 4 weeks. Parameters of lipid and carbohydrate
metabolism in muscle and liver tissues were determined by Western blotting.

Results. A decrease in glycogen content in the muscles in T2DM was associated with activation of its breakdown
rather than with its reduced synthesis. Significant and multidirectional changes were recorded in the content of
glycogen phosphorylase in the liver and skeletal muscle tissues. These changes were significantly influenced by
both the nature of diet and physical activity. The development of T2DM in mice was accompanied by a decrease
in high-density lipoprotein (HDL) content in the liver along with an increase in low-density lipoprotein (LDL) and
very-low-density lipoprotein (VLDL) levels. It is worth noting that physical activity provided partial normalization
of the ratio of lipid fractions, despite the fact that the exercises were performed in the context of a high-fat diet.

In the T2DM group, metabolic changes caused by both T2DM modeling and physical exercises were not only
quantitative, but in some cases also qualitative. The effects of physical exercises performed at different times of the
day on metabolic processes in the liver and muscle tissues varied significantly.

Conclusion. Physical activity can help prevent not only metabolic disorders (obesity and insulin resistance), but
also associated complications on the part of the liver and cardiovascular system.

Keywords: liver, skeletal muscles, treadmill running, diabetes mellitus, obesity
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D¢ PeKTbl NPUHYANTENbHDbIX 6€roBbiX Harpy3oK Ha NoKasaTenmu
NUNUGHOrO 1 YrNeBOAHOro o6meHa y Mbilleil C MOAeNblo CaXxapHOro
Anabeta Tmna 2
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PE3IOME

Hean: n3yyanocy BIUSHUEC TPUHYAUTEIBHBIX (PH3MYECKAX HATPY30K HA ITOKA3aTEIH JUIHIHOTO U YTIIEBOHOTO
oOMeHa B TKaHSIX MEYCHH W CKEJICTHBIX MBIIII] Y MBIIIEH ¢ MOJIETbI0 caxapHoro nuabera tuma 2 (CA2) ¢ yaeTom
BO3PACTHBIX U OHOPHTMOJIOTHIECKHX OCOOEHHOCTEH.

MarepuaJjibl 1 MeToAbl. 11 popMHUpoBaHUS MOIETH 3a00I€BaHNMS UCIIONB30BANACh BBICOKOXKUPOBAs UeTa, (hu-
3UYeCKHe Harpy3Kd B BHAE NPHHYAUTEIBHOTO Oera MpOBOIIINCH B TeueHue 4 Hex. [lokaszaTenn JUMUAHOTO M
YTJIEBOAHOTO 0OMEHA B TKAHSX MBIIII U IEUYSHHU ONPEACISUINCH METOAOM BECTEPH-OJIOTTHHTA.

PesyabTaThl. CHIDKEHHE COJIepKaHus TIIMKOreHa B Mpliax npu CJ12 B OoJiblieil cTeneHu cBsA3aHo C aKTUBALHEH
HPOLIECCOB €ro pacrasa, 4YeM CO CHIKEHHEM CHUHTe3a. 3HaYMTeIIbHBIC H Pa3HOHAIPABICHHbIC N3MEHEHUS (pUKCH-
POBAJIKCh B COACPIKAHUH TIUKOreHpochopHiIas3sl B TKAHIX MEYSHH U CKEJICTHBIX MBIIIL, HAa 3TH W3MEHEHU CY-
IIECTBEHHOE BIIMSHUE OKA3bIBAIM M XapaKkTep MUTaHHs, U GpU3NUecKre Harpy3ku. Pa3BUTHE SKCIIEPUMEHTAIBHOTO
C/12 y Mbl1Iel COnpoBOXIaNOCh CHIDKEHUEM COJePIKaHUs JTUIIONIPOTENHOB BHICOKOM INIOTHOCTH B NTEYEHH Mapal-
JIeTIBHO C BO3PAaCTaHUEM JIMIOIPOTEHHOB HU3KOM U OUYeHb HU3KOU IUIOTHOCTH. BakHO, 4TO u3nueckue Harpy3Ku
obecreyrBaIi YaCTHYHYIO HOPMAITU3ALIMIO COOTHOIICHHUS JIMMTUAHBIX (QPAKIMii, HECMOTPS Ha TO YTO BBIMOJHSUTUCH
OHH Ha (hOHE MPOAOIDKAIOLICHCS )KUPOBOU TUETHI.

B rpynne C/12 ¢usmyeckue Harpy3ku HOCHIM HE TOJIBKO KOJIMYECTBEHHBIH, HO B HEKOTOPBIX CIIydasX KaueCTBEH-
HBIH XapakTep. DHPeKTs PU3NUSCKUX HArpy30K, IPUMEHSIEMBIX B pa3HOE BPeMs CyTOK, HA METabOIMIECKHe ITpo-
LIECChI B IICYCHU U MBIIICYHON TKAHU 3HAUUTEIBHO PA3IHMYarOTCs.

3akaoyenne. Ou3udecKre Harpy3KH MOTYT BBICTYIIATh CPEICTBOM MPOPHIAKTHKY HE TOJIBKO HEMOCPEICTBCHHO
MeTabOIMIEeCKUX HapyIICHUH (OKUpEHHE M MHCYIMHOPE3UCTEHTHOCTH), HO M COIyTCTBYIOIIMX OCIIOXKHEHHUI CO
CTOPOHBI [IEYCHH U B JATbHEHIIEM CepeIHO-COCYIUCTOH CHCTEMBI.

KawueBsble cjioBa: nieueHb, CKEIETHBIC MBIIIIIBI, OETOBast HATPY3Ka, CaXapHbIi AHA0ET, OKUPEHHE
KoHpuKT HHTepecoB. ABTOPHI ACKIAPUPYIOT OTCYTCTBHE SIBHBIX M MOTECHIMAIBHBIX KOH(IMKTOB HHTEPECOB,
CBSI3aHHBIX C IMyOJIMKalel HaCTOsIIeH CTaTbH.

Hcrounnk ¢punancupoBanmsi. lccienoBanue BHIIOIHEHO 3a cueT rpanTa Poccuiickoro Hayunoro ¢onma Ne 19-
15-00118, https://rscf.ru/project/19-15-00118-p

CooTBeTCTBHE MPUMHIMIIAM 3THKH. MccnenoBanne 0go0peHo KoMuccHel 1o 0HodTHKe Broornyeckoro HHCTH-
tyra HU TT'Y (mpoTtokon Ne 32 ot 02.12.2019).
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a serious
metabolic disease characterized by insulin resistance
and decreased insulin production, resulting in
abnormally elevated blood glucose levels. It has
been reported that T2DM can induce oxidative stress
and inflammatory responses and promote various
complications, including liver injury [1, 2].

Fatty liver disease associated with metabolic
dysfunction and T2DM are two common metabolic
disorders that often coexist and synergistically
promote each other’s progression [3]. Several
pathophysiological pathways are involved in this
relationship,includinginsulinresistance,inflammation,
and lipotoxicity, contributing to understanding the
complex relationships between these conditions [4].
Dyslipidemia has a significant impact on the risk of
developing T2DM and micro- and macrovascular
complications, and diabetes significantly contributes
to an increased risk of liver fibrosis progression and
hepatocellular carcinoma. Moreover, both pathologies
have a synergistic effect on cardiovascular events and
mortality [5].

The liver helps maintain normal fasting and
postprandial blood glucose levels. Insulin loss affects
the liver, leading to glycogenolysis and increased
hepatic glucose production. Abnormalities in
triglyceride storage and lipolysis in insulin-sensitive
tissues, such as the liver, are early manifestations of
disorders characterized by insulin resistance and are
detected earlier than fasting hyperglycemia [2].

One of the models for the development of T2DM is
feeding animals with a high-fat diet. High-fat diet can
lead to obesity, hyperinsulinemia, and altered glucose
homeostasis due to insufficient compensation by the
islets of Langerhans. Since obesity in this case is
caused by dietary manipulations rather than cytotoxic
substances, such models are considered to be more
similar to the human diseases [6—8].

Physical activity of varying intensity triggers a
large number of biochemical, molecular, genetic,
and epigenetic mechanisms underlying adaptive
responses of the body to physiological stress [9]. In

particular, it has been shown that physical activity
has a positive effect on metabolic disorders [10].
Experiments with animals have shown that physical
activity increases insulin sensitivity and improves
glucose tolerance induced by a high-fat diet not only
in the animals themselves but also in their offspring
[10]. It has also been shown that circadian rhythms
affect the effect of physical exercise. Glucose
uptake by muscles and insulin tolerance also have a
circadian nature and the effects of physical exercises
are associated with the circadian rhythm of these
parameters [11].

Therefore, the aim of this study was to investigate
the effect of forced treadmill exercise on lipid and
carbohydrate metabolism in liver and skeletal muscle
tissue in a mouse model of T2DM, taking into account
age and biological rhythm characteristics.

MATERIALS AND METHODS

Male mice of the C57bl/6 line were used in the
study. The mice were obtained from the vivarium of
the Tomsk National Research Medical Center of the
Russian Academy of Sciences, Goldberg Research
Institute of Pharmacology and Regenerative Medicine.
Animal maintenance regime: 12 h /12 h light / dark
cycle, with daylight starting at 6 am; free access to
food and water; room temperature of 24 °C.

The study was conducted in accordance with the
principles of the Basel Declaration and approved by
the Bioethics Committee at the Biological Institute
of Tomsk State University (Protocol No. 32 of
2.12.2019).

Two groups of mice were used in the experiment:
young mice (112 mice aged 4 weeks at the beginning
of the experiment) and aged mice (112 mice aged
32 weeks at the beginning of the experiment). The
experiment lasted 16 weeks. Until week 12 of the
experiment, the mice were divided into 2 subgroups:
mice receiving a high-fat diet (56 mice) and mice
receiving a standard chow diet (56 mice).

To model T2DM, a high-fat diet was used for 12
weeks, developed specifically for this experiment.
The composition and energy value of the feed are
described in detail in our previous work [12].
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Starting from week 12 of the experiment, each
group of animals was divided into two subgroups —
animals exposed to (main — 21 animals) and not
exposed to (control — 7 animals) forced treadmill
exercises.

Different subgroups of mice in the main group
performed forced treadmill exercise at different times
of the day. Group A performed treadmill exercise in
the morning (from 8:00 to 10:00) — 7 animals. Group
B did treadmill exercise in the dark phase of the cycle
(from 19:00 to 21:00) — 7 animals. In group C, the time
of forced treadmill exercise alternated (shift training
regime): in the first and third weeks, they performed
the exercise in the dark (from 19:00 to 21:00), in the
second and fourth weeks — in the morning (from 8:00
to 10:00) — 7 animals.

To normalize physical activity, the BMELAB
SID-TM10 treadmill for mice was used [13]. Forced
treadmill exercises were performed for 4 weeks.
In the first six days, the duration of the exercise
was gradually increased from 10 to 60 minutes (the
increase by 10 minutes per day) 6 times a week and
did not change during the subsequent three weeks. The
angle of the treadmill (from 0 to 10°) and its rotation
speed (from 15 to 18 m / min) were changed every
week. Once a week (every seventh day), the exercise
was not performed. Body weight was measured using
laboratory scales. The weight of each animal was
measured separately. Measurements were performed
11 times during 16 weeks.

The experimental animals were euthanized by
decapitation 24 hours after the last exercise. We
isolated m.gastrocnemius from both hind limbs and
cleared the muscle tissue of connective and adipose
tissue. The liver was extracted from the abdominal
cavity and also cleared of surrounding tissue.
Homogenization of skeletal muscle and liver tissue
was performed as follows: before lysis, the tissue was
first cut with a scalpel on a glass plate held on ice
into small pieces of ~ 1 mm in size. They were then
transferred to cold 1X RIPA Buffer (137 mM NaCl,
2.7 mM KCI, 1 mM MgCl2, 0.5 mM Na3VO4, 1%
Triton X-100, 10% Glycerol, 20 mM Tris pH 7.8, 1
ug / ml Leupeptin, 0.2 mM PMSF, 10 mM NaF, 1 mM
EDTA, 1 mM DTT, 5 mM Na pyrophosphate, 0.5 ml,
1 ml of 100 mM, 1 mM Benzamidine) in tubes with
airtight caps and thick walls.

Fifty ml of the buffer was used per 20 mg of wet
muscle tissue. The material was kept on ice during
processing. Then, 5 mm stainless steel beads (Qiagen,
Germany) were placed in the tubes. The tubes were

placed in the Digital Vortex-Genie 2 laboratory mixer
(Scientific Industries, Inc., USA) for 15 minutes at 4
°C. Then they were left on a mini-rotor shaker (MP-1,
Biosan, Latvia) in the refrigerator for 1 hour. Next,
they were centrifuged at 13,000 rpm for 5 minutes at
4 °C, after which the clear supernatant was transferred
to new tubes with clear markings. Thirty pl were taken
to determine the concentration of total protein in the
sample (using the Bradford protein assay).

The following parameters were determined in the
tissue homogenate. Muscle tissue — glycogen, lactate,
glycogen synthase (GYS1), glycogen phosphorylase
(PYGM). Liver tissue — liver glycogen synthase
(GYS2), liver glycogen phosphorylase (PYGL), high-
density lipoproteins (HDL), low-density lipoproteins
(LDL), very-low-density lipoproteins (VLDL); alanine
aminotransferase (ALT); aspartate aminotransferase
(AST).

The analysis was performed using ready-made
kits on the Anthos 2010 microplate photometer with
software (Biochrom Ltd., UK). Sample preparation,
colorimetric analysis, and calculations of the obtained
data were carried out according to the manufacturer’s
protocol. Tissue homogenate was obtained according
to the scheme for a sample weighing less than 100 mg.
The concentration of total protein in the sample was
determined using the modified Bradford protein assay.

PAGE electrophoresis was performed under
denaturing conditions and according to the method
described previously (Laemmli, 1970) with 5% stacking
and 7% separating gels using the electrophoresis
system (Mini-PROTEAN Tetra electrophoresis cell,
USA) and the current source (PowerPacBasic, USA)).
The concentration of total protein applied to each well
was 7.5 pg. Using the blotting system (Trans-Blot
Turbo, USA), proteins were transferred from the gel
to a PVDF membrane (BioRad, USA) followed by
blocking with 5% skim milk (BioRad, USA) in 1X
TBSt (TBS with the addition of 0.1% Tween-20) for
1 h at room temperature. The target proteins were
determined by incubation at 4 °C in 5% dry milk in
TBSt overnight at a dilution of 1:1000 with rabbit
polyclonal antibodies against citrate synthetase (cat.
no. ab96600, abcam, UK) and with a cocktail of Total
OXPHOS Rodent WB antibodies (cat. no. ab110413,
abcam, UK), containing 5 mouse antibodies, each
against the subunits of NDUFB8, SDHB, UQCRC2,
MTCOI1, ATP5A. The sample was then incubated
with HRP-conjugated secondary antibodies (anti-
mouse cat. #1706516, anti-rabbit cat. #1706515,
BioRad, USA) for 1 h at room temperature in 3% dry
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milk in TBSt. Antigen — antibody complexes were
visualized using the ECL kit (SuperSigna West Dura,
Thermo Scientific, USA) and the documentation
system (ChemiDoc-It 2, UVP, UK). The densitometric
analysis was performed using ImageJ software.

Immunoblotting. Proteins were transferred from
the gel to the PVDF membrane (BioRad, USA) in
transfer buffer (25 mM Tris — 192 mM glycine (pH
8.3), 20% ethanol) for 1.5 h at 400 mA. To check
the quality of protein transfer to the membrane, the
membrane was stained with Ponceau S dye. The dye
reversibly binds to proteins, staining them red. To
prepare the membrane for immunochemical staining,
it was washed several times in a TBS solution (50
mM Tris, pH 7.4, 150 mM NaCl). Then, blocking
was performed with 5% dry skim milk (Valio,
Finland) prepared in PBST (PBS with the addition of
0.1% Tween-20). Blocking was carried out for one
hour at room temperature and constant stirring. The
membrane was then transferred into a TBST solution
(50 mM Tris, pH 7.4, 150 mM NacCl, 0.1% Tween-20)
containing 5% BSA and primary antibodies (1:1000
ratio by volume) and left for 14-17 hours at +4 °C and
constant stirring. Next, the membrane was washed
three times for 15 minutes with a TBST solution and
then incubated at room temperature with constant
stirring in a separate container for 1 hour in 10 ml of
a TBST solution containing 5% dry skim milk and
HRP-conjugated secondary antibodies in a ratio of
1:5000. Then the membrane was washed 3 times with
a TBST solution for 15 min.

The bands of the formed protein complexes
with primary and secondary antibodies on the
membrane were visualized using the enhanced
chemiluminescence (ECL) method, using the
chemiluminescence kit (SuperSigna West Dura,
Thermo Scientific, USA), developing the membranes
on a documentation system (ChemiDoc-It 2, UVP,
UK). The densitometric analysis was performed using
ImagelJ software.

Statistical data processing was performed using
the GraphPad Prism package (academic license No.
1531155, valid until 21.12.2024). The significance
level when testing the hypothesis of equality of two
samples was estimated using the Kruskal — Wallis
ANOVA test. All data had non-normal distribution
of the variables. To compare the groups, two-way
analysis of variance with Tukey’s multiple comparison
criterion and Holm — Sidak adjustment was used. The
data were presented as the median and the interquartile

range Me (Q,; 0,).

RESULTS

In the previous publication [14], we described
changes in the body weight of mice during the
experiment. Already starting from week 4 of the
experiment, a significant increase in the body weight
of mice fed with a high-fat diet was observed (p <
0.05). At week 12, the differences between the high-fat
diet group and the standard chow diet group increased.

From week 12, both groups were divided into 4
subgroups, in which physical exercise was performed
at different times of the day (light phase, dark
phase, shift regimen). At week 16 (final week) of
the experiment, we found that in the group of mice
receiving a high-fat diet and in the standard chow
diet group, the differences in body weight remained
statistically significant (p < 0.05).

In the group receiving a high-fat diet, statistically
significant differences (p < 0.05) in body weight
compared to the control group were observed in all
3 subgroups that were exposed to physical activity.
The most effective exercise was in the shift training
regimen group. In this group, body weight was 1.2
times lower than in the control group.

In the first part of the work, we studied the level
of glycogen, lactate, and carbohydrate metabolism
enzymes in the tissues of skeletal muscles and the
liver. The content of glycogen in the muscles of young
animals receiving a high-fat diet decreased by 20%.
Physical exercise led to an increase in the glycogen
content in muscle tissue in mice receiving a standard
chow diet and did not affect this parameter in the
group of animals receiving a high-fat diet (Table 1).
In aged mice, the content of glycogen in muscle tissue
was lower than in young animals by 12%. Receiving
a high-fat diet led to a decrease in this parameter by
17%. In both groups, physical activity performed in
the morning or in the shift training regimen contributed
to an increase in glycogen content, whereas exercise
performed in the evening did not affect this parameter
(Table 1).

The lactate content in the muscles of young
animals fed with a high-fat diet decreased by 9%.
Regular physical exercise led to a decrease in the
lactate content in muscle tissue in both groups of
young mice. In the group of animals fed with a high-
fat diet, the decrease was pronounced to a greater
extent and reached 50% in the shift training regimen
group (Table 1). In aged animals, the lactate content
in muscle tissue was lower by 25% than in young
animals, while receiving a high-fat diet did not affect
the lactate content. In the group of animals fed with
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a standard chow diet, regular physical exercise led to
a decrease in the lactate content in muscles by 1.5-2
times (the effect of exercises performed in the morning

In aged mice fed with a high-fat diet, the shift training
regimen reduced lactate levels by half, while morning
or evening exercises had no effect on this parameter

or in the alternating regimen was more pronounced). (Table 1).
Table 1
Carbohydrate metabolism parameters in skeletal muscle and liver tissues of mice, ng / ml, Me (Q,; Q,),n =6
Diet | Ace | Exercise Skeletal muscles Liver
X
g GYS1 PYGM Glycogen Lactate GYS2 PYGL
217236 4385.71
Control | 13753 736449y | 22(16:29) | LS(ATLS3) | 57(55639) | 4rsra agiang)| 187 (16:5:22)
2590.34 4700
Morning | (2335.28; 2638.65) | 10 (1% 1.8) | 178 (178 1.78) | S(4.6:32) | 4590 57.4957.14)| 18.7(15.95; 20.35)
p,<0.05 p,<0.05 p,<0.05
p,<0.05 s s 5 p,<0.05
on
£ 2519.55 4750
= . .
Z | Evening | (2281.35;2755.51) | 2 (1<'80’ (2)‘5‘) 172 (1%6()96;'75) 5.4(5.1;5.7) | (4657.14; 4839.29) | 19.8 (18.84; 21.86)
p,<0.05 P=" P=" p,<0.05
2574.61 L4OS19) | 2o 7. 183) | 5 @456 4778.57 242 (Zi‘(l);0254‘75)
Shift | (2518.43;2668.99) | p,<0.05 005 p,<0.05 | (4585.71;4978.57) ?2 oo
p,<0.05 p,<0.05 5= py<0.05 p,<0.05 0,05
2184.72 5185.71 17.33
E Control | (2063.37; 2270.11) | 2 (<1 i)26(1)i6) 1.33 (i‘égo’ 51'5) 44 S‘(’) ‘(‘)‘?) (5071.43;5328.57)|  (15.81;19.94)
E Pp=" Pp=" b= »,<0.05 p,<0.05
” 2652.13 2422;3) | 172(131;2.11) | 2(1.9;2.1) (48575;‘:,7;6‘;1 43)| 1925(1925,198)
Morning | (2595.96; 2747.08) p,<0.01 p,;<0.05 p,<0.001 ) <’0 05 ’ p,<0.05
p,<0.05 p,<0.001 ,<0.001 Py=5 £,<0.05
- 2356.63 , . 3(2.8;3.2) 4900 .
& | (2291.46;2449.80) | 22 Z 24 | 128 (119 1.36) 5.<005 | (4757.14; 4914.20)| 170176, 19.8)
< | Evening p,<0.05 »,<0.05 2 »,<0.05
p,<0.05 % 2 p,<0.05 p,<0.05 2
2 p.<0.05 s 6 p.<0.05
p,<0.05 s p,<0.05 5
315551 2.8(2.4:32) 2(1.6;2.8) | 5392.86 (5178.57; | 29.7 (29.15; 30.25)
(2974.04; 3194.27) | <O 52 1.78 (1.67; 2.03) s ; Dl £ ST U
20,05 ,<0.05 < 0,05 ,<0.001 5842.86) ,<0.05
Shift D 008 p,<0.05 005 p,<0.05 p,<0.05 p,<0.01
§5;0'05 p,<0.05 Ps= 0 p,<0.05 p,<0.05 p,<0.01
/<003 p,<0.05 p,<0.05 p,<0.01
2122.92 4(4;5) 122 (1.17; 1.28) | 5.2(4.9;5.53) 4228.57 22 (18.7; 23.24)
Control | 473 48: 2227.42) p,<0.05 p,<0.05 p,<0.05 (3928.57; 4414.29) p,<0.05
3100.45 4442.86
| ez seser | 20828 1 (0.94; 1.06) 322837 | ar 86, 477143 | 165 (165 17.05)
Morning <005 p,<0.05 p,<0.05 p,<0.05 5 <005 p,<0.05
) /< 0.05 p,<0.001 p,<0.05 p,<0.001 : p,<0.05
ﬁ . .
E 2963.37 2.6 (i'f)’ozs'z) 122(111;133) | 2 (i'g’oégj) (39245%6;‘5'3 29) | 16:5(154:16.91)
> | Evening | (1947.64;3173.48) | P:i="" p,<0.05 LGP 0% p,<0.05
0,05 p,<0.05 p,<0.05 p,<0.05 D 0,05
- Pa=" <0.05 <0.05 =0
[
- 2.8(1.8;3.8) 4892.86
= > .
el (260628;‘,4;6770 1y | 1809:27) | 111(106; 1.17) p,<0.05 | (4696.43;5221.43) 176 (17%0()'52);9'25)
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p,<0.05 s 1 5 5 p,<0.05
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Py< 005 '<0.05 <005
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5145.71 15.75
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End of table 1

Diet | A E . Skeletal muscles Liver
et | Age | Exercise GYSI PYGM Glycogen Lactate GYS2 PYGL
26 %3’025'7) 3 (43(’) f)'s) 4814.29 15.68
. 2442.02 7= 127 (1.17; 2.5) P,=9 (4575, 5042.86) |  (13.61;17.15)
Evening | 5398 2. 2515.06) | #2500 p,=0.05 £.<0.05 p <0.05
S0 p,<0.05 p,<0.05 2= 0 =9
£.<0.05
22(2.1;23) 24(24;34) | 19.8(18.7;23.65)
2668.99 (2636.4; | p,<0.05 126(1.04;147) | p<00s5 | 477! :;3,5§41642)] 43 p,<0.05
Shif 2691.46) ,<0.05 p,<0.05 p,<0.05 5 20,05 ,<0.05
p,<0.05 p,<0.05 ,<0.05 p,<0.01 D 008 p,<0.05
p,<0.05 ,<0.001 5= 0 ,<0.05
p,<0.05 ,<0.001

Note. Here and in Table 2: p, — significant differences between the standard diet group and the high-fat diet group; p,— significant differences
between the young and adult mice; p, — significant differences between the control group and the morning group; p, — significant differences
between the control group and the evening group; p,— significant differences between the control group and the shift training group; p,— significant
differences between the morning group and the evening group; p,— significant differences between the evening group and the shift training group.

The changes in glycogen synthase levels in muscle
and liver tissues were generally similar (Table 1). In
young animals fed with a high-fat diet, the levels of
this enzyme did not change in either muscle or liver
tissues. At the same time, exercise led to a significant
increase in enzyme levels in both tissues, with the
shift training regimen having the greatest effect. In
aged animals, a high-fat diet also had no effect on
glycogen synthase levels, but the effects of exercise
differed.

In the group of animals receiving a standard chow
diet, the levels of the enzyme increased significantly
in both muscle and liver tissues. At the same time, in
aged animals fed with a standard diet, the glycogen
synthase content increased in the muscle tissues, but
decreased in the liver tissue. In both cases, the greatest
effect was produced by exercises performed in the
alternating regimen.

The changes in glycogen phosphorylase levels in
muscle and liver tissues, on the contrary, had a number
of significant differences (Table 1). In young animals
fed with a standard diet, physical exercise led to a
significant increase in the enzyme content in the liver
and a decrease in the muscle tissue, with the greatest
effect produced by exercises performed in the shift
training regimen. In young animals receiving a high-fat
diet, the content of this enzyme doubled in the muscle
tissue and increased only by 10% in the liver tissue.
At the same time, physical exercise led to a significant
increase in the enzyme content in muscles, while in the
liver its content, on the contrary, decreased. In aged
animals, a high-fat diet did not affect the glycogen
phosphorylase content in the muscles, while in the

liver, a decrease of 12% was noted. Regular exercise
increased the enzyme levels in both tissue types, but
the effect of exercise was greater in the standard diet
group. Here, too, the greatest effect was seen with the
shift training regimen.

In the second part of the work, we examined the
content of HDL, LDL, and VLDL in the liver tissue
of mice, as well as the content of aminotransferases
(ALT, AST) (Table 2).

In young mice receiving a high-fat diet, the
content of HDL in the liver decreased by 20%, while
the content of LDL and VLDL increased by 15 and
10%, respectively. Physical exercise led to a reliable
decrease in all three parameters in mice receiving a
standard diet. In the animals receiving a high-fat diet,
we observed a slight increase in the content of HDL in
the liver under the influence of physical exercise along
with a reliable decrease in LDL and VLDL (Table
2). In all cases, the greatest effect was produced by
exercise performed in the morning hours and in the
shift training regime.

In aged mice, the content of HDL in the liver was
slightly lower, and the content of LDL and VLDL,
on the contrary, was slightly higher than in young
animals. The effects of physical exercise in the aged
groups of animals were greater than in young mice.

The HDL content in the liver increased by 1.5
times, while the LDL and VLDL levels decreased,
with the decrease in VLDL being more significant —
in some cases, the parameter declined by two times
(Table 2). Traditionally, exercises performed in the
morning hours and in the shift training regimen were
the most effective.
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Table 2
Lipid metabolism parameters and the level of aminotransferases in the liver tissue of mice, ng / ml, Me (Q; 0,), n = 6
Diet | Age | Exercise HDL LDL VLDL ALT AST
Control | 2053 (1771.7;2420) | 1390.8 (1367.8; 1436.8) | 6338.4 (5294.2; 7581) | 101.6(85.6; 108.4) |308.8 (306; 332.4)
Morning 1800 (1540; 1020) | 1282.8 (1282.8; 1340.2) 4333'889(333?1'2; 126.2 (114.7; 140.7) |378 (377.2; 398.2)
p,<0.05 p,<0.05 < 0.05 p,<0.05 p,<0.05
1673 8 1308.1 (1276.15; 1352.9) | 5956 (4698.6; 6926.6) | 118 (103.5; 128.4) 3234 (296.6;
2 | Evenin (1554.3; 1877.9) 0,05 20,05 369.4)
5| Ve ,<0.05 Pe=: py=0 p,<0.05
>~ p,<0.05
968.8 . , . 392.8 (342.8;
(937.6: 1234.4) 1298.9 (1273; 1344.85) | 4691.2 (4180.2; 5250) | 154.8 (1380.4(;5172.4) 397.2)
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End of table 2

Diet | Age | Exercise HDL LDL VLDL ALT AST
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In young mice receiving a high-fat diet, the ALT
and AST levels in the liver increased by 30 and 5%,
respectively. Physical exercises led to a significant
increase in the content of both enzymes in the liver of
mice receiving a standard chow diet. When performing
exercise in the shift regimen, the increase was 30—
50%. In the meantime, in the high-fat diet group, we
observed a decrease in the content of these enzymes
in the liver tissue by 1.5 times. Here, too, the greatest
effect was observed exercises performed in the shift
regimen (Table 2).

In aged mice, we observed a significant decrease
in the ALT and AST levels in the liver. In the animals
receiving a high-fat diet, the ALT content in the liver
slightly increased. Physical exercise in mice fed with
a standard chow diet had opposite effects. Exercise
performed in the morning hours contributed to a
decrease in the content of both enzymes in the liver
tissue, while exercise done in the shift regimen, on the
contrary, led to a significant increase (Table 2). In aged
animals fed with a high-fat diet, physical exercise led
to a decrease in the content of ALT and an increase in
the content of AST — the effects of exercise performed
in the shift regimen were the most pronounced.

DISCUSSION

The obtained results show that the use of a high-
fat diet in mice led to an increase in body weight and
the development of obesity (body weight increased by
25% compared to the control group). Forced treadmill
exercise had a pronounced effect on metabolism
in mice with a model of T2DM. First of all, this
was manifested by a decrease in the body weight of
animals and depended on the time of the day when the
exercise was performed.

Aswehave already mentioned above, the liver plays
an important role in the regulation of carbohydrate
and lipid metabolism, therefore, it becomes a target

for pathological processes in metabolic disorders,
primarily in T2DM [15]. Muscles contain the largest
reservoir of glycogen, the depot of which is carefully
regulated and affects insulin sensitivity. In our study,
we recorded a decrease in glycogen content in the
muscles with the development of metabolic disorders.
It is important to note that physical exercise is unable
to replenish glycogen depot in the context of a high-
fat diet, whereas in animals receiving a standard diet,
muscle glycogen depot increases significantly against
the background of regular physical exercise. According
to J. He, D.E. Kelley, a decrease in muscle glycogen
correlates with a decrease in the oxidative capacity
of mitochondria and the accumulation of lipids in the
muscle tissue, and is also directly associated with the
level of insulin resistance [16]. The disproportionality
of these relationships may play a certain role in the
pathogenesis of intracellular metabolic disorders
in T2DM. In the meantime, the observed changes
in lactate levels after regular physical exercise are
most likely associated with the training effect on the
cardiovascular system and are weakly associated with
metabolic changes in the muscle tissue.

A decrease in the glycogen content is apparently
associated with the activation of its breakdown
processes rather than with a decrease in its synthesis.
This is evidenced by the fact that the content of
glycogen synthase in both muscles and liver did not
change during the formation of metabolic disorders in
mice, but increased during physical activity, primarily
in healthy animals. Thus, the effects of this enzyme
are more pronounced during physical activity than in
the pathogenesis of metabolic disorders.

Yet, significant and multidirectional changes were
recorded in the content of glycogen phosphorylase in
the liver and skeletal muscle tissue. These changes
were significantly influenced by both the nature of
nutrition and physical activity. In all likelihood,
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this enzyme is involved both in the mechanisms of
development of pathological processes and in the
mechanisms of adaptive effects of motor activity. This
is evidenced by often oppositely directed changes in
the content of glycogen phosphorylase in the muscle
and liver tissue during physical activity.

The mechanisms of the identified differences in
the reaction of carbohydrate metabolism to physical
activity in healthy animals and animals with T2DM
may be associated with the restructuring of gene
expression mechanisms in metabolic disorders. Thus,
pathway analysis of differentially regulated genes
during exercise revealed upregulation of regulators
of GLUT4 (SLC2A4RG, FLOT1, EXOC7, RABI3,
RABGAPI1, and CBLB), glycolysis (HK2, PFKFBI,
PFKFB3, PFKM, FBP2, and LDHA), and insulin
signaling mediators in individuals with T2DM
compared to healthy controls [17]. It is worth noting
that T2DM patients also demonstrated exercise-
induced compensatory regulation of genes involved
in amino acid biosynthesis and metabolism (PSPH,
GATM, NOSI1, and GLDC), which responded to
differences in amino acid profile (consistently lower
plasma glycine, cysteine, and arginine levels).

We have already mentioned above the
close association between T2DM and lipid
metabolism disorders in the liver. These disorders
synergistically promote each other’s progression.
Several pathophysiological pathways are involved
in this association, including insulin resistance,
inflammation, and lipotoxicity [3]. Our results
are in good agreement with this point of view: the
development of experimental T2DM in mice is
accompanied by a decrease in the HDL content in the
liver in parallel with an increase in LDL and VLDL. It
is important to stress that physical exercise provided
partial normalization of the ratio of lipid fractions,
despite the fact that it was performed in the context
of a continuous high-fat diet. Thus, it can be argued
that physical activity is able to partially neutralize the
pathological effects of a high-fat diet even without
dietary adjustments.

The mechanism of such an effect can be associated
with increased production of anti-inflammatory
myokines under the influence of physical exercise,
which are capable of blocking chemotactic factors,
such as monocyte chemoattractant protein-1, and/or
proinflammatory mediators, such as IL-13, TNFa,
visfatin and plasminogen activator inhibitor-1, and/or
increased synthesis of adipokines, such as adiponectin
and apelin [17].

An important aspect of our results is the identified
numerous differences in the age parameter—in the group
of aged mice, metabolic changes caused by both the
T2DM modeling and physical exercise were not only
quantitative, but in some cases qualitative. In general,
a completely expected correlation is observed — in
the group of aged animals, disorders in carbohydrate
and lipid metabolism were more pronounced, and the
corrective effect of physical exercise was weaker in
most cases [18]. However, we recorded a number
of exceptions that distinguish aged animals from
younger ones, such as a decrease in glycogen synthase
and an increase in glycogen phosphorylase in the liver
tissue. Qualitative differences were also found in liver
aminotransferase levels.

It is worth noting that the effects of physical
activity on the content of lipid fractions in the liver
in aged animals were more pronounced than in young
mice. In light of the above hypothesis about the role
of myokines and adipokines in these processes, it can
be assumed that this feature may be associated with a
larger volume of adipose tissue in aged animals.

The explanation for the revealed differences may
also be associated with the features of the transcription
of muscle genes in response to physical activity. In
the work by U. Raue et al., 661 genes were identified
whose expression differed when performing exercises
with weights in young and elderly people [19].

The results indicating a significant difference
in the effects of physical activity performed at
different times of the day on metabolic processes in
the liver and muscle tissue are of great interest. In
almost all cases, the least effective were exercises
performed in the evening hours, that is, during the
period of natural activity of the animals. The effects
of exercises in the period of low activity (morning)
were most often higher, but the greatest effect was
produced by physical exercise performed in the shift
training regimen — for one week in the morning and
for another week in the evening. It should be noted
that we have previously described similar patterns
for the effects of physical activity on body weight
and insulin tolerance [14].

There are few works in the literature devoted to
the role of circadian rhythms on the effects of physical
activity in general, and studies on the role of circadian
rhythms in metabolic disorders are isolated. Therefore,
there has been no consensus on the mechanisms of
this effect yet. A number of authors associate this with
the effect of stress, since a greater effect is inherent
in exercises performed at an unusual time. This
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hypothesis is partially consistent with our data on
serum cortisol levels in mice [20].

At the same time, work [11] showed that circadian
rhythmicity in insulin tolerance was also observed in
the signaling pathways regulating insulin- and exercise-
induced glucose uptake in skeletal muscles, including
AKT, 5’-adenosine monophosphate-activated protein
kinase (AMPK), and phosphorylation of the TBC1 4
domain family. Basal and insulin-stimulated glucose
uptake by skeletal muscles and adipose tissues in vivo
also differed during the day and at night. However,
the rhythmicity of glucose uptake differed from the
rhythm of insulin tolerance as a whole. Both insulin
sensitivity and signaling of isolated skeletal muscles
reached a maximum in the dark period. These results
indicate that the mechanisms of circadian rhythmicity
of carbohydrate metabolism cannot be limited to the
stress factor alone.

CONCLUSION

The obtained results allow us to draw several
important conclusions:

1. A decrease in the muscle glycogen content
in T2DM is associated with the activation of its
breakdown rather than with a decrease in its synthesis.
This is evidenced by the fact that the content of
glycogen synthase in both the muscles and the liver
did not change during the formation of metabolic
disorders in mice, but increased during physical
activity, primarily in healthy animals.

2. Significant and multidirectional changes were
recorded in the content of glycogen phosphorylase
in the liver and skeletal muscle tissue; these changes
were significantly influenced by both the type of diet
and physical activity. In all likelihood, this enzyme
is involved both in the mechanisms of pathological
processes and in the mechanisms of adaptive effects
of motor activity.

3. The development of experimental T2DM in mice
is accompanied by a decrease in the content of HDL
in the liver in parallel with an increase in LDL and
VLDL. It is important that physical activity provided
partial normalization of the lipid fraction ratio despite
the fact that it was performed in the context of a
continuous high-fat diet. Thus, it can be argued that
physical activity is able to partially neutralize the
pathological effects of a high-fat diet even without
dietary adjustments.

4. In the group of aged mice, metabolic changes
caused by both the T2DM modeling and physical
activity were not only quantitative, but in some

cases qualitative. In general, a completely expected
correlation is observed — in the group of aged animals,
carbohydrate and lipid metabolism disorders were
more pronounced, and the corrective effect of physical
activity was weaker in most cases. However, we
recorded a number of exceptions that distinguish aged
animals from young ones.

5. The effects of physical activity applied at
different times of the day on metabolic processes
in the liver and muscle tissue vary significantly. In
almost all cases, the weakest effect was shown by
exercises performed in the evening hours, that is,
during the period of natural activity of rodents. The
effects during the period of low activity (morning)
were most often higher, but the greatest effect was
produced by physical activity performed in the shift
regimen — for one week in the morning and for one
week in the evening.

The obtained results allow us to conclude that
physical activity can act as a means of preventing
not only metabolic disorders (obesity and insulin
resistance), but also concomitant complications in the
liver and, subsequently, the cardiovascular system.
Due to the partial normalization of the parameters of
carbohydrate and, most importantly, lipid metabolism,
they are likely to reduce the risk of both fatty liver
disease and vascular disorders.
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NETSs production and citrullinated histone H3 level in children
with tuberculosis

Novikov D.G., Zolotov A.N., Indutny A.V., Mordyk A.V., Kirichenko N.A., Romanova M.A.,
Ptukhin A.O.

Omsk State Medical University
12, Lenina Str., Omsk, 644099, Russian Federation

ABSTRACT

Aim. To characterize parameters of neutrophil extracellular trap (NET) production in the leukocyte culture
and citrullinated histone H3 (citH3) level in peripheral blood to assess the features of NETosis in children with
tuberculosis.

Materials and methods. The study included 20 children with active pulmonary tuberculosis (TB group) and
20 clinically healthy children without signs of sensitization to Mycobacterium tuberculosis antigens (control
group). The ability of neutrophils to form NETSs under ex vivo exposure to a non-specific immune stimulant and the
concentration of citH3 in peripheral blood were investigated.

Results. Neutrophils in children with tuberculosis formed filamentous NETs (Me=21.0 and Me=16.0, respectively;
p = 0.0474) and cloud-like NETs (Me = 10.5 and Me = 4.0, respectively; p = 0.0068) more frequently than the
controls. Filamentous NETs prevailed in both groups. However, cloud-like NETs were registered in all patients in
the TB group (100%) and only in 15 of 20 children in the control group (¥* = 16.01; p < 0.0068). The concentration
of citH3 in the blood was 18.9 times higher in the TB group than in the control group (Me = 26.5 and Me =
1.4, respectively; p = 0.0041). A strong positive correlation was found between the citH3 concentration and the
generation of filamentous (» = 0.86; p = 0.0137), but not cloud-like NETs (» = 0.95; p = 0.0008) in both groups.

Conclusion. The high level of citH3 in the TB group can reflect its NETosis-induced release and be caused by
increased NETosis in vivo. This may be due to the previously formed potential of neutrophils to generate NETs (a
proNETotic phenotype), which is consistent with our observation of an increased ability of isolated neutrophils to
form extracellular traps ex vivo in children of the TB group.

Keywords: tuberculosis in children, neutrophil extracellular traps (NETs), NETosis-forming ability of neutrophils,
citrullinated histone H3, neutrophil ability to form an extracellular trap
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Xapakrtepuctuka npoayKunmn HemTpoPubHbIX BHEKIIETOUYHDIX JIOBYLUEK
N KOHLIeHTpauuu LuTPYIIMHNPOBaHHOTO ructoHa H3 y peten,
60nbHbIX TyOEpKynesom

Hosukos [1.I'., 3onotoB A.H., UuayTHbIN A.B., MOopabiK A.B., Kupnuenko H.A.,
PomanoBa M.A., lNMtyxuH A.O.

Omckuti eocyoapcmeeHnblil MeOuyurckuu ynugepcumem (Oml'MY)
Poccus, 644099, 2. Omck, yn. Jlenuna, 12

PE3IOME

Henr uccaenoBaHUsA: OXapaKTEPH30BATh IOKA3aTENH INPOIYKIHH HEHTPO(DHIHHBIX BHEKJICTOYHBIX JIOBYIIEK
(HBJI) B xynpType JIEHKOIMTOB ¥ KOHIEHTPAIXIO IIUTPYIIMHIpoBaHHOTo riuctona H3 (citH3) nepudepuueckoit
KPOBH TSI OL[EHKU BO3MO>KHBIX 0COOCHHOCTEH peaan3aliiy HeTo3a y feTeil, O00IbHBIX TyOepKyiIe30M.

MatepuaJjbl 1 MeToabl. B nccnenosanue Bouut 20 1eTeid ¢ akTHBHBIM TyOEpKyJIe30M OpraHoB JbIXaHKs (rpymnmna
«Ty0Gepkyne3») u 20 KITMHUYIECKH 3I0POBHIX JeTeil 03 MPU3HAKOB CeHCHOMNN3AINN K aHTHTeHaM Mycobacterium
tuberculosis (rpynmna «KoHTpos»). BeIsicHsIM cnocoOHOCTh HelTpoduios k Gopmuposanuro HBJI mpu Bozneii-
CTBHH eX Vivo Ha HUX HecHelU(pHUIECKOro aHTUTCHHOTO CTUMYJISTOPA U UCCIEA0BAIM KOHIICHTPALMIO LIUTPYJIIH-
HUpPOBaHHOTO rucroHa H3 B mepudepryeckoii KpoBu.

Pe3syasratsl. Helitpoduibt 601bHBIX TyOepKyIe30M Jereid yaiie, 4eM aeteii B rpynne «KonTpounsy, hopmuposa-
su muteBuaabie HBJI (Me = 21,0 u Me =16,0 cootBeTcTBeHHO; p = 0,0474) u obnakosuaasie HBJI (Me = 10,5 u
Me = 4,0 cootBerctBeHHO; p = 0,0068). B 06eux rpynnax npeobnaganu HureBuansie HBJI. Onqnako o6nakoBu-
Heie HBJI Gbutn oTMedeHs! y Beex npezcTaButeneii rpymmsl « Tyoepkyies» (100%), a B rpynne «KoHTposb» ObLn
BBISIBJICHBI TOJBKO y 15 13 20 obcnenyembix (x> = 16,01; p < 0,0068). B rpymnme «TyOepKysie3» MelHaHa KOHICH-
Tpauuu citH3 B kposu Obu1a B 18,9 pasa Beliue, yem B rpynie «Kontpoub» (Me = 26,5 u Me = 1,4 cOOTBETCTBEHHO;
p = 0,0041). BoisiBieHa cuiIbHas MOJIOKUTENbHAST KOPPEALMOHHAS B3aHMOCBSI3b My KOHIeHTparuei citH3
U reHeparmeit HuteBunHex (r = 0,86; p = 0,0137), Ho HeoOmakoBuaHEIX popm HBJI B rpynne «Tybepkynes» u
KOHTponbHOM rpymme (r = 0,95; p = 0,0008).

3axaouenne. Bricokuii yposens citH3 B rpynme «TyOepkyie3» MOXeT 0Tpa)aTbh €ro HETO3-HHAYIHUPOBAHHYIO
HPOAYKIHIO U OBITH CIIEICTBHEM BO3POCHICH aKTMBHOCTH JaHHOIO Ipouecca in vivo. CyleCTBEHHYIO pOIb B
9TOM MOXKET MIpaTh paHee c(hOPMHUPOBAHHAs MMOTEHIHANbHAs TOTOBHOCTH HEUTPO(HIOB K oOpasoBanuro HBJI
(IpoHeTOTHYECKHH (PEHOTHIT), YTO COTJIACYeTCs C HallUM HaOJIOJCHHUEM O BO3pacTaHHUH CHOCOOHOCTH K (OpMH-
POBaHHUIO BHEKJIETOYHBIX JIOBYIIEK €X Vivo N30JIMPOBAHHBIX HEUTPOPHIIOB 00CIETYEMBIX JIUI JAHHON IPYIITIBL.

KiroueBble ciioBa: TyOepkylies y aereil, HeHTpo(HiIbHbIC BHEKJICTOUHbIC JIOBYIIKH, HETO300pa3yromas crocoo-
HOCTh HEHTpOdWIOB, HUTPYJUIMHUPOBAHHBIN riucTOoH H3, crocobHOCTh HelTpoduna kK GOPMUPOBAHUIO BHEKJIC-
TOYHOM JIOBYIIKH

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

Uctounnk ¢puHancupoBanus. VccienoBanne BEIMOIHEHO 3a cyeT rpanTta Poccuiickoro Hayunoro dounga Ne 23-
25-10043, https://rscf.ru/project/23-25-10043/

CooTBeTcTBHE NPUHIMIIAM ITHKH. IHOpMIpOBaHHOE coritacue OBUIO MOJYYeHO OT 3aKOHHBIX MPEICTaBHUTE-
Jell y4acTHHKOB MccienoBanus. MccnenoBanne onobpeHo stuueckum komuterom OMI'MY (mpotokon Ne 5 ot
28.04.2023).

Jas uurupoBanusi: Hosukos JI.I'., 3onotoB A.H., UuayTHeiit A.B., Mopasik A.B., Kupnuenko H.A., Poma-
HoBa M.A., [Tryxun A.O. XapakTepucTHKa MPOIYKIMN HEHTPOPHIEHBIX BHEKICTOUHBIX JIOBYIIEK U KOHIICHTPA-
UM TUTPYJUIMHUPOBAHHOTO rucToHa H3 y mereil, O0nbHBIX TyOepKyne3oM. bionremens cubupckou mMeouyuHul.
2024;23(4):95-104. https://doi.org/10.20538/1682-0363-2024-4-95-104.
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INTRODUCTION

Mycobacterium  tuberculosis  infection  is
accompanied by an increase in the number of Thl
and Th2 lymphocytes, inducing the development
of an imbalance of immune responses in patients
with pulmonary tuberculosis (TB) [1]. Regulation
changes in the immune response are associated
with the development of a special cytokine profile
[2], stipulating emergency granulopoiesis, which
eventually restructures the functional abilities of
neutrophils [3].

The formation of neutrophil extracellular traps
(NETs) or NETosis, discovered by V. Brinkmann
and A. Zychlinsky in 2004, is a mechanism of non-
specific protection provided by leukocytes in response
to a wide-range of stimuli of both bacterial and
non-bacterial origin [4]. NETs are supramolecular
structures consisting of decondensed DNA — histone
complexes with proteins fixed on their surface,
released from neutrophil granules: neutrophil elastase,
myeloperoxidase, and other specialized proteins [5].
This NET content contributes to the bactericidal
function, which is undoubtedly essential in various
infectious diseases, including TB. Impaired NETosis
significantly impacts the development of a number of
diseases and the risks of their complications [6].

Pronounced NETosis manifestations have been
evidently observed in patients with severe forms of TB
[7, 8]. Fluorescence microscopy is a routine method
for studying NETosis [9]. Various intercalating DNA
dyes and fluorescent labeling antibodies are applied
to the components of neutrophil leukocytes in the test
techniques [9]. It was demonstrated that the process
of NETosis in response to antigenic stimuli was
accompanied by morphologically different fluorescent
microscopic phenomena observed in the sample [10,
11]. At the same time, both the so-called cloud-like
and filamentous NET forms were detected, which
may reflect different degrees of decondensation
of chromatin that formed these forms of NETs.
Therefore, the prevalence of a certain NET form
(among all NETs observed in a sample) turned out to
be associated with a TB course [12]. It is known that
the process of chromatin decondensation in NETosis
is ensured by histone modification disrupting the non-
covalent interaction of histones with DNA.

It has been shown that citrullination of histones
is observed in NETosis, including histone H3 with
modification of the arginine residues R2, R8, and
R17 [4, 13, 14]. Specifically, in neutrophils obtained

from adults with TB, an immunofluorescent label to
citrullinated histone H3 (citH3) was identified after
stimulation with M. tuberculosis, whereas no labels
were detected in healthy individuals [15]. In adults,
citH3 concentration in the blood correlated with the
severity of TB and the presence of cavities [8]. It
has been demonstrated that citH3 can be determined
in the blood serum, also as a marker of NETosis
[4]. However, it remains unclear to what extent the
citH3 level circulating in the blood can be related to
the activity of post-translational enzymatic histone
modification in neutrophils in TB patients in NETosis.
Taking into consideration the fact that NETosis
in children may be accompanied by excessive
activation of neutrophils and more pronounced
NETosis compared to adults [16], studying the role
of NETosis in the infectious process in children with
M. tuberculosis infection is relevant and significant
from the point of view of medicine. No data on citH3
concentration in the peripheral blood in relation to the
ability of neutrophils to form NETs in children with
TB was found in the available literature.

The aim of the study was to characterize NET
production parameters in leukocyte culture and the
level of citH3 in the peripheral blood to assess the
features of NETosis in children with TB.

MATERIALS AND METHODS

The study included 20 children with active
respiratory tuberculosis (TB group) and 20 healthy
individuals (control group). The TB group included 14
children diagnosed with primary tuberculous complex
(PTC), 3 children with infiltrative pulmonary
tuberculosis (IPT), and 3 children with intrathoracic
lymph node tuberculosis with bronchopulmonary
lesions who were treated at the Specialized Children’s
Tuberculosis Clinical Hospital, Omsk, in 2022-2023.
Inclusion criteria for the TB group were as follows:
age of 4—14 years; newly diagnosed active respiratory
TB established by the Central Control Commission of
the TB Hospital; prescribed chemotherapy for newly
diagnosed tuberculosis; an informed consent by the
parent (or legal guardian) for the child to be included
in the study. Exclusion criteria were concomitant
diseases and detected isolated extrapulmonary TB.

The control group included healthy children
followed up at the Children’s Department of Omsk
City Polyclinic No. 10, who, according to the results
of the regular annual checkup, had a negative reaction
to tuberculin. The controls matched the children from
the TB group in terms of gender and age, according
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to the copy-pair method. Inclusion criteria for the
control group were as follows: a negative reaction
to the Mantoux test with 2 TE; no contacts with TB
patients; an informed consent signed by the parent (or
legal guardian) for the child to participate in the study.
Exclusion criteria were immune-associated diseases
and acute respiratory diseases within one month
preceding the study.

The ability of isolated neutrophils to form NETs was
assessed in the control and TB groups according to the
method described in the patent [3]. After we isolated
the neutrophil culture using Ficoll-Urografin density
gradient centrifugation, the ability of neutrophils to
form NETs was evaluated. Since specific sensitivity
to antigens is atypical for neutrophils, the technique
provoking neutrophils to form NETs was applied.
Neutrophils were incubated for 30 minutes at 37 °Cina
medium containing a non-specific antigenic stimulant
(a mixture of Lactobacillus reuteri, L. acidophilius,
L. rhamnosus and  Bifidobacterium longum).

Upon completion of the incubation, the number
of luminescent-positive objects in the sample was
counted using fluorescence microscopy: neutrophils
(intact, activated, and hyperactivated), early NETosis
cells, and NETs with differentiation of cloud-like and
filamentous forms (Fig. 1).

The obtained values were expressed as a percentage
of the total number of fluorescent objects (FO) in the
sample. In addition, the NET capture coefficient was
calculated as the ratio of objects captured by a trap to
the total number of NETs. Negative control in studying
the ability of a neutrophil to form NETs was carried
out by incubating a neutrophil culture with 0.9% NaCl
in a volume equal to the volume of the non-specific
antigenic stimulant used in the main series of the
study. The concentration of citH3 was determined
in the peripheral blood serum samples in accordance
with the instructions of the manufacturer using the
Citrullinated Histone H3 (Clone 11D3) ELISA Kit test
system (Cayman Chemical Company, USA).

Fig. 1. Micrographs of the objects found
in a sample of the isolated fraction of
neutrophils: 1, 2 — intact neutrophils;
3, 4 — hypoactivated neutrophils; 5,
6 — activated neutrophils; 7, 8 — hyper-
activated neutrophils; 9 — early NETosis
cells; 10—intactneutrophil (top), an early
NETosis cell (bottom); 11 — a cloud-like
neutrophil extracellular trap; 12, 13 —
cloud-like neutrophil extracellular traps
with a captured bacterium; 14, 15 —
filamentous neutrophil extracellular
traps; 16 — a filamentous neutrophil
extracellular trap with a captured
bacterium. Fluorescence microscopy,
x1,000.

98 Bulletin of Siberian Medicine. 2024; 23 (4): 95-104



Original articles

The statistical analysis of the obtained data was
carried out using the Statistica 8.0 software. The data
distribution in the groups was assessed using the Shapiro
— Wilk test. Since the data obtained had a non-normal
distribution, the results were represented as the median
and the interquartile range (Me (Q, Q,)). The Mann
— Whitney U-test was used to calculate the statistical
significance of differences for independent samples.
The Spearman’s rank correlation coefficient was used
to measure the association between two variables
ex vivo, namely neutrophil ability to form NETs and
citH3 concentration in the peripheral blood. Pearson’s
chi-squared test was applied to compare the forms of
distribution for individual features of fluorescence
microscopy images in the groups. The differences were
considered statistically significant at p < 0.05.

RESULTS

Neutrophils isolated from the peripheral blood in
the TB group were more likely to form NETs during
incubation in the presence of th antigenic stimulant
(compared to the control group). The number of NETSs

% Early NETosis cells
18

14
12

10

Control Tlé

9% Filamentous NETs

from all FOs was 31.5 (26.4; 9.6) and 21.1 (19.3; 23.8)
in the TB group and the control group, respectively,
p = 0.0087 (Fig. 2). Neutrophils in the TB group
formed predominantly filamentous NETs: 21.0 (19.2;
28.6) compared to the control group 16.0 (15.8; 19.2),
p = 0.0474 (Fig. 3). Cloud-like NETs (% of all FOs)
were detected less often in neutrophil samples in the
control group than in the TB group: 4.0 (3.5; 6.2) vs.
10.5 (6.9; 12.3), respectively, p = 0.0060.

However, they were not found in neutrophil
samples in 5 children of the control group, whereas
cloud-like NETs were identified in all patients in the
TB group (}*> = 16.01; p < 0.0068). The NET capture
rate (Fig. 4) in the control group was comparable
with that in the TB group (p > 0.05). No NETs were
detected in the negative control.

The median citH3 concentration in the peripheral
blood (Fig. 4) was 18.9 times higher in the TB group
than in the controls (p = 0.0041, the Mann — Whitney
U-test). Median values were 1.4 pg/ ml (0.9; 1.8) and
26.5 pg/ ml (2.7; 33.6) in the control group and in the
TB group, respectively.
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Fig. 2. Fluorescent objects in a sample of isolated neutrophils after stimulation: early NETosis cells, neutrophil extracellular traps
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Capture rate

Fig. 3. Examples of fields of view in the sample of

isolated neutrophils in children with tuberculosis

after exposure to a non-specific antigenic

stimulant: filamentous NETs (1, 3, 5-9, 12-15),

cloud-like NETs (4, 10), early NETosis cell (16),

hyperactivated neutrophil (2), intact neutrophil
(11). Fluorescence microscopy, x 1,000
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Fig. 4. Capture rate of neutrophil extracellular traps («); citrullinated histone H3 concentration in the peripheral blood (b)

After incubation of neutrophils in the presence
of the non-specific antigenic stimulant, an expected
decrease in the number of intact neutrophils was noted
in the sample as a likely consequence of their activation
and NETosis. The number of intact neutrophils from
the total FO number in the samples of the TB group
was 34.6 (26.7; 40.7), while in the control group, this
value was significantly higher, 54.0 (46.3; 61.4), p =
0.0040 (the Mann — Whitney U test). Moreover, in the

TB group the percentage of hypoactivated neutrophils
was slightly smaller than in the control group: 2.6
(1.2; 4.9) vs. 6.0 (4.8; 6.9); p = 0.0295. There were
no statistically significant differences between the
study groups in terms of the number of activated and
hyperactivated neutrophils (p > 0.05).

The study of correlations in the control group
revealed two strong correlations between the citH3
concentration in the blood and the proportion of
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filamentous NETs (» = 0.95; p = 0.0008) and between
citH3 in the blood and the proportion of early
NETosis cells (r = 0.77; p = 0.0408). The study of
correlations in the TB group revealed three strong
correlations between the citH3 concentration in
the blood and the proportion (in %) of filamentous
NETs (r = 0.86; p = 0.0137) and between citH3 in
the blood and the proportion of all NETs (» = 0.89;
p=0.0068). The correlation between citH3 in the blood
and the percentage of hyperactivated neutrophils was
negative (r =—0.89; p = 0.0068). No other statistically
significant correlations were found between the
citH3 concentration in the peripheral blood and the
proportion of individual FOs.

DISCUSSION

The diversity of approaches and the lack of
a laboratory mainstay in studying NETs lead to
ambiguity in the interpretation of research findings.
Prominent researchers in this field have failed to
reach a consensus on many issues related to NET
morphology, mechanisms, the sources of their
formation, as well as the regulation of this process
[18]. In most publications, the traps were represented
by filamentous structures in micrographs obtained
using fluorescent dyes to visualize NETs or their
components [19]. However, some authors have
pointed out that NETSs can also take a cloud-like form
[11,18].

Unlike most researchers, Shida Yousefi et al.
assume that the appearance of cloud-like structures,
consisting predominantly of extracellular DNA, after
exposure of neutrophils to certain agents is not the
result of NETosis but is due to other forms of cell
death associated with cytolysis. Thus, the authors
do not classify cloud-like structures as true NETs,
whereas they consider filamentous structures as NETs
originating from mitochondrial DNA [20, 21]. These
authors suppose that the formation of filamentous
structures is a normal innate immune response, while
the appearance of cloud-like structures is associated
with the formation of the so-called vicious circle
of inflammation followed by the development of
autoimmunity [20, 21]. Regardless of the formation
ways and mechanisms of supramolecular cloud-like
structures, including nucleoproteins, the opinion
expressed by Shida Yousefi et al. is consistent with
the results obtained in this study.

A significantly larger number of cloud-like NETs
were found in patients with TB compared to the control
group, where such NETs were rare. Filamentous NETs

were also detected in fairly large numbers in healthy
children. Presumably, it is the presence of cloud-like
NETs that is associated with the development of the
autoimmune reaction observed in TB. Thus, in a number
of studies, autoantibodies to various autoantigens were
found in patients with TB [22].

The circulation of damage-associated molecular
patterns (DAMPs) in the blood is one of the reasons for
this response [22]. DAMPs are a rather heterogeneous
group of molecules, including histones [23], which
also have direct cytotoxicity [24]. Previously, while
examining adult patients with TB, it was revealed that
a higher level of citH3, whose formation is closely
related to NETosis [4, 13, 14], is associated with an
increased content of neutrophils in the blood, the
presence of cavities in the lungs, and low efficiency
of anti-TB treatment [8]. This is consistent with our
results that demonstrated a significantly higher level
of citH3 in the blood serum of children with TB
compared to healthy children. In our previous study,
citH3 level in children with TB was significantly higher
than in adults with cavities, which was detected using
identical test systems in both studies [8]. Probably,
at the initial stages of TB, NETosis may play a more
crucial role in the development of autoinflammation.

Moreover, in this study, the citH3 level in the blood
serum was associated with the formation of filamentous
NETs rather than cloud-like ones by peripheral blood
leukocytes. At the same time, NETs formed in the
site of inflammation may be a source of citH3 in the
blood serum. The assessed ability of neutrophils to
form NETs describes the pro-NETotic phenotype of
neutrophils, which are more likely to form NETs in
chronic inflammation [20]. The above correlation can
probably be explained by comparing our results with
the study by Florence Guillotin et al. [19].

These authors declare the presence of filamentous
structures that contain DNA and are recognized
by antibodies to myeloperoxidase and citH3 as
morphologically similar to vital NETosis observed
in fluorescence microscopy [19]. This approach is
slightly contradictory because it is based on a set
of hypotheses, and it is consistent with the opinion
of Shida Yousefi et al. suggesting that the source of
filamentous structures is mitochondrial DNA [20,
21]. However, it should be taken into account that
mitochondrial DNA does not contain histones [25].
The equivalents of other NETosis types referred to
in the article as non-vital NETosis are filamentous
structures not containing citH3 [19]. The design of
this study did not include the registration of cloud-like
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structures. Apparently, suicidal and other NETosis
types were simultaneously observed with the vital
NETosis. At the same time, in the mentioned study,
non-vital NETosis prevailed in the pathology group
(pre-eclampsia) in comparison with the control group,
and NETosis combined with histone modification
prevailed in both groups [19].

In this regard, it is yet to be investigated whether
cloud-like structures containing DNA that we observed
are a type of suicidal NETosis or another type of
cell death. However, they may reflect the process
that does not require the regulation of chromatin
decondensation mediated by enzymatic modification
of histones. The emergence of this phenomenon may
reflect the development of an autoimmune component
of inflammation. At the same time, an increase
in the concentration of citH3 in children with TB
can demonstrate the efficacy of the innate immune
response and be a normal compensatory adaptation
process.

CONCLUSION

A higher level of citH3 was observed in the blood
of children with TB compared to healthy controls. In
the ex vivo study, the relative amount of filamentous
and cloud-like NETs was greater in the neutrophil
culture exposed to a non-specific antigenic stimulant
in children with TB than in a similar experiment with
neutrophils of healthy children. It was revealed that
the number of filamentous NETs formed ex vivo in
both groups was positively related to the citH3 level
in the blood. However, a similar correlation was not
registered between the number of cloud-like NETs
and the level of citH3 in the blood. It is likely that
the higher level of citH3, an enzymatic modification
product, in the blood of children with TB reflects
higher activity of NETosis in vivo, which may be due
to an increased ability of neutrophils to form NETs.

The impact of numerous factors of the immune
response in TB probably determines the formation of a
unique pro-NETotic neutrophil phenotype. Given the
non-specific nature of neutrophils, it can be assumed
that in the situation of increased readiness for NETosis,
the range of antigenic structures capable of triggering
and stimulating NETosis may significantly expand. In
particular, the antigens of normal human microbiota,
including the antigens of bacterial gut symbionts, can
also stimulate NETosis, which is probably indicated
by the results of our study.

The data obtained in our study have shown that in
vivo and ex vivo methodological approaches applied

for NETosis investigation do not provide equal
information content and can complement each other
since they describe different aspects of the NETosis
phenomena under study. In children with TB, the
formation of cloud-like forms of NETs in the culture
of peripheral blood neutrophils in response to the
stimulation turned out to be notably more common.
Researchers consider such NET forms abnormal
[21]. Inefficacy of the NETosis reaction in the long-
term course of the disease can significantly affect the
development of predisposition to autoinflammation
and immunopathology. Studying these issues
may become the subject of a separate line of
research.
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Sleep disturbances in patients with comorbid coronary heart disease
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ABSTRACT

Aim. To study the presence and severity of insomnia in patients with comorbid coronary heart disease (CHD) and
depressive disorder (DD).

Materials and methods. The study included 132 patients with CHD (class II-1II exertional angina after myocardial
infarction experienced more than 6 months ago): 58 patients with DD and 74 patients without depression. The Beck
Depression Inventory (BDI) was used to diagnose DD. The diagnosis in all cases was confirmed by a therapist.
Sleep disturbances were assessed using the Sheehan Patient-Rated Anxiety Scale (ShAS). The data were presented
as M = SD; n (%); and Me [25%; 75%]. The differences were considered significant at p < 0.05.

Results. Insomnia in the general group of patients was registered as follows: none or clinically not significant —
in 62 patients (54.9%), clinically significant — in 51 patients (45.1%). Night awakenings in the general group
of patients were detected as follows: none or clinically not significant—in 66 patients (58.4%), clinically significant—
in 47 patients (41.6%). Disturbances in falling asleep and night awakenings were significantly pronounced in
patients with CHD with identified DD compared to patients without mental disorders: disturbances in falling
asleep — 2 [1; 3] vs. 1 [0; 2] (»p = 0.0001), night awakenings — 2 [1; 3] vs. 1 [0; 2] (p = 0.00002), respectively.
In the group of CHD with DD (n = 58), 2 people (3.4%) did not complete the scale. Among those who did,
12 patients (21.4%) had no difficulty falling asleep, 9 patients (16.1%) had little difficulty, and 35 patients
(62.5%) had clinically significant disturbances. In the group of CHD without DD (n = 74), 17 people (23%)
did not complete the scale. Among those who did (n = 57), 21 patients (36.8%) had no difficulty falling asleep,
20 patients (35.1%) had little difficulty, and 16 patients (28.1%) had clinically significant problems. In patients
with comorbid CHD and DD who completed the ShARS (n = 56), 7 patients (12.5%) had no night awakenings,
17 patients (30.4%) had few night awakenings, and 32 patients (57.1%) had clinically significant disturbances
in maintaining sleep. In the group without DD, among those who completed the ShARS (n = 57), 18 patients
(31.6%) had no night awakenings, 24 patients (42.1%) had few night awakenings, and 15 patients (26.4%) had
clinically significant disturbances in maintaining sleep. Significant differences were noted for all test questions
(» <0.0005).

Conclusion. In patients with comorbid CHD and DD, changes in the circadian rhythm are detected in the form of
significant disturbances in falling asleep and awakening, which can aggravate the clinical course of CHD and the
prognosis of patients with cardiovascular diseases.

Keywords: coronary heart disease, depressive disorders, myocardial infarction, sleep disturbances
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Hapymeva CHay 60NbHbIX NWIEeMnYecKkon 6onesHblo cepaua
B coyeTaHMU C genpeccuBHbiMmn paCCTPOﬁCTBaMM

HoHka T.I'.", Jle6epeBa E.B.", PenuH A.H.", CyacTtHbin E.[].2

! Hayuno-uccneoosamenvckuii uncmumym (HHH) kapouonozuu, TomcKkuil HAYUOHAAbHBII UCCIC008AMENbCKUTL
meduyunckuu yeump (HHUMIL]) Poccuiickou akademuu HayK
Poccus, 634014, 2. Tomck, yn. Kuesckas, 111a

2 Hayuno-uccaedosamenvckuil uncmumym (HUH) ncuxuueckozo 300poewst, Tomckuil Hayuonanvbvlil
uccredosamenvckull meouyurckull yeump (HUMIL]) Poccutickoil akademuu Hayk
Poccus, 634014, 2. Tomck, yn. Areymcerkas, 4

PE3IOME

Hens. V3yunTh Hann4ue v BEIPaXXEHHOCTh HHCOMHUH Y OOJIBHBIX HIleMuyecko 6onesnbto cepana (MBC) B coue-
TaHWH C JCTPECCUBHBIMU paccTpoiictBamu ([IP).

Marepuajsl n MeToabl. B nccnenosanue Briouens! 132 6ompubx ¢ MBC (co crenokapauei Hanpspkenust 11—
III pyHKIMOHANBHBIX KJIACCOB IOCIIE NEPEHECEHHOT0 HH(APKTa MUOKapAa AaBHOCTBIO Oostee 6 Mec): 58 maruen-
ToB ¢ JIP n 74 nanuenra 6e3 JIP. g auarnoctuxu [P ucnons3oBanack mkana genpeccun beka (BDI). [lnarnos
BO BCEX CIIy4asx OATBEPKIAJCS IIPU KOHCYJIbTAlUU [ICUXUATpa-IIcCUXoTepanesTa. HapylieHus cHa OLeHUBaINUCh
npu ananuse mkansl [luxana (ShARS). [lannasie npencrasnenst B Bunge M = SD; n (%); Me [25%; 75%], 3Haun-
MBIM CUHUTANOCh pazauuue npu p <0,05.

PesyabTaTthl. Hapymenune 3aceimanus B oOmieil rpymme ManUeHTOB: HET WM KIMHWYECKH HE 3HAYMMBI —
y 62 nanmenToB (54,9%), knuHnYecku 3HaunMBbIe —y 51 manuenTa (45,1%). Hounsle npoOyxaenus B o0mmeil rpym-
Tie ManuenToB: y 66 (58,4%) — HeT Wil KITMHUYECKN HE3HAUYNMBble HOUHBIE TPOOYKICHHS, KITMHUIECKH 3HAaUNMBbIE —
y 47 (41,6%). Hapymenus 3acsimanus ¥ HOUHbIE TPOOyKAeHUsT ObIIM 3HAUMMO BhIpaxkeHHI y marueHToB MBC
¢ BeIsABNICHHBIMH JIP B cpaBHeHHHU ¢ OONBHBIMU 0€3 PacCTpOWCTB MCUXUKU: HapymieHus 3acsimanus 2 [1; 3] vs 1
[0; 2] (p = 0,0001), HOuHBIE TpoOY)aenus 2 [1; 3] vs 1 [0; 2] (p =0,00002) cootBercTBerHO. B rpynme UBC ¢ 1P
(n = 58) nBa uwenoseka (3,4%) He 3amonHmIN mwKany. Cpean 3amonHuBIIMX 12 mamueHToB (21,4%) He uMenn
npobneM ¢ 3aceimanuem, 9 (16,1%) — nemHoro, 35 (62,5%) — KIMHUYECKH BBIpa’KCHHBIE HapylleHHsa. B rpymme
UBC 6e3 [IP (n = 74) 17 uenosex (23%) He 3anonHman mwkary. Cpeau 3anonHuBIuX (7 = 57) 21 namment (36,8%)
He uMen npobaem ¢ 3aceimanueM, 20 (35,1%) umenn HeGonbpimue HapymeHus, 16 mamuentos (28,1%) nmenn
KIMHAYECKU BhIpayKeHHbIE HapymieHus. Y 0onbHeIX MBC B coyerannu ¢ JIP u 3anonauBmmx ShARS (n = 56) 7
(12,5%) He mpoOy>xaanucs HOublo, 17 (30,4%) — HEMHOTO TTPOOY)Hamuck, y 32 (57,1%) Habaronanuch KIMHAYE-
CKU BBIp@)KEHHBIE HApYLIEHUs oJiepxkanus cHa. B rpymme 6e3 [P cpeaun 3anomauBmmx mkany lluxana (n =57)
18 (31,6%) He mpoOyxnanucek HOUYbIO, 24 (42,1%) — HeMHOTO TPOOYX)IaMuch, y 15 (26,4%) oTMmeyanuch KIMHU-
YEeCKH BBIPA)KEHHBbIE HAPYyLIEHHUs MOAAEpXKaHHUsA cHA. [0 BceM IMyHKTaM TECTUPOBAHMS OTMEUECHBI JOCTOBEPHBIC
pasmuus (p < 0,0005).

3akiT04yenne. Y MalyeHTOB ¢ XPOHUYECKOH KOpOHApHOi 6one3Hbio Ha (GoHe [P BBISBIAIOTCS U3MEHEHUS B CY-
TOYHOM PUTME B BHJC 3HAUUTEJIbHBIX HAPYLICHUH 3aChIaHUs U MPOOYKICHUH, YTO MOXKET YCYryOUTh KIMHHUYE-
ckoe Teuenne BC u nporHo3 GoJbHBIX CeplIeYHO-COCYAUCTBIMU 3200 I€BaHUSIMU.

KiroueBble ciioBa: uiemMuyeckas 00J1€3Hb cep/la, ACIPECCHBHBIC PACCTPOUCTBA, MH(APKT MHOKApAa, HApyILe-
HUS CHA
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KonpaukTt uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX M MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,

CBSI3aHHBIX C MyOIUKaNNeil HACTOSIIEH CTaThH.

Hcrounuk ¢puHAHCHPOBAaHUSA. ABTOPBI 3asBIAI0T 00 OTCYTCTBMH (PMHAHCHPOBAHMUS IPU IPOBEACHUH HCCIIENO-

BaHUA.

CooTBeTcTBHE IPUHIIUTIAM dTHKH. VTHPOpMUpOBaHHOE coOTacue ObUIO MOJIMMCAHO BCEMH YUYaCTHUKAMHU HCCIIe-
noBanusl. Mccienosanue 0j00peHO JOKaNbHBIM 3THUeckiM KomuteroM HUU kapauonoruun Tomckoro HUMII.

Jast uurupoBanusi: Honka T.I'., Jle6enena E.B., Periun A.H., Cuacrtnsriii E.J[. Hapymienus cHa y O0JNbHBIX HIle-
MHUYECKOH 00JIE3HBIO Cep/IIIa B COUCTAHHUHU C JICTIPECCUBHBIMU PACCTPONUCTBAMHU. brojiemens cubupckot Meouyunbl.
2024;23(4):105-110. https://doi.org/10.20538/1682-0363-2024-4-105-110.

INTRODUCTION

Every year psycho-emotional stress is increasing
worldwide, especially among patients with
cardiovascular diseases, as evidenced by large
epidemiological studies [1, 2]. Almost 70% of patients
with arterial hypertension and coronary heart disease
(CHD) are characterized by high stress levels. This
means that the incidence of affective disorders in
patients with cardiovascular disease is also increasing:
in the COMET study, anxiety symptoms were present
in 47.2% of outpatient cases, in 25.5% of cases, they
were clinically significant; symptoms of depression
were found in 42.5% of patients, of which 16.3% of
cases were clinically significant [1]. It is important
to consider that symptoms of depression had not
been previously identified in patients. Subsequently,
depressive disorder (DD) is often not diagnosed
in a timely manner and can aggravate the course of
cardiovascular diseases and affect the prognosis [3, 4].

World Health Organization (WHO) assumes that
by 2030, CHD and DD will be the leading causes of
disability [5, 6]. Depression is the most powerful risk
factor for CHD and a predictor of mortality in this
category of patients: DD affects 40% of patients in
the post-infarction period, increasing the risk of death
by 3-6 times [7]. It is known that cardiovascular
catastrophes, in particular myocardial infarctions,
most often occur at night and early morning hours
[8] and are associated with the activation of the
sympathoadrenal system. Healthy sleep plays a major
role in the balance between the parasympathetic and
sympathetic nervous systems, and sleep disorders
(insomnia) prevent a physiological nocturnal
decrease in sympathetic activity, which in turn affects
many pathogenetic mechanisms of cardiovascular
pathology. At the same time, it is known that one
of the most common manifestations of DD is sleep
disturbances, with the incidence reaching up to 80%

[9]. Therefore, there is no doubt in the relevance of
studying sleep disturbances in patients with comorbid
CHD and DD.

MATERIALS AND METHODS

After signing the informed consent, 132 patients
with CHD (class II-III exertional angina after
myocardial infarction experienced more than 6 months
ago) were included in the study at the Cardiology
Department of Cardiology Research Institute (Tomsk):
58 patients with DD (group 1) and 74 patients without
depression (group 2). The Beck Depression Inventory
(BDI) was used to diagnose and determine the severity
of DD (the BDI score of more than 19 was considered
as elevated level of depression). In case of elevated
depression levels according to BDI, a consultation
with a psychiatrist and therapist took place to confirm
the diagnosis of DD. We also used the Sheehan
Patient-Rated Anxiety Scale (ShARS) to identify
sleep disturbances and comorbid DD and anxiety.
Sleep disturbances were assessed by analyzing items
30 and 31 of the ShARS. The data were presented as
M + 8SD; n (%) and Me [25%; 75%]. The differences
were considered significant at p < 0.05. To test the
normality of data distribution, the Shapiro — Wilk
test was used. For normally distributed variables, the
Student’s #-test was used, for non-normally distributed
variables, the Mann — Whitney test was applied. To
analyze qualitative variables, contingency tables and
the %2 test were used.

RESULTS

The patients did not differ in the main clinical
and demographic characteristics. However, in the
CHD group with DD, a trend toward more frequent
comorbidity of diseases in women was noted: in group
1, 47 men (81%) and 11 women (19%), in group 2 —
68 men (91.9%) and 6 women (8.1%) (p = 0.06).
The average age in both groups was comparable and
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was 55.5 £ 5.9 years vs. 54 = 7.4 years (p > 0.05).
After consultation with a psychiatrist, the following
disorders were diagnosed: recurrent depressive
disorder — in 37.9% of cases, depressive episode —
in 27.6% of cases, dysthymia — in 25.9% of cases,
bipolar disorder — in 8.6% of cases (Figure). Among
depressive episodes, moderately expressed ones
prevailed — 92%.

37.9

Dysthymia

o
® Depressive episode

1 Recurrent depressive disorder
o

Bipolar disorder

Figure. The diagnosis of depressive disorders in patients with
coronary heart disease after previously experienced myocardial
infarction

Following the ShARS analysis, high comorbidity
with anxiety disorders was noted (53.4%). To study the
presence and severity of insomnia, a clinical interview
and the ShARS were used (items 30 and 31 (sleep
disturbances and night awakenings, respectively)).

Disturbances of falling asleep in the general
group of patients were registered as follows: none
or clinically not significant — in 62 patients (54.9%),
clinically significant — in 51 patients (45.1%).
Night awakenings in the general group of patients
were registered as follows: none or clinically not
significant — in 66 patients (58.4%), clinically
significant — in 47 patients (41.6%). Difficulty falling
asleep and night awakenings were significantly
pronounced in patients with comorbid CHD and
DD compared to patients without mental disorders:
difficulty falling asleep — 2 [1; 3] vs. 1 [0; 2] (p
= 0.0001), night awakenings — 2 [1; 3] vs. 1 [0; 2]

(» =0.00002), respectively. In the group of CHD with
DD (n = 58), 2 people (3.4%) did not complete the
scale. Among those who did, 12 patients (21.4%) had
no difficulty falling asleep, 9 patients (16.1%) had
little difficulty, and 35 patients (62.5%) had clinically
significant disturbances. In the group of CHD without
DD (n = 74), 17 people (23%) did not complete the
scale. Among those who did (n = 57), 21 patients
(36.8%) had no difficulty falling asleep, 20 patients
(35.1%) had little difficulty, and 16 patients (28.1%)
had clinically significant problems. In patients with
comorbid CHD and DD who completed the ShARS
(n=56), 7 patients (12.5%) had no night awakenings,
17 patients (30.4%) had few night awakenings, and 32
patients (57.1%) had clinically significant disturbances
in maintaining sleep. In the group without DD, among
those who completed the ShARS (n = 57), 18 patients
(31.6%) had no night awakenings, 24 patients (42.1%)
had few night awakenings, and 15 patients (26.4%)
had clinically significant disturbances in maintaining
sleep. Significant differences were noted for all test
questions (p < 0.0005).

DISCUSSION

The relationship between two diseases — CHD and
DD — has been studied for years. Data of large studies
(Cardiovascular Health Study, MONICA, ENRICHD,
INTERHEART, SADHART) prove that depression
is a powerful prognostic factor for cardiovascular
complications. The relationship between CHD and DD
is not accidental, since there are common pathogenetic
mechanisms underlying both the diseases and causes of
mortality. There are two main mechanisms that cause
sudden cardiac death in patients with cardiovascular
diseases: increased thrombus formation and impaired
cardiac autonomic regulation with the development of
severe arrhythmias [10, 11].

It is known that cardiac autonomic regulation is
closely related to circadian rhythms and quality of
sleep in patients with CHD [12]. Considering the fact
that DD is often not diagnosed in a timely manner [1],
and sleep disturbances are some of the manifestations
and diagnostic criteria of affective disorders, we can
always suspect a mental disorder in the context of
insomnia and refer to a specialist. In our study, we
analyzed sleep disturbances in patients with a history
of myocardial infarction in combination with DD.
In order to assess insomnia, we used the ShARS. It
turned out that there was high comorbidity of DD with
anxiety disorders (53.4%), which is consistent with
literature data. According to epidemiological studies,
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60% of patients with DD have anxiety symptoms [13].

According to our study, sleep disturbances were
also found in patients with CHD without mental
disorders: approximately every third patient had minor
difficulties falling asleep, every fourth patient had
significant difficulties falling asleep and maintaining
sleep. Apparently at this stage the patient already
needs counseling and comprehensive rehabilitation:
confidential “doctor-patient” contact for patient
awareness about their disease, secondary prevention,
healthy lifestyle, maintaining therapy compliance,
consultations by a psychologist and therapist to
prevent the development of clinically significant signs
of anxiety and depression.

With the development of DD in patients with
CHD, the severity of sleep disturbances increased
significantly: more than half of the patients had
severe disturbances of both falling asleep (62.5% of
cases) and maintaining sleep throughout the night
(57.1% of cases). Given that with sleep disturbances,
the resulting stress causes hyperactivation of the
sympathoadrenal system and autonomic dysfunction
[14], this can contribute to deterioration of the clinical
presentation of CHD and cause serious cardiovascular
complications. Certainly, the obtained data determine
the need for close attention to patients with comorbid
CHD and mental disorders, timely screening for DD,
and effective correction of the disease with modern
antidepressants.

CONCLUSION

Patients with comorbid CHD and DD are
characterized by changes in the circadian rhythm in the
form of significant disturbances of falling asleep and
awakening, which can aggravate the clinical course of
CHD and the prognosis of patients with cardiovascular
diseases. Identification of sleep disturbances through
interviews and the use of psychometric tools will
allow to suspect the presence of DD and prescribe
antidepressant therapy in a timely manner, improving
the clinical presentation of CHD and reducing the
risk of developing life-threatening cardiovascular
complications.
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A new approach to assessing the efficacy of anthelmintic agents in vitro
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ABSTRACT

Aim. To develop a new method to determine the viability of Opisthorchis felineus in vitro using the MTS reagent
and to evaluate its applicability for analyzing the efficacy of anthelmintic agents in the treatment of opisthorchiasis.

Materials and methods. Golden hamsters were used to create a model of O. felineus infection. The animals
were infected with metacercariae obtained from fish of the Cyprinidae family. Three months after infection, adult
parasites were extracted from the hepatobiliary system. Their viability was assessed using the motility scale and a
new method based on the modified MTS test protocol. To account for differences between the size and number of
adult parasite cells, the results were normalized with respect to protein content. To evaluate the feasibility of the
new approach in the study of pharmacological activity against opisthorchiasis, the viability of adult parasites in the
presence of praziquantel was tested.

Results. During incubation of adult flukes in a medium with the addition of the MTS reagent, colored water-
soluble formazan was accumulated. Thermal inactivation of parasites significantly decreased the production of
this compound. Since the studied adult parasites differed in size and number of cells, the obtained data on their
viability were normalized to protein content. The results correlated with the data on parasite viability obtained
by the traditional method using the motility scale. Evaluation of praziquantel efficacy at different concentrations
using two independent methods (the MTS test and the motility scale) showed that the results of the MTS test were
consistent with literature data and comparable with the results obtained using the motility scale.

Conclusion. A new method for in vitro evaluation of anti-opisthorchiasis activity of drugs was developed. It is
based on the assessment of water-soluble formazan production by adult O. felineus flukes in the culture medium
using the MTS reagent for screening anti-opisthorchiasis activity of new anthelmintic drugs.

Keywords: trematode infection, O. felineus, viability, MTS test, praziquantel, anthelmintic agents, motility
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HoBbin noaxop K oueHke 3pPeKTNBHOCTN aHTUTeIbMUHTHbIX CPeACTB
in vitro

MepwuHa E.A., bynko E.E., Kamunckuin U.MN., Co6akun A.C., Ypangees A.A., Kanpgaw O.A.,
MUsaHoB B.B., YayT E.B.

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

PE3IOME

He.l]b. Pa3pa60TaTL HOBEIN METOJT OInpeacICHUs JKU3HECTIOCOOHOCTH OIMMCTOPXOB in Vitro ¢ HCIOJIb30BaHUEM
MTS-peaKTI/IBa 1 OLCHUTL €ro NIPUMEHUMOCTD Ui aHa/InM3a 3(1)(1)6KTI/IBHOCTI/I AHTUT'CJIBMUHTHBIX CPEJICTB IIPU JIC-
YEHUU OITUCTOPXO3a.

Marepuajbl u Metoabl. [l co3nanus moaenn uaBasuu O. felineus MCHONB30BANUCH 30JOTUCTBIE CUPHICKHE
XxoMsKHU. JKMBOTHBIE HHOHUIPOBAIICH METAI[EPKAPUAMH, MOTyUYCHHBIMU U3 PHIO cemeiicTBa kapmoBbiX. CIycTs
3 Mec mocie 3apayKeHus1 B3pOcible 0COOH Mapa3uToB (MapUTHI) U3BJIEKIIICH U3 TeNaToOMIHapHOi cucteMsbl. JKu3-
HECMOCOOHOCTh MapHT OIIEHUBANIACH C TIOMOIIBIO IITKAJIBI MOABMKHOCTH M HOBOTO METO/]a, OCHOBAHHOTO Ha MOJH-
(ukam nporokona MTS-tecra. s ydeTa pa3anduii MeKAy pasMepaMu 1 KOJTHYECTBOM KIETOK MapuT Pe3yJib-
TaThl OBUTH HOPMAJIM30BaHBI OTHOCUTEIBHO COAEPKaHHs Oerka. J{s OleHKN BO3MOXKHOCTH IPHIMEHEHHST HOBOTO
MOAX0/a B U3yYEHHH IIPOTUBOOIHMCTOPXO3HON (hapMaKOIOTHUECKOH aKTHBHOCTH IIPOBEPEHA KHU3HECTIOCOOHOCTD
MAapHT B IPHCYTCTBUH MPa3UKBaHTENA.

Pe3yabratsl. [Ipy nHKyOaMu MapuT OIUCTOPXOB B cpesie ¢ gobaBineHueM MTS-peakTHBa MPOUCXOIUT HAKO-
IUICHUE OKPALISHHOT0 BOAOPacTBOPUMOro opmaszaHa. TepMudeckoe HHAKTUBHPOBAHUE NAPA3UTOB 3HAUYUTEIHHO
CHIDKAeT MPOIYKLHIO 3TOro coequHeHHs. Tak Kak uccieayeMble MapUThl pa3Inyalnuch 110 pa3Mepy U KOJIHMYECTBY
KJICTOK, HIOJIydeHHbIE TaHHBIE 00 X JKM3HECIIOCOOHOCTH ObLIIM HOPMUPOBAHbI Ha cosiepkaHue Oeska. Pe3ynbrars
KOPPEJHPYIOT C AaHHBIMH O )KHU3HECIOCOOHOCTH Mapa3UTOB, MOTYYCHHBIMU TPAJIHIUOHHBIM METOAOM C HUCIIOJb-
30BaHHEM LIKaJbl OABIKHOCTH. OlieHKa 5 GEeKTHBHOCTHU MPa3UKBAaHTENa B Pa3HBIX KOHIEHTPALUSIX C TIOMOLIBIO
JIByX He3aBHCHUMBIX MeToZIoB (MTS-TecT U 1Kana MoJBM)XKHOCTH) MOKa3aja, yTo pe3yinbrarsl MTS-tecTa corna-
CYIOTCSI C JIUTEPATYPHBIMHU JIAHHBIMH U COIIOCTaBUMBI C PE3YJIbTaTaMH, TIOJI[yYEHHBIMH C HCIIOJIb30BAaHUEM IIKAJIbI
HO/IB)KHOCTH.

3axumouenne. Pa3paboTaH HOBBIN METO OLICHKH MTPOTHBOOIHCTOPXO3HOM aKTHBHOCTH JICKAPCTBEHHBIX Tperapa-
TOB in Vitro, OCHOBaHHBII Ha OLIEHKE TPOIYKIUH BoJopacTBOpuMoro gopmazana mapuramu O. felineus B cpene
KyJIbTUBUPOBAHUS ¢ Ucnoib3oBaHueM MTS-peareHra uiss CKpUHUHra IPOTHUBOOIMCTOPXO3HOM aKTHUBHOCTH HO-
BBIX aHTHTCJIbMUHTHBIX TPEIapaToB.

KuaroueBbie cioBa: tpemaronos, O. felineus, sxu3necnocodHocTh, MTS-TecT, Mpa3suKBaHTEN, aHTUICIbMUHTHBIC
cpeacTsa, ABUraTejibHasi akTUBHOCTb

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

Hcrounuk ¢punancuposanus. VccnenoBaHue BBINOJIHEHO B paMKaxX peau3aliiy rocyapCTBEHHOTO 3aJaHus Ha
OKa3aHHE TOCYAAPCTBCHHBIX YCIyT (BbimosHeHHE padoT) Ne 056-03-2024-063 ot 24.01.2024, momoaHHUTEIbHOE
cornamrexue Ne 056-03-2024-063/3 ot 29.08.2024 «Pa3paboTka HOBOTO JIEKApCTBEHHOT'O CPECTBA HAa OCHOBE MPH-
POAHOrO KOMIUIEKCA (PeHONTTIMKO3HI0B 1 apa0MHOTalaKTaHOB ISl TEPalui TPEMaTO1030BY.

CooTBeTcTBHE NPUHIMIAM 3THKH. VccenoBanue ogo0peHO KOMUCCHEH 110 KOHTPOJIIO COAEPIKAHUS U HCIIOIb-
30BaHUA Ta0OPaTOPHBIX JKUBOTHBIX [IEHTPA JOKIMHUIECKHUX HCCIIEIOBAaHN IEHTPAIbHOM HayYHO-HCCIIe0BATEb-
ckoit maboparoprn Cu6I'MY (3akmrouenue Ne 1 ot 02.09.2024).

Jns nuruposanus: [lepuna E.A., Byiiko E.E., Kamunckwuii W.I1., Cobakun [1.C., Ydaunees A.A., Kaiinam O.A.,

Weanos B.B., Yayt E.B. HoBslii moaxo/ k orieHKe 3(pQEKTUBHOCTH aHTHUTSIbMUHTHBIX CPECTB in Vitro. brone-
menb cubupcrou meouyunwt. 2024;23(4):111-119. https://doi.org/10.20538/1682-0363-2024-4-111-119.
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INTRODUCTION

The liver fluke Opisthorchis felineus (O. felineus) is
a member of the triad of epidemiologically important
liver fluke species of the Opisthorchiidae family and
is the main causative agent of opisthorchiasis in a
vast territory, including Russia, Kazakhstan, and a
number of European countries [1]. A recent study
conducted by O.S. Fedorova et al. (2023) showed that
the spread of O. felineus infection in the population
is closely associated with the development of
cholangiocarcinoma [2]. In addition, opisthorchiasis
can provoke the development of liver abscesses and
pancreatitis [ 1] Thus, trematode infections are a group
of dangerous infectious diseases that pose a significant
public health threat [3].

The main approach recommended by WHO to
reduce the incidence of opisthorchiasis is to increase
the availability of safe and effective drug therapy. To
date, praziquantel (PZQ) is the only recommended
therapy for opisthorchiasis. The development of
new drugs for the treatment of trematode infections
is a high priority because of the possibility of liver
fluke developing resistance to PZQ [4]. Indeed, in
vitro studies have confirmed that adult helminth
strains exposed continuously to PZQ show increased
resistance to the drug [5]. In addition, PZQ has no
preventive effect and is ineffective against parasite
larvae, which represents a serious gap in the
development of mass chemoprophylaxis strategies in
regions with high morbidity [6].

Thus, given the limitations of existing preventive
and therapeutic approaches, it is necessary to create
new therapeutic agents capable of effectively inhibiting
the activity of the parasite at all stages of its life cycle.

The assessment of trematode viability plays akey role
in the development of new methods for combating these
parasites. Currently, the method of assessing parasite
motility by visual inspection during microscopy is
widely used [7, 8], while scanning electron microscopy
to study ultrastructural integrity is less common [8].
The former is a semi-quantitative method requiring a
high level of specialist training; the latter requires more
effort and involves significant costs.

Currently, a wide range of reagents are used in in
vitro pharmacological studies to analyze the viability
of cultured cells. Among the most common techniques
are methods of intravital or postmortem staining
followed by spectrophotometry or fluorometry and
luminometric analysis [9]. Some articles mention
that viability of Schistosoma mansoni sporocysts

may be assessed by staining with the fluorescent dye
propidium iodide [10] or trypan blue [11]. Using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), widely used in cell culture, is of
particular interest as a method to assess parasite
viability [7, 12].

However, all the references found refer exclusively
to the study of the wviability of schistosomiasis
pathogens (Schistosoma mansoni). There are no data
on the application of a protocol using the MTT reagent
for opisthorchiasis in the available scientific literature.
It is important to note that formazan, formed as a result
of MTT molecule reduction by mitochondrial enzymes
of living cells, is insoluble in water and forms purple
crystals in cells [9]. This means that organic solvents,
such as dimethyl sulfoxide (DMSO) or isopropanol,
are required to quantify the formed formazan before
optical density determination, which complicates the
application of this method to multicellular organisms,
including Opisthorchis maritas.

The MTT test is a standard method for assessing cell
viability and determining cytotoxicity of compounds.
When performing it, it is necessary to take into account
the duration of incubation and cell seeding density to
ensure the accuracy and reproducibility of the results
[9]. However, a significant limitation of the MTT test
for determining the viability of multicellular organisms
is the inability to correctly interpret differences in the
size and number of cells, which can lead to distortion
of the final data and misinterpretation of the results.

The MTS test based on the use of a modified
MTT molecule is a simpler and more reliable assay.
This test allows living cells to produce water-soluble
stained formazan directly in the culture medium,
which simplifies the analysis [9].

The development ofasimple and affordable protocol
to assess the viability of liver fluke O. felineus maritas
will facilitate screening of potential therapeutic agents
with activity against opisthorchiasis.

The aim of the study was to develop a new method
to determine the viability of opisthorchiasis in vitro
using the M TS reagent and to evaluate its applicability
for analyzing the efficacy of anthelmintic agents in the
treatment of opisthorchiasis.

MATERIALS AND METHODS

Golden hamsters (Mesocricetus auratus) were
purchased from the vivarium of the Research Institute
of Cytology and Genetics of the Siberian Branch of the
Russian Academy of Sciences (Novosibirsk, Russia).
The use of animals in this study was approved by
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the Committee for the Care and Use of Laboratory
Animals of the Center for Preclinical Research of
the Central Research Laboratory of Siberian State
Medical University (Conclusion No. 1 0f 02.09.2024).

Cyprinidae (carp) fish caught in the rivers of the
Ob basin in the Tomsk region were used as a source of
primary biological material containing Opisthorchis
metacercariae. In order to isolate Opisthorchis
metacercariae from infected fish, we subjected them
to digestion in artificial gastric juice [13, 14].

Three months after infection, the animals were
euthanized, and O. felineus maritas were extracted
from the hepatobiliary tract. After washing in buffer
(200 U / ml penicillin — streptomycin in 1xPBS), the
maritas were placed in wells of culture plate filled
with the culture medium (RPMI 1640, 100 U / ml
penicillin — streptomycin, 10 g / 1 glucose, 2 g / 1
sodium bicarbonate) at 37 °C in an atmosphere of 5%
CO, [15]. The viability of Opisthorchis maritas was
assessed immediately after the extraction from the bile
ducts of infected hamsters and after 24 h of incubation
in complete culture medium.

The new proposed method for assessing the
viability of adult forms of O. felineus includes the
use of the MTS reagent and, at the first stages,
coincides with previously proposed protocols that
include the use of the MTT test [7, 12]. Maritas
were placed in eppendorf tubes (1.5 ml) containing
200 pl of phosphate-buffered saline (PBS) and 40 pl
of the MTS reagent (Promega, USA) and incubated
at 37 °C for 2 hours. The incubation medium was
collected and centrifuged at 5,000 rpm for 10 minutes
to precipitate eggs of the liver fluke and excretory-
secretory products. The supernatant was put into wells
of a 96-well plate, and then the optical density of the
medium was measured at 492 nm using the Tecan 200
Infinite Pro multifunctional microplate reader (Tecan,
Austria). As a negative control, maritas were subjected
to heat treatment at 65 °C for 30 min before the test,
which is known to cause their death [14].

To compensate for differences in the size and
cellularity of the maritas, the optical density values
were normalized to the amount of protein. The protein
content in adult liver flukes was determined by the
bicinchoninic acid assay method using the BCA
Protein Assay Kit (Sigma Aldrich, USA) [16]. For this
purpose, maritas were homogenized in lysis buffer
(0.1% SDS, 0.1M NaOH) followed by ultrasound
treatment (Bandelin Sonoplus 2070, Germany). After
centrifugation (3,000g for 10 minutes), the protein
content was determined in the collected supernatant.

The final viability value was determined as the
difference between the optical density of the medium
in the experimental wells after the MTS test and the
average optical density of the heat-treated samples.
The obtained value was normalized to the protein
content in each liver fluke.

To evaluate the prospects of using a new approach
to study the specific pharmacological activity of
anti-opisthorchiasis agents, isolated liver flukes
were cultured in the complete medium for 24 h in
the presence of PZQ at final concentrations of 0.1,
0.5, 1, and 10 pg / ml. After incubation with PZQ,
the viability of Opisthorchis maritas was assessed
by two independent methods: the standard semi-
quantitative method for assessing parasite motility
and a newly developed quantitative method based
on the production of water-soluble formazan by live
marita cells in the incubation medium using the MTS
reagent, taking into account the protein assay content.

Motility of O. felineus maritas was assessed
visually using a generally accepted motility scale
[14, 17]. Qualitative characteristics of motility were
described using absolute frequency and the percentage
value. Ten maritas were used for each concentration
of PZQ. The motility of viable liver flukes was graded
on a scale from 0 to 3 ([+++] very active (movement
similar to the control flukes); [++] active (reduced
motility compared to the control; however, body
movements were preserved), [+] reduced viability
(only oral sucker movements), and [—] immobility)
[17]. Mean parasite motility was calculated for each
PZQ concentration and expressed as a percentage
relative to the control values.

The experimental data were processed using the
GraphPad Prism 8 software (GraphPad Software,
USA). All results were presented as the mean and
the standard deviation (M=+SD). The nonparametric
Kruskal — Wallis and Shapiro — Wilk tests with the
Benjamini — Hochberg procedure were used to test
the significance of differences between the studied
groups. Differences were considered statistically
significant at p < 0.05 and p < 0.001. Normalized non-
linear regression analysis was used to calculate the
PZQ concentration at which fluke viability decreased
by 50% (IC50) after 24 h of incubation.

RESULTS

The results of the experiments showed that
incubation of freshly extracted Opisthorchis maritas
from the liver of infected hamsters with the addition
of the MTS reagent in the culture medium produced
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colored water-soluble formazan, and the average
value of optical density in the wells was 1.018 £ 0.109
(n=10) (Fig. 1). It is known that elevated temperature
(65 °C for 30 minutes) leads to death of maritas
[14]. Indeed, after heat inactivation of maritas, no
significant formazan production was observed in the
incubation medium under these conditions (Fig. 1).
Therefore, in the future, when calculating the viability
of maritas using the MTS reagent, this well in the plate
was taken as a control sample (blank), to which all the
measurements were compared.

0.8

OD4‘)0

0.4 =

Maritas after heat
inactivation (n = 10)

Maritas after isolation ~Maritas after 24-hour
(n=10) incubation (n = 10)

Fig. 1. Production of water-soluble formazan in the marita

incubation medium immediately after isolation from the liver

bile ducts of infected hamsters, after 24 hours of incubation in

a complete culture medium, and after heat inactivation (65 °C,
30 min)

After 24-hour incubation of maritas in the complete
culture medium in a CO: incubator at 37 °C, the
amount of formazan in the medium determined by the
MTS test did not differ from the values obtained for
freshly incubated mature forms of O. felineus (Fig. 1).
Firstly, these results confirm the preservation of the
viability of Opisthorchis maritas under the indicated
culture conditions. Secondly, they indicate that
the accumulation of water-soluble formazan in the
incubation medium during the MTS test does reflect
the viability of maritas.

The process of tetrazolium reduction occurs during
oxidative metabolism in the cell mitochondria [9], and
the liver flukes isolated from the liver of hamsters differ
in size and cellularity. Therefore, the normalization of
the formazan amount to the protein content in a marita
is a more objective indicator for assessing the viability
of flukes.

Indeed, the amount of formazan product formed,
expressed in units of optical density after the MTS
test, positively correlates with the protein content
in O. felineus maritas (Fig. 2). Therefore, in further

experiments, the obtained data on parasite viability
were normalized to the amount of protein.

PZQ is currently one of the most common
antiparasitic drugs used to treat diseases, such as
opisthorchiasis, clonorchiasis, schistosomiasis, and
other trematode infections. In some endemic regions,
it is actively used as part of preventive chemotherapy
programs against parasitic infections [18, 19].
We studied the effect of PZQ at concentrations
of 0.1, 0.5, 1, and 10 pg / ml on the viability of
O. felineus maritas in the incubation medium using
an in vitro model. Incubation of maritas for 24 hours
with increasing PZQ concentrations in the culture
medium (0.1, 0.5, 1, and 10 pg / ml) leads to a dose-
dependent decrease in fluke motility up to complete
immobilization, as well as a partial change in their
color (Table).

Table

Motility of O. felineus maritas 24 hours after adding different
concentrations of praziquantel (PZQ) to the medium in vitro

PZQ Number of O. felineus maritas, %
concentration according to the motility scale

pg/ml 0 | 2 3
0 0 0 0 10
0 0 0 100

0 9 1 0

0.1 0 90 10 0

6 4 0 0

05 60 40 0 0

| 8 2 0 0

30 20 0 0

10 0 0 0

10 100 0 0 0

Note. Motility scale of O. felineus maritas: 3 — normal motility; 2 —
reduced motility; 1 — very weak motility visible only at microscope
magnification of x 20; 0 — absence of motility or death, which is
registered when no movement is observed for 2 minutes only at
microscope magnification of x 20.

Application of PZQ at a concentration of 0.1 pg /
ml in the parasite culture medium leads to paralysis
of O. felineus muscle tissue, minimizing their motility
but preserving their viability during 24 hours of
exposure. At a PZQ concentration of 0.5 pg / ml,
40% of O. felineus maritas were characterized by very
weak motility (1 point on the motility scale), while
60% had no motility. When the PZQ concentration in
the incubation medium was increased to 1 pg / ml,
80% of O. felineus maritas showed no motility
(0 points on the motility scale). Ata PZQ concentration
of 10 ug / ml, no O. felineus maritas showed motility
(Table).
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At the same time, a dose-dependent decrease
in the production of water-soluble formazan in
the incubation medium was observed under the
influence of the drug. The percentage of viability of
cultured maritas was 63.7, 38.9, 26.5, and 6.4% at
PZQ concentrations of 0.1, 0.5, 1, and 10 ug / ml,

1.3 =
1.2 -
_ L1 -
Qv
o
1.0 —

0.9 =

0.8

respectively (the values of formazan production in
the incubation medium without the drug were taken
as 100%) (Fig. 3). The results correlate with the data
obtained by an independent method for assessing
the viability of maritas using the motility scale
(Table).

R>=0.8269
p=0.001

0.12 0.14 0.16

0.18 0.20 0.22 0.24

Protein, mg / marita

Fig. 2. The relationship between the accumulation of formazan in the marita incubation medium during the MTS test and the protein
content in them, n = 10

100 = 1
- p<0.05
I
°\; T I 1
% T p<0.05
E 50 - —‘li *
> J_ T
25 - l
[T
0 T T ] I
0 0.1 0.5 1 10

Praziquantel concentration, pg /ml

Fig. 3. The effect of different concentrations of praziquantel (ug / ml) on the viability of Opisthorchis maritas during their culture
for 24 hours, n = 10. * p < 0.05 compared to the controls

The IC50 value (concentration causing 50% cell
death of marita cells after 24 h of incubation with the
drug) was used as an integral index characterizing the
anti-opisthorchiasis activity of PZQ.

The nonlinear regression analysis showed that the
IC50 value for O. felineus maritas was 0.24 pg / ml

after 24 hours of incubation with PZQ. Thus, the
proposed MTS test approach, which takes into account
the protein content in the samples, represents an
objective quantitative method for analyzing the viability
of O. felineus maritas and can be used to evaluate the
efficacy of new anthelmintic agents in vitro.
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DISCUSSION

To date, PZQ remains the only drug of choice for the
treatment of opisthorchiasis. Given the potential risk
of resistance to PZQ in liver flukes, the development
of new drugs for the treatment of trematode infections
remains an urgent task and has a high priority [4].

When evaluating the anthelmintic properties of
new compounds, it is often necessary to determine the
viability of the parasite in vitro when it is incubated
with different concentrations of the test substance.
Currently, the parasite motility scale from 0 to 3 is
used to determine the viability of O. felineus [14].
This method is not standardized, requires much effort,
and depends on the subjective assessment of the
researcher.

A more objective approach to assessing trematode
viability was first demonstrated in experiments with
Schistosoma mansoni using the MTT test [19]. This
method is most commonly used to estimate the number
of viable cells in culture and is based on the ability of
mitochondrial and cytoplasmic dehydrogenases of live
and metabolically active cells to reduce tetrazolium
derivatives, MTT reagent, into water-insoluble
formazan, which requires DMSO dye extraction to
determine its amount [20]. However, this study does
not take into account the differences in cellularity of
mature forms of S. mansoni, which is an important
limitation in interpreting the results.

Recently, a second-generation tetrazolium dye,
MTS, has appeared as part of laboratory methods
for assessing cell viability [21], which, with the
participation of phenazine methasulphate, is reduced in
the culture medium to stained water-soluble formazan,
which makes it possible to significantly accelerate the
analysis and obtain more objective results.

In this study, an attempt was made to develop
a screening method to evaluate the in vitro
anti-opisthorchiasis activity of drugs using the
MTS test.

When analyzing the results of the experiments,
it was found that during incubation of Opisthorchis
maritas in the medium with the addition of the MTS
reagent, colored water-soluble formazan accumulates.
Heat inactivation of the parasites results in several
times lower production of the colored compound. This
confirms that the MTS test, traditionally used to assess
cell viability in in vitro cell culture [22], indeed allows
to assess the mitochondrial metabolic activity of cells
of multicellular organisms, such as maritas, and thus
determine their viability.

Since the investigated maritas differed in size and,
consequently, in the number of cells, the data on their
viability were normalized to their protein content.
Formazan production by the maritas, expressed
through their protein content, was consistent with the
parasite viability results obtained according to the
traditional method using the motility scale [13].

The effect of different PZQ concentrations, the
drug of choice for the treatment of opisthorchiasis,
on the viability of maritas in vitro was also assessed
by two independent methods (the MTS test and the
use of the motility scale). The data obtained on the
viability of maritas using the MTS test were consistent
with those obtained using the motility scale. For PZQ,
the IC50, defined as the concentration required to kill
50% of the marita cells after 24 hours of incubation
with the drug, was calculated to be 0.24 pg / ml. The
results obtained are consistent with literature data that
the IC50 for PZQ determined using other methods is
0.16 pg / ml for O. viverrini 23] and 0.14 pg / ml of
O. felineus [14].

Thus, we have developed a quantitative method
to examine the anti-opisthorchiasis activity of drugs
in vitro, based on the evaluation of water-soluble
formazan production by O. felineus maritas in the
culture medium using the MTS test, taking into
account the protein content in the sample.

CONCLUSION

A new method for in vitro evaluation of anti-
opisthorchiasis activity of drugs has been developed,
based on the assessment of water-soluble formazan
production by O. felineus maritas in the culture
medium using the MTS reagent. The results obtained
coincide with the parasite viability indices determined
according to the traditional methodology using the
motility scale. The normalization of the optical density
of the formed formazan to the amount of protein in the
parasite is a more objective indicator for expressing
the viability of O. felineus maritas.

The results of evaluating the efficacy of the
drug of choice for the treatment of opisthorchiasis
— PZQ — using the MTS test in vitro correlate with
the published research data, which allows to consider
the developed approach as a simple and affordable
method for the study of anti-opisthorchiasis activity
of new anthelmintic agents.
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Effects of anti-epidemic (quarantine) measures on people during the
COVID-19 pandemic: applying social network analysis to identify
the key topics
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ABSTRACT

The aim of this study was to examine the public reaction to the implementation of quarantine measures through a
personality-oriented discourse.

Materials and methods. Text data were collected from a microblogging platform, resulting in a dataset of 86,750
texts related to the topics of “pandemic” and “quarantine measures”. The lexical conceptualization of the pandemic
and quarantine measures represented in the texts was analyzed through the lens of a personality-oriented discourse.
Text lemmatization was conducted using the “snowball” library. A data feature matrix was then created based
on the lemmatized tokens, which included 53 tokens with a frequency of use exceeding 1,300 times. The Social
Network Analysis (SNA) method was used to create a keyword co-occurrence network consisting of undirected
graphs. This analysis was performed using the free software R version 4.4.1, with the assistance of the Quanteda
library, built-in “base” packages, and the gsub function.

Results. The resulting network consisted of 53 key lexemes, which actors used to respond to quarantine
measures in the personality-oriented discourse. The central node of the network was “coronavirus”, which was used
79,838 times between March 1 and April 30, 2020. The nearest nodes were “test” (used 4,663 times) and “Russia”
(used 5,848 times). This network had high centrality, indicating that despite strict restrictive measures, the focus
of the general public was on the pandemic itself and its impact on society rather than on the restrictions imposed.

Conclusion. The implementation of these anti-epidemic measures has created a unique sociolinguistic world view,
reflecting the interaction between society and the outside world in a time of uncertainty and health risks, affecting
the analysis of information and the behavioral strategies chosen by society.

Keywords: coronavirus, personality-oriented discourse, natural language processing, social network analysis,
sociolinguistic world view
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BnnaHuve npoTtnBoaNnaeMmnyecKknx (KapaHTUHHbIX) MeponpuaATun
B ycnoBusax naHgemun COVID-19 Ha HaceneHue: BbisiBNeHNe KIo4YeBbIX
TeMaTuK C NOMOLLbIO COLMaNIbHO-CETEBOro aHanun3a

Mnewkosa E.K." 2, Pe3aHoBa 3.U.’

! Hayuonanonutii uccreoosamenvcrkuil Tomexuti 2ocydapemeennwiti ynueepcumem (HU TI'Y)
634050, 2. Tomck, np. Jlenuna, 36

2 Cubupcruii 2ocyoapcmeennvlii meouyurckull yHusepcumem (Cubl MY)
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PE3IOME

Hens uccienoBanusi — U3y4eHNEe PeakMy OOIIECTBA HA BBEJEHHE KapaHTHHHBIX Mep 110 JaHHBIM JIMYHOCTHO
OPHEHTHPOBAHHOTO JHUCKypCa.

MarepuaJjibl 1 MeToAbl. [Ipon3Benen cO0p TEKCTOBBIX AJaHHBIX Ha MIaTopMe MUKpoOIoroB. JlataceT cocTos u3
86 750 TekcTOB, 00BETMHEHHBIX TEMAaTUKON «ITAHAEMHUD», KKapaHTHHHBIE MepbD». [IpoBeeH aHaTN3 TeKCHIECKOM
KOHIIETITYalIM3aliy MTaHJIEMHN U KapaHTHHHBIX MEp B JITYHOCTHO OPHEHTUPOBAHHOM JIHCKypCE, PENPE3EHTHPO-
BaHHOI B cOOpaHHBIX TeKCTax. BrIoaHeHa teMMaTu3anys Ha OCHOBe Oubnnotekn Snowball, moctpoena matpuma
datafeature matrix Ha OCHOBE JIEeMMAaTH3UPOBAHHBIX TOKCHOB, BKJIIOUaBIIas 53 TOKEHA, YaCTOTHOCTH yIOTpelite-
HUs KoTophIX mpeBbimana 1 300 pa3. MeTogoM coMaabHOr0-CETEBOrO aHaIN3a IOCTPOSHA CETh COMPUCYTCTBUS
KITIOUEBBIX JIEKCEM, COCTOAIIAS U3 HEOPUEHTUPOBAHHBIX rpad)oB. AHAIN3 OB BBIIOJIHEH B CBOOOIHOM MPOTpaMM-
HOM obOecrieuennu R Bepcun 4.4.1 ¢ ucnonp3oBanneM Oubanorekn Quanteda, BCTpPOCHHBIX MTAKETOB base U pyHK-
UH gsub.

PesyabTarthl. [lonyyeHa ceTh U3 53 KITFOUYEBBIX JIGKCEM, C MOMOIIBIO KOTOPBIX aKTOPbI JMYHOCTHO OPHEHTHPO-
BaHHOTO JHUCKypCa pearupoBaiy Ha KapaHTHHHBIC MEPOTIPHUATHSL. SIAPO CETH — y3eT «KOPOHABUPYCY» YIOTPEOICHO
79 838 pas B mepuox ¢ 1 mapta mo 30 anpens 2020 r. bawkaiimue y3mibl: «rect» (yrnoTpedneno 4 663 pasa) u «Poc-
cus» (ynorpebieno 5 848 pa3). CeTb UMEET BBICOKYIO LIEHTPAJILHOCTD, LIEHTPAJIbHBIN y3€Jl CETH «KOPOHABUPYCH
CBUACTEIILCTBYET O TOM, YTO, HECMOTPA HA BBEACHHUE KCCTKUX OrPaHUYUTCIIbHBIX MEP, HACCICHUE (bOKyCPIpOBa-
JIOCh HE Ha BBCJICHHBIX OIPAHHUYCHUAX, & HCIIOCPEACTBEHHO HA MAHACMHU U €€ BJIMAHUMN HA XUSHECACATECIbHOCTD
oOriecTBa.

3akiroueHue. BBCZ[CHI/IG MIPOTUBOSMUAECMUYECKUX MepOHpHHTHﬁ C(i)OpMHpOBaJ'IO YHUKAJIbHYIO COLITMOJIMHTBUCTH-
YCCKYIO KapTHHY MHUpa, OTPaKaroulyro B3aUMOJICHCTBUE O6H.IeCTBa C BHCIIHUM MHUPOM B YCJIIOBUAX HEONPEACICH-
HOCTH U pUCKa 3I0POBbIO, BIIUAIOIIYIO Ha aHAJIN3 I/IHq;)OpMaL[I/H/I u BI)I60p HOBeHqueCKOfI CTpaTerun OGH_ICCTBOM.

KuroueBble ci10Ba: KOpOHABHUPYC, TMYHOCTHO OPUEHTHPOBAHHBIH TUCKYpC, 00pab0TKa €CTECTBEHHOTO SI3bIKA, CO-
L[1aJIbHO-CETEBO aHaJIN3, COLMOIMHTBUCTUYECKAsl KapTHHA MUPa

KoHpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJUKanneil HaCTOSIIEH CTaThH.

Hcrounuk ¢(uHancupoBaHus. lccienoBaHue BBIMOJHEHO 3a cYeT rpaHTa Poccuiickoro HaydHoro (osaa
(mpoexT Ne 23-28-01001).

s untupoBanus: [lnemxosa E.K., Pesanosa 3.1. BausHue npoTuBosnuaeMuyeckux (KapaHTHHHBIX) MEpO-
npuATHid B ycnoBusax nmanaemun COVID-19 Ha HaceneHue: BBIBIEHHE KIIOUEBBIX TEMATHK C ITOMOIIBIO COILU-
abHO-CETeBOr0 aHanusa. biouiemens cubupckoti meouyunsl. 2024;23(4):120-128. https://doi.org/10.20538/1682-
0363-2024-4-120-128.

INTRODUCTION by a volatile and unpredictable VUCA world, which
has now evolved into a BANI world: brittle, anxious,

New challenges have emerged with the advent of a nonlinear, and incomprehensible [1]. Each letter
new era. The once-familiar and orderly world, which of the acronym BANI (brittle, anxious, nonlinear,
many believed to be predictable, has been replaced incomprehensible) defines a new world. The term
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was coined in 2020, when society faced a pandemic
that brought about radical changes and triggered
transformation that affected all aspects of society. The
study of the COVID-19 pandemic is not only of interest
for researchers in the fields of medicine, biomedicine,
and economics, but also for linguists and philologists,
as it is crucial to understand how the pandemic has
transformed not only society, but also language as a
means of expressing collective consciousness [2].

In this article, we will examine how society
responded to the implementation of quarantine
measures during the COVID-19 pandemic, based
on personality-oriented discourse, as this discourse
serves to illustrate and shape public opinion [3].
In recent years, the effectiveness of such studies
has been enhanced by the use of natural language
processing (NLP), computational linguistics, artificial
intelligence, and social network analysis (SNA) on
large corpora of texts, which allows for structuring
information contained in texts. However, the focus
of research has primarily been on social networks,
with the social media platform X (formerly known as
Twitter, which is blocked in the Russian Federation)
being the leading platform until recently. By
combining mathematical analysis and sociolinguistic
analysis of texts, researchers are able to analyze
various phenomena, such as the spread of diseases,
the growth of protest movements in society, social
inequality, the influence of social networks on youth
communities, and much more [4]. For instance,
Jinghao Wang et al. noted the use of social networks
as a means of identifying how the effects of negative
temperature dynamics, local air pollution, and natural
disasters on individuals are interpreted [5].

Studying the pandemic through the lens of its
manifestations in the language, it is important to
consider specific stages of its development, particularly
the implementation of quarantine measures and a
public response to them, which was actively expressed.
Researchers have interpreted the quarantine measures
introduced in March 2020 in the Russian Federation as
the largest psychological or psychosocial experiment,
the study of which will continue for a long time in the
social sciences using various methods [6].

MATERIALS AND METHODS

Social Network Analysis (SNA) is a method used to
study various structures and relationships by applying
graph theory to visualize and analyze connections
between organizations or individuals in a network [7].
The studied network can be represented by any data, since

the method allows for analyzing relationships between
actors in a community, events related to a specific
topic [8], relationships between scientific publications
within a particular organization [9], and connections
between lexical units in different types of discourse
[10]. Essentially, SNA maps the relationships between
different actors, providing a visual representation of how
they interact with each other. This allows researchers to
identify patterns and assess the strength of connections
between network actors.

The analysis was conducted using the free software
R version 4.4.1 and the Quanteda library [11], as well
as the built-in base package and the gsub function for
replacing string sections. In this study, we analyzed
the lexical conceptualization of the pandemic and
quarantine measures in personality-oriented discourse.
At the first stage, the text data was collected from the
social media platform X (formerly known as Twitter,
which is blocked in the Russian Federation) to form
the dataset.

The dataset consisted of 86,750 tweets (short texts)
related to the topics of “pandemic” and “quarantine
measures”, posted between March 1 and April 30,
2020. During the preparation stage, hyperlinks,
hashtags, and user tags were removed, as well as
punctuation marks and numbers. A corpus of texts
was put together based on the dataset, and then
it was tokenized. Stop words were removed, and
lemmatization was performed based on the Snowball
library. A data feature matrix was then created based
on the lemmatized tokens. The matrix only included
tokens that were mentioned more than 1,300 times.
So, the matrix comprised 53 tokens. A feature co-
occurrence matrix was then built, including the most
frequently occurring words in texts related to the
pandemic and quarantine measures. Using this matrix,
a feature co-occurrence matrix was created using the
textplot network function. Finally, social network
analysis methods were used to study how information
about the introduction of quarantine measures was
distributed and functioned in personality-oriented
discourse.

RESULTS

The analysis resulted in a network of 53 key
lexemes that were used at least 1,300 times (Fig. 1).
These lexemes were frequently used by actors in
personality-oriented discourse to express their attitude
towards the introduction of quarantine measures. The
resulting network illustrates the lexical landscape of
discussions concerning quarantine measures from
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March 1 to April 30, 2020. This is a single-core
network with high centrality. The network nodes
are the most commonly used lexemes related to the
pandemic and quarantine measures, while the edges
of the graph represent the connections between these
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strength of the connection between the nodes: the
greater the weight, the more frequent the use. This
pointed out that these lexemes were frequently used
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Figure. Network displays the most commonly used lexemes in microblogs collected from the X platform (formerly known as
Twitter, blocked in the Russian Federation). These texts were published in response to lockdown measures in March—April 2020.
The network consists of 53 key lexemes that were used at least 1,300 times

The core of the network, the most frequently used
word, is “coronavirus” which was used 79,838 times
in texts and had the highest frequency of use during
the period of quarantine measures (March 1 — April
30, 2020). The cluster of key lexemes closest to the
network core includes “coronavirus” («<kOpOHaBUPYC»)
(used 79,838 times), “test” («rect») (used 4,663
times), and “Russia” («Poccus») (used 5,848 times)
and is highlighted by a dark blue circle with a solid
line. The nodes “Russia” — “coronavirus”, and “test” —
“coronavirus” have the smallest geodesic distance in
the network, as well as the highest weight of the edges
connecting them, indicating frequent co-occurrence
of these lexical units. It is likely that in their texts,
actors of personality-oriented discourse discussed
the incidence (increase in incidence) of the novel
coronavirus infection and the availability of diagnostic
tests for COVID-19 (e.g. “Today, anyone can take a

coronavirus test, even without symptoms” or “What
rapid tests for COVID-19 exist?” («CeroaHst TecT Ha
KOPOHABUPYC MOKET CIaTh JII000M eIy, 1axe
nopu OTCYTCTBUH CHUMIITOMOB), «Kakne CYLIECTBYIOT
skcmpecc-TecTsl Ha COVID-197»), etc.).

It is worth noting that in the Russian segment
of the social media platform X (formerly known as
Twitter blocked in the Russian Federation), people
predominantly use the Russian name for the virus,
compared to the English name “COVID” (3,970 vs
79,838 uses of the lexeme “coronavirus”).

The lexeme “COVID” was often used together with
“coronavirus” as seen in the graph (Figure) in the area
highlighted by a red dashed line ellipse. A graph with
nodes “COVID” and “coronavirus” connected by a
high-weight edge confirms the frequent co-occurrence
of these lexemes in texts related to the pandemic and
quarantine measures. The high edge weight and small
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geodesic distance between the nodes also indicate a
fairly frequent co-occurrence of these lexical units.
Most often, the co-occurrence of “coronavirus” and
“COVID” was observed in tweets and hashtags (e.g.
“Yes, people wear masks, but the Chinese, even
without coronavirus, always wore masks because
of the air #covid #coronavirus” ([la, Hapox xomuT
B MacKax, HO KHMTailbl Jaxke 0e3 KOpOHOBUpYyca Ha
MOe# maMsATH BCera XOIUIIU B MacKax M3-3a BO3/1yXa
#covid #coronavirus)). It is worth noting that despite
the negative impact of restrictive measures, society
still focused on discussing the original source of the
problem — the new virus — giving it a predominant
role in their discussions within personality-oriented
discourse.

The graph shows a cluster of lexemes, including
“world” («mup») (3,154 uses), “news” («KHOBOCTBY)
(3,179 uses), and “coronavirus”, highlighted by a blue
dashed line ellipse. This suggests that the Russian
users on the X platform (formerly known as Twitter,
which is blocked in Russia) discussed information
from both Russian and international media
(represented by the “world” node). This aligns with
the findings of international and Russian researchers,
who have noted that media discourse is the main
source of information about the pandemic, the novel
coronavirus infection, and quarantine measures[5,
12, 13]frequent global measurements of affective
states to gauge the emotional impacts of pandemic
and related policy interventions remain scarce. Using
654 million geotagged social media posts in over 100
countries, covering 74% of world population, coupled
with state-of-the-art natural language processing
techniques, we develop a global dataset of expressed
sentiment indices to track national- and subnational-
level affective states on a daily basis. We present two
motivating applications using data from the first wave
of COVID-19 (from 1 January to 31 May 2020. This
connection indicates that society primarily receives
information from media discourse rather than other
sources, such as business discourse, which may
provide unbiased information (orders, regulations,
laws, etc.). The graph confirms this statement since its
edge connecting the “coronavirus” and “news” nodes
has high weight, which indicates a strong connection
and a high degree of co-occurrence of these lexemes.
This may contribute to the growing infodemic in
personality-oriented discourse, as media discourse is
not always unbiased.

One of the most discussed topics during the
lockdown is visualized in an interesting way. It

includes the following nodes: “coronavirus” + “test”
+ “result” («pe3yabraT»), which naturally should have
formed a semantic unity with high co-occurrence. The
resulting network contains this graph, the nodes of
which are lexemes “coronavirus” (79,383 uses), “test”
(4,663 uses), and “result” (approximately 1,300 uses).
However, the nodes “test” and “result” are connected
by an edge with very low weight, which suggests that
people hardly ever mentioned these lexemes together.
Instead, the lexeme “test” was more frequently used
with the lexemes “coronavirus” and “result”, since
the edge connecting it with the former lexeme is of
high weight and a small geodesic distance. The edge
connecting “test” and “result” has lower weight than
that connecting “test” and “coronavirus”, but its
weight is higher than that connecting the lexemes
“result” and “test”, with a large geodesic distance
between the nodes.

When planning to study the way lockdown is
reflected in personality-oriented discourse, we assumed
that such units as “restrictions” («orpanuyenus») and
“self-isolation” («camomzonsus») would be among
the most frequently used and form a large number
of combinations (semantic unities). However, the
node “restrictions” was not included in our network
of 53 most commonly used lexemes. The network
contains the node “self-isolation”, which is located on
the periphery of the network, far from the core node
(“coronavirus”). This suggests that “self-isolation”
was not a commonly used term in lockdown-related
texts. Additionally, the node for “self-isolation”
(= 1,300 uses) is part of a graph that includes the
following nodes: “coronavirus”, “time” («Bpems»)
(> 1,300 uses), and “self-isolation”. This graph is
highlighted by a yellow dotted line ellipse, and the
nodes are labeled in the following way: “time” — 1,
“self-isolation” — 2, and “coronavirus” — 3. The nodes
“time” and “self-isolation” are connected by a weak
edge, and the geodesic distance between them is quite
large, indicating that these terms were not often used
together. It is worth noting that the nodes “time” and
“coronavirus” and the nodes “self-isolation” and
“coronavirus” also have a low degree of connectivity
(with weak edges and a large distance between them).

On the other hand, the graph consisting of the nodes
“coronavirus” (used 79,383 times), “help” («momorib»)
(used 3,923 times), “pandemic” («manaemus») (2,048
times used), and “people” («rogu») (3,556 times
used) most likely represents a discussion on the topic
of medical care provided during the pandemic. The
topic related to diagnosing the novel coronavirus
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infection among the population by presentation to
medical facilities is represented by a cluster of words
associated with the “coronavirus” node, which reflects
the development of the topic devoted to the pandemic
and its impact on social and demographic phenomena.
This cluster is highlighted by an orange solid line
ellipse and includes the words “coronavirus” (79,383
times used), “suspicion” («momo3penue») (2,130
times used), “hospital” («OosbHUIIAY) (2,762 times
used), and “doctor” («Bpau») (2,365 times used). It is
interesting to note that the edge connecting the nodes
“coronavirus” and “hospital” is stronger than the one
connecting “coronavirus” and “suspicion”, indicating
a higher level of connectivity and confirming the
joint use of these key lexemes in personality-oriented
discourse. The same can be observed with the nodes
“coronavirus” and “doctor”. This suggests that the
actors in personality-oriented discourse discussed
the medical community (represented by the node
“doctor”) and the incidence statistics (represented by
the joint use of “coronavirus” and “hospital”), which
allows us to identify these clusters in the resulting
network.

It is worth noting that the beginning of the
pandemic was a frequently discussed topic in
personality-oriented discourse, which is evidenced
by the presence of a coherent block of co-occurrent
terms: “first” («mepBblii») + “patient” («mamueHT») +
“coronavirus”. It is obvious that the topic discussed
was the first patients with coronavirus, which can be
visualized as a graph with the nodes “coronavirus”
(79,383 times used), “first” (> 1,300 times used), and
“patient” (2,029 times used). The cluster is highlighted
by a gray solid line ellipse. Additionally, it is worth
mentioning that the cluster also includes the node
“region” («obnactey») (3,127 times used). This node
is part of another cluster, forming a semantic unity
with the nodes “case” («cmyuaii») (2,602 times used)
and “infection” («3apaxenue») (2,418 times used).
However, its proximity to the cluster reflecting public
attitude towards the beginning of the pandemic suggests
that people learning about the first people infected with
COVID-19 looked up the statistics of their region. The
co-occurrence and high frequency of the key lexemes
“region”, “case”, and “infection” indicate that people
actively sought information about the statistics of
incidence in their region and expressed their own
attitude towards the situation through short text
messages. This hypothesis is further supported by the
fact that the key lexemes “infection” and “case”, which
are mentioned with high frequency, form a semantic

unity “case of infection” («ciy4aii 3apaskenus»), which
is also frequently mentioned (596 times used) (Table
2). For example, “New cases of COVID-19 infection
have been registered in the Kostanay region” («HoBsie
ciyyan 3apaxkenuss Covid-19 3apeructpupoBaHbl B
KocraHnatickoii o0mactu»).

The cluster, including the key lexemes “news”,
“latest” («nocnemuuii»), and “coronavirus”, located at
a large geodesic distance from each other, confirms
that participants of personality-oriented discourse
relied on information obtained from the news when
expressing their attitude towards the pandemic and
the introduction of restrictive measures. The presence
of this cluster in the network, as well as the high
frequency of mentions of the key lexeme “news”
(3,879 times used) and the phrase “latest news”
(«nocnegaue HOBocTHY) (822 times used) highlights
the close connection of personality-oriented discourse
and media discourse. This connection became even
more significant during the COVID-19 pandemic,
as society was seeking new sources of information
to make informed decisions in the face of increasing
risks to life and health.

The lexemes “virus” («Bupyc») (2,245 uses) and
“epidemic” («onunemus») (2,248 uses) formed graphs
in the network with the core node ‘“coronavirus”,
which may indicate that the actors of personality-
oriented discourse, as expected, focused on everyday
problems and restrictions brought by the pandemic,
without discussing the phenomenon of the pandemic
as a whole. The absence of connections with the
node “virus” may indicate a close connection of
personality-oriented discourse and media discourse.
People received information from the media and
expressed their attitude to the information received,
using the terminology specified in media discourse
“coronavirus”, and not just “virus” or “disease”).

Thenodes “China” («Kuraii») (> 1,300 times used),
“Italy” («Hrtamus») (> 1,300 times used), and “USA”
(«CILA») (2,182 times used) indicate that users of the
Russian segment of the X platform (formerly known
as Twitter, blocked in the Russian Federation) took
into account world news when forming their own
attitudes towards the new coronavirus pandemic and
the introduction of lockdown but were still more
focused on the situation in the Russian Federation.
This is confirmed by the remoteness of the nodes from
the network core, as well as the fact that the nodes are
linked to other key lexemes by edges of lower weight,
demonstrating a low degree of connectivity of the
key lexemes. In addition, the lower interest in foreign
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scenarios for the development of the pandemic is
confirmed by the frequency of mentions of countries:
“China” (> 1,300 times used), “Italy” (= 1,300 times
used), and “USA” (2,182 times used) in comparison
with the key lexeme ‘“Russia” (5,848 times used),
which ranks second in the frequency of use after the
lexeme “coronavirus”.

The incoming centrality of the network is estimated
by the number of connections included in the node; it
canbe said that the centrality corresponds to the concept
of “popularity”. Evaluating the constructed network,
we can say that the most popular topic discussed during
the period of introduction of quarantine measures was
not restrictions but coronavirus, since it is this lexeme
that represents the core of the network with the largest
number of connections included in it.

In order to estimate the frequency of key lexemes
that formed the network and demonstrated the main
topics that concerned the population during the
lockdown, we used the data feature matrix function
in the Quanteda library. We calculated the sum of key
lexemes in the columns of the data feature matrix,
each row of which is a separate tweet (microblog).
The results obtained are shown in Table 1.

Table 1

Numerical expression of nodes located in the network
demonstrating key lexemes and their interactions in
personality-oriented discourse during the lockdown period

coronavirus 79,838
Russia 5,848
test 4,663
quarantine 4,488
COVID 3,970
help 3,923
news 3,879
people 3,556
world 3,154
region 3,127
home 2,864
hospital 2,762
case 2,602
new 2,484
infection 2,418
doctor 2,365
virus 2,245
Putin 2,207
USA 2,182
suspicion 2,130
pandemic 2,048
patient 2,029

The results presented in Table 1 support the visual
representation of personality-oriented discourse
(Figure). “Coronavirus” is the most frequently used

lexeme, which formed the basis of all combinations
expressing the public attitude towards the introduction
of quarantine measures and the pandemic. “Russia”
is the second most frequently used lexeme, as the
analysis was conducted using information from the
Russian-speaking segment of the social network. An
interesting observation is that the lexeme “pandemic”
has one of the lowest frequency rates. It can be
assumed that the term “pandemic” is more common for
media or business discourse, where the professional
medical community expressed their views on the
pandemic. In contrast, personality-oriented discourse
is characterized by lexemes that reflect the topics
concerning the general public during the specified
period, such as “coronavirus”, “Russia”, “quarantine”
(«xapaHTHH»), and “test”.

Table 2

The most frequently used phrases in personality-oriented
discourse, including key lexemes

Collocation Number of uses
coronavirus test 3,217
suspected coronavirus 1,883
coronavirus detected 1,136
coronavirus in Russia 1,004
latest news 822
infected with coronavirus 711
coronavirus infection 707
to overcome the coronavirus 599
cases of infection 596
coronavirus analysis 591
coronavirus has been detected 578
coronavirus has been diagnosed 566
the pandemic of coronavirus infection 553
coronavirus testing 550
spread of coronavirus 518
coronavirus news 458

In order to determine the most frequently used
semantic units related to quarantine measures between
March 1 and April 30, 2020, the textstat collocations
function from the Quanteda library was utilized. The
top 20 phrases were extracted. The results are shown
in Table 2. This analysis reveals the main topics that
were discussed in personality-oriented discourse
during the lockdown period from March 1 to April 30,
2020, represented as clusters in the resulting network.

DISCUSSION

The analysis demonstrates that the topic of
the novel coronavirus infection, as well as the
introduction of quarantine measures, consists of
several interconnected key topics. These topics
form visually identifiable clusters in the constructed
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network, with a high centrality and a core
“coronavirus”. This confirms the presence of coherent
links between the texts studied during the period of
March 1 — April 30, 2020, in non-institutional type
of discourse. Additionally, the resulting network
indicates the integration of discourses in which
there was an active discussion of the introduction
of quarantine measures in the Russian Federation.
The population received information about the
pandemic and quarantine measures through media
discourse, which formed their perception of the
risk to their own health and life, which often
led to growing panic due to both information
overload and insufficient information. The key term
“coronavirus”, which forms the core of the network,
encompasses discussions on public health, incidence
statistics, incidence rates in different regions, the
spread of the virus, and measures to contain it. It
also includes discussions on measures to help and
support the population. The analysis revealed that
the key lexemes reflecting the main concepts and
concerns of the general public during the pandemic
and the introduction of quarantine measures have a
sociocultural dependence. They allow us to form a
linguistic worldview during this pandemic.

CONCLUSION

This study confirms the presence of a unique set of
topics that reflect the sociolinguistic worldview that
was shaped by the pandemic and the introduction of
quarantine measures. These topics identified through
key lexemes not only reveal public attitude towards
the pandemic and quarantine measures but also shed
light on the evolution of public opinion, sources of
information, and factors influencing the interpretation
of information. Considering the findings of other
researchers studying the pandemic through the lens of
sociology, philosophy, and linguistics, we can note a
growing trend towards a comprehensive approach to
studying the effects of the pandemic on society. This
approach involves examining the transformation of
society, the reactions and behaviors of the population,
and the role of institutional and non-institutional
discourses. What makes this study outstanding is
its integration of mathematical and sociolinguistic
research methods to analyze the complex impact of
the pandemic and related measures on the general
public. However, it should be noted that this analysis

alone cannot provide a complete sociolinguistic
worldview of the public response to the pandemic
and quarantine measures. To achieve this, it would be
beneficial to supplement the existing study with frame
analysis and sentiment analysis of texts related to the
novel coronavirus infection. Additionally, comparing
the representation of the pandemic and quarantine
measures across different types of discourse would be
an interesting avenue for future research.
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ABSTRACT

The aim was to study the rate and changes in the incidence (by uptake) of age-related diseases (ARDs) in 2018—
2022 through the example of a municipal hospital in Saint Petersburg.

Materials and methods. The study was carried out on the basis of records and reports for the period of 2018-2022
for the main statistical age groups (adult population (AP), working age population (WAP), persons over working
age (POWA)). The incidence was analyzed for the most common ARDs (hypertensive diseases; coronary heart
disease; type 2 diabetes mellitus; senile cataract, and glaucoma). The assessment of the incidence rate was carried
out both for ARDs in general and for particular diseases.

Results. A long-term observation revealed that the incidence of ARDs has been increasing. In WAP, the rate of the
increase in the incidence of ARDs was more pronounced compared to the same indicator in the general population
surveyed (16.1 versus 5.4%). Moreover, in the post-COVID period, the incidence rate of a number of ARDs
increased. In addition, a regular sequence was found in the manifestation of ARDs: hypertensive diseases, coronary
heart disease, type 2 diabetes mellitus, senile cataract, glaucoma.

Conclusion. The incidence rate of age-related diseases has been increasing, which is especially pronounced among
WAP. In the post-COVID period, these diseases were found to develop much faster. ARDs are characterized by a
sequence of manifestations as patients get older, which in the future will allow to develop clearer approaches to the
prevention, diagnosis, and treatment of ARDs depending on the age of the patient.

Keywords: age-related diseases, aging, incidence, post-COVID period, sequence of manifestations
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AHanuns ypoBHA 1 ANHaMNKN 3aboneBaemoctu (no o6pawjaemoctu)
BO3pacT-accoumnpoBaHHoO naTtonorven B 2018-2022 rr.
(Ha npumepe myHuLUMNanbHOW NOANKANHUKM I. CaHKT-TeTepbypra)

CarnH6aeB Y.P., Axmepgos T.A., PykaBnwHukosa C.A., lasbigosa E.IN.

Aemonomnas HAYYHAsA HEKOMMepYeCKas opeanu3ayust eblcudeco 06pa306aHu;z Hayqno—ucmedoeameﬂbacuﬁ yenmp

(DHHO BO HUL]) «Canxm-Ilemepbypeckuii Hucmumym 6uopecyiayuu u 2epoHmoI0cuny
Poccus, 197110, 2. Canxm-Ilemep6ype, np. Hunamo, 3

PE3IOME

Ilesib: M3yYnTh YPOBEHD M JMHAMUKY 3a00J1€BaeMOCTH (110 00paIiaeMOCTH) BO3pacT-aCCOLMUPOBAHHOMN TATONIOTH-
eit (BA3) B 2018-2022 rr. Ha npuMepe MyHULUNAIbHON NONMUKIMHUKY T. CaHkT-IleTepOypra.

Matepunainl 1 MeToAbl. McciaenoBaHue MpoBEJCHO Ha OCHOBE YYETHO-OTUETHOM JOKYMEHTAlUU 3a HEPUOL
2018-2022 1T. 10 OCHOBHBIM YY€THO-CTaTUCTHYECKUM BO3PACTHBIM rpynmam (B3pocioe Hacenenne (BH), nmuma
TpynocnocobHoro Bospacra (TB), muma crapme tpynocnocoonoro Bospacta (CTB)). IlpoBoamics ananu3 1o
Hanbosee pacrpoctpaHeHHEIM BA3 (6Gose3Hn, XapaKkTepH3yIONHecs MOBBIICHHBIM KPOBSHBIM JIaBICHHEM; HIlle-
Mu4ecKkas 0OJe3Hb cepJla; CaxapHBIH IuabeT 2-ro THUIIa; cTapyueckas KarapakTa u riaaykoma). OuneHKa ypoBHS
3a00JIeBaeMOCTH OCYIIECTBIISLIACH KaK B I1eI0M 110 BA3, Tak 1 110 OTIEIBHEIM HO30JIOTHSIM.

Pe3yabTaThl. MHOTOJIETHSS JUHAMHKA 3a00JI€BAEMOCTH BO3PACT-aCCOLMUPOBAHHBIMU 3a00JICBaHUSMH XapaKTe-
pu3oBanack Bocxomsmiei Tenaenueil. Y aun TB Temn npupocta 3a6oneBaemoctt BA3 Ob11 OoJiee BBIpakeH 110
CPaBHEHHIO C aHAJIOTHYHBIM IIOKa3aTelIeM B IIeNoM y obcienoBaHHOro HaceneHus (16,1 mporus 5,4%). Bonee
TOrO0, B TIOCTKOBUIHOM IIepHo/ie HabJIFo1aI0ch MOBBILIEHHE YPOBHs 3aboneBaeMoctH psinom BA3. Kpome Toro,
oOHapyXeHa 3aKOHOMepHas o4epeTHOCTh B MaHH(pectammn BA3: Oone3Hn, XapaKTepu3yIoIuecs TOBBIIICHHBIM
KPOBSIHBIM JIaBJICHHEM, — HIIIEMUYecKast OOJNE3Hb cep/la — CaXapHblil 1HadeT 2-ro THIa — cTapyecKas KaTapakra —
rJayKoMma.

3aximouenue. [lunamuka 3aboneBaemoct BA3 xapakrepusyercs BocXoaduiel TeHAeHIUeH, 0COOEHHO BBIPAXKEH-
Hoii cpeau i TB. B moctkoBuaHOM nepuoie o0HapykeHo 0ojee yCKOpEHHOE pa3BUTHE JAaHHOW KaTeropuu 3a00-
nesanuil. J{ns BA3 xapaxkTepHa odepeAHOCT MaHH(ecTanny Mo Mepe YBEITHUEHHUsI BO3PACTA, UTO B MEPCIICKTUBE
M03BOJIMT BBIPabOTaTh OOJIee YeTKHE MOAXO0/IbI K NPOQHIAKTUKE, TUarHOCTHKE U JieueHnio BA3 B 3aBUCHMMOCTH OT
BO3pacTa MalHeHTa.

KiroueBbie ciioBa: BO3pacT-aCCOIMNUPOBAHHBIC 3360J’[€BaHI/Iﬂ, CTapC€HHue, 3360H€B36MOCTL, ITOCTKOBHTHBIA nepu-
O, O4CPECAHOCTDH MaHI/Iq)CCTaHI/II/I

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

Hcrounuk ¢puHAHCHPOBAHHUA. ABTOPHI 3asBISIIOT 00 OTCYTCTBHM (\MHAHCHPOBAHUS IPH NMPOBEICHHN HUCCIENO0-
BaHMSI.

Jst nurupoBanusi: Carnnbae V.P., Axmenos T.A., Pykasummnukosa C.A., [laBeinosa E.I1. Ananus ypoBHS 1
JIMHAMUKH 320071eBaeMOCTH (TI0 00paIaeMoCTH ) BO3pacT-accoluupoBanHoi naronorueit B 20182022 rr. (Ha mpu-
Mepe MyHUIIMIAIbHON NonuKINHAKY T. Caukt-IlerepOypra). borremens cubupcroii meduyunst. 2024;23(4):129—
135. https://doi.org/10.20538/1682-0363-2024-4-129-135.

Analysis of the rate and changes in the incidence

INTRODUCTION

From the age of 25-30 years, the probability of
developing pathological processes associated with
aging begins to increase [1]. Modern researchers note
that aging in most cases occurs early, and premature
aging has the greatest medical, social, and economic

significance as a trigger for the development of age-
related diseases [2].

Age-related diseases (ARDs) are a heterogeneous
group of pathologies, the likelihood of which
increases as the body ages and is characterized by
the following features: the predominance of chronic
forms; polymorbidity; a decrease in the diversity
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of nosological forms; change in the pathogenetic
mechanisms of diseases; and, as a result, an atypical
course [3]. The most typical representatives of ARDs
include hypertension, type 2 diabetes mellitus, senile
cataract, primary open-angle glaucoma, Alzheimer’s
disease, Parkinson’s disease, a number of malignant
neoplasms, etc.

Atherosclerosis is considered one of the main
factors determining the nature of aging and its rate [4].
Moreover, there is an opinion that atherosclerosis is a
widespread age-related change in the cardiovascular
system and one of the leading pathogenetic links for
most ARDs. In turn, atherosclerosis is closely related
to arterial hypertension. Undoubtedly, early detection
of these pathological processes can reduce (or delay)
the likelihood of developing other ARDs and improve
the quality of life of older people [5]. The study of
patterns in the sequence of development of ARDs
and their relationships in order to develop strategies
for the prevention and timely diagnosis of age-related
conditions is a promising field of research.

The aim of the study was to investigate the level
and changes in the incidence (by uptake) of age-
related diseases in 2018-2022 through the example of
a municipal hospital in Saint Petersburg.

MATERIALS AND METHODS

The study was carried out on the basis of
records and reports of a large municipal hospital in
Saint Petersburg for the period of 2018-2022. The
epidemiological features of ARDs were studied for
the main statistical age groups (adult population (AP),
working age population (WAP), persons over working
age (POWA)). The materials were data from the form
of federal statistical observation No. 12 “Information
on the number of diseases registered in patients living
in the service area of a medical organization”. Table
1 shows the number of people registered in order to
seek medical care at the polyclinic both on the whole
and by individual age groups for the specified study
period.

Table 1

Population registered at the polyclinic (number of people) on
the whole and by individual age groups in 2018-2022

Year AP WAP POWA
2018 77,259 53,338 23,921
2019 78,361 57,413 20,948
2020 80,457 56,186 24,271
2021 82,748 58,173 24,575
2022 84,126 59,101 25,025

We analyzed the incidence of the most common
ARDs: 110115 “Hypertensive diseases” (HD), 120-
125 “Coronary heart disease” (CHD), E11 “Type 2
diabetes mellitus” (T2DM), H25 “Senile cataract”
(SC), H40 “Glaucoma” (POAG). The assessment of
the level and changes in the incidence was carried out
both in general for ARDs and for individual diseases.

The conducted study is a comprehensive
epidemiological study with time series analysis (the
autoregressive moving-average model was used),
including the calculation of the incidence (Y7), error
(m), smoothed incidence rate (the autoregressive
moving-average model), ranking and trend (Yz; the
calculation was carried out using the method of least
squares). To describe the trend, we calculated the rate
of an increase or decrease in the incidence (Rid) as
the ratio of an absolute increase or decrease to the
previous level of the series. Statistical processing was
carried out using the Statistics 20.0 and MS Excel
2010 software.

RESULTS

The assessment of the long-term changes in
the incidence of ARDs both among the entire adult
population and among the WAP group demonstrated
an unambiguous unfavorable upward trend (Fig. 1, 2).
In WAP, the rate of the increase in the incidence of
ARDs was more pronounced compared to the same
parameter in the general population surveyed (16.1 vs
5.4%).

It is worth noting that the incidence rate in the age
groups under consideration was characterized by a
sharp decrease in 2021 and a significant increase in
2022. This circumstance is probably associated with
a decrease in the public uptake of medical care during
the COVID-19 pandemic in 2021 and, conversely,
a sharp increase in the number of people seeking
medical care in 2022, which was more favorable in
epidemiological terms. In addition, the increase in the
incidence of ARDs in 2022 could be influenced by
infection with COVID-19. The number of researchers
note the unequivocal impact of COVID-19 on
accelerated population aging [6].

ARDs are a heterogeneous group of pathologies,
the likelihood of which increases along with aging.
Figures 3 and 4 show the long-term changes in the
incidence of the diseases (HD, CHD, T2DM, SC, and
POAG) among the WAP group. It was established
that the incidence of almost all the examined diseases
(with the exception of POAG) was characterized by an
unfavorable upward trend. The long-term changes in
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the incidence of HD were characterized by an increase We calculated the ratio of the incidence of a
of 12.2%; for CHD, the increase was 23.0%, and for specific disease in the examined population on the
T2DM and SC, it was 25.3 and 9.3%, respectively. whole to the same parameter in the WAP group (Table
The long-term changes in the POAG incidence were 2). It is worth noting that the smaller this ratio, the

characterized by a slight downtrend with a decline rate less pronounced the difference in the incidence rate
of —6.3%. between different age groups.
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Fig. 1. Long-term changes in the incidence of ARDs in the adult population in 2018-2022
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Table 2
Incidence rates of individual ARDs among different age groups in 2018-2022
v AP WAP Ratio Yi (AP):Yi (WAP)
ar
© Yi(HD) | Yi(IHD) | Yi(T2DM) | Yi(SC) | Yi(POAG)| Yi(HD) | Yi(IHD)|Yi(T2DM) | Yi(SC)| Yi(POAG) |HD | IHD | T2DM | SC |POAG
2018 3754 | 264.1 101.0 148.9 213.6 2719 | 1294 58.1 30.0 43.1 14120[ 1.7 [50] 50
2019 644.5 | 329.3 39.6 188.9 211.8 587 108.0 7 29.6 54.0 1.1/30] 57 |64]| 3.9
2020 586.7 | 377.8 37.3 637.6 149.2 5749 | 320.4 19.6 153.1 37.4 1.0/ 1.2] 1.9 [42]| 4.0
2021 497.9 | 201.8 39.9 2224 85.8 3679 | 108.3 24.1 37.8 32.7 14119] 1.7 |59]| 2.6
2022 672.8 | 4125 178.3 288.9 112.9 6853 | 367.2 103.2 54.1 40.6 1.0/ 1.1 ] 1.7 |53]| 28
Median | 586.7 | 329.3 39.9 2224 149.2 5749 | 1294 24.1 37.8 40.6 1.1 19] 1.7 |53]| 39
Rid 8.1 5.3 19.6 10.5 -1.37 12.2 23.0 253 9.3 —6.3 - - - - -

Figure 5 shows the incidence rate of HD, CHD,
T2DM, SC, and POAG in persons of different
age groups in the pre-COVID (2018) and post-
COVID (2022) periods. It was established that
the incidence rate of HD in the WAP group in
the post-COVID period reached the incidence
rate in the POWA group. A similar pattern was
characteristic of CHD, T2DM, and SC. On the
contrary, in the case of POAG, a decrease in the
incidence rate was observed in all age groups
considered.

DISCUSSION

The conducted comprehensive research demon-
strated the relevance of studying a group of diseases
associated with age-related processes. Early
manifestation of ARDs from a clinical point of view
is identical to the accelerated development of aging
processes. Thus, the researchers found that a sharp
increase in the incidence of T2DM begins in the age
group of 50-54 years [7].

The analysis of the incidence (by uptake) of ARDs
showed a moderate growth rate in the adult population
on the whole and a pronounced increase in WAP. The

bionneteHb cMbUpPCKo MeanumHbl. 2024; 23 (4): 129-135

revealed pattern corresponds to the trend when ARDs
occur in younger people. A similar upward trend was
found when assessing the changes in the prevalence of
T2DM in the Krasnodar Krai in 2007-2012, with an
average long-term level of total incidence of 3,093.7
cases per 100,000 population [8].

According to longitudinal observational studies,
the incidence of arterial hypertension in Russia is on
average 44% and continues to increase steadily [9].
The median level of incidence of arterial hypertension
obtained in our study is slightly higher than its level
in Russia (586.7 vs 547.7), which is consistent
with the higher prevalence of this pathology in the
Northwestern Federal District (8,129.5 cases per
100,000 population) compared to its prevalence in
Russia [10].

The assessment of the sequence of pathology
development according to the “age-specific morbidity
index” (the ratio of the incidence rates in the POWA
group to the same parameter in the AP group) clearly
demonstrated an earlier manifestation of HD compared
to T2DM. To assess the consistency of this index, a
similar parameter was calculated for the incidence of
certain ARDs in the Russian population according to
the latest official statistics [10—12]. The calculation
results fully confirmed the data obtained in this study
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and corresponded to the following sequence of ARDs:
HD — CHD - T2DM - POAG - SC (Table 3). In
addition, it should be noted that the calculated index
is directly proportional to the degree of association
of pathology with older age: the higher the parameter
value, the later the disease manifests. This index
may be one of the important criteria for classifying
pathology as ARD, given that there is debate whether
some diseases should belong to this group [13].

Table 3

Ratio of incidence rates (Yi (POWA):Yi (AP)) by
particular ARDs in the Russian Federation in 2018

Disease Ratio
HD 1.32
CHD 1.73
T2DM 1.82
POAG 2.21
SC 2.27

According to the data obtained, among the
considered ARDs at the population level, HD
develops most early, followed by CHD, T2DM,
POAG, and SC. In the future, this pattern will make it
possible to develop a strategy for screening premature
aging based on targeted early diagnosis of HD and
CHD in younger people and T2DM, POAG, and SC
in a more mature age. Such a step-by-step concept
of secondary prevention of premature aging has a
number of advantages: a more rational distribution
of time, labor and financial resources; more targeted
diagnostic screening increases the efficiency of
detection due to optimal provision of the required
diagnostic aid.

An increase in the incidence rate was found for
the studied group of pathologies in the post-COVID
period in all age groups. As noted above, this
phenomenon may be associated both with the impact
of the coronavirus infection on the accelerated aging
and with the fact that the pandemic made people seek
medical care in the hospital more often. For a more
detailed and comprehensive study of this issue, it is
necessary to consider the incidence rate (by uptake)
in the post-COVID period over time, as well as to
analyze the incidence rates based on the results of
medical examinations in the pre- and post-COVID
periods.

CONCLUSION

Thus, the incidence rate of age-related diseases
is characterized by a continuing upward trend,
especially characteristic of the WAP group. This

pattern corresponds to the trend when ARDs occur
in younger people. In addition, in the post-COVID
period, a more accelerated development of such
diseases was found. The identified patterns will
make it possible to develop clearer approaches to the
prevention, diagnosis, and treatment of age-related
diseases as a separate group.

REFERENCES

1. Proschaev K L., Ilnitsky A.N., Zhernakova N.I. The main geri-
atric syndromes: a textbook. Belgorod, 2012:228 (in Russ.).

2. Xia S., Zhang X., Zheng S., Khanabdali R., Kalionis B., Wu
J. al. An update on inflamm-aging: mechanisms, prevention
and treatment. Journal of Immunology Research.2016;8:1-12.
DOI: 10.1155/2016/8426874.

3. Dartigues J.F., Bourdonnec K. L., Tabue-Teguo M., Le Goff
M., Helmer C., Avila-Funes J.A. et al. Co-occurrence of geri-
atric syndromes and diseases in the general population: assess-
ment of the dimensions of aging. The Journal of Nutrition,
Health, Aging. 2022;26(1):37-45. DOI: 10.1007/s12603-021-
1722-3.

4. Samieri C., Perier M.C., Gaye B., Proust-Lima C., Helmer C.,
Dartigues J.F. et al. Association of cardiovascular health
level in older age with cognitive decline and incident de-
mentia. JAMA. 2018;320(7):657-664. DOI: 10.1001/
jama.2018.11499.

5. Avila-Funes J.A., Pelletier A., Meillon C., Catheline G., Periot
O., Trevino-Frenk I. et al. Vascular cerebral damage in frail
older adults: the AMImage study. The Journals of Gerontolo-
gy.2017;72(7):971-977. DOI: 10.1093/gerona/glw347.

6. Guo X., Franco O.H., Laine J.E. Accelerated ageing in the
COVID-19 pandemic: A dilemma for healthy ageing. Maturi-
tas. 2022;157: 8-69. DOI: 10.1016/j.maturitas.2021.12.009.

7. Ivanenko A.A., Ushakova O.V. Epidemiology of type 2 diabe-
tes mellitus in Komsomolsk-on-Amur. Far East Medical Jour-
nal. 2011;3:30-32. (In Russ.).

8. Basinskaya L.A., Komarovskikh E.N., Sakhnov S.N., Zabolot-
ny A.G. The prevalence of diabetes mellitus of the first and
second type in the Krasnodar region. Bulletin Physiology and
Pathology of Respiration. 2013;50:126—129. (In Russ.).

9. Balanova Yu.A., Shalnova S.A., Imaeva A.E., Kapustina A.V.,
Muromtseva G.A. et al. Prevalence, awareness, treatment and
control of arterial hypertension in the Russian Federation (data
of the observational study ESSE-RF-2). Rational Pharmaco-
therapy in Cardiology. 2019;15(4):450-466. (In Russ.). DOI:
10.20996/1819-6446-2019-15-4-450-466.

10. Morbidity of the adult population of Russia in 2019. Statistical
data. Moscow: Ministry of Health of Russia, 2020:160. (In
Russ.).

11. Morbidity of the population over the working age in Russia in
2019. Statistical data. Moscow: Ministry of Health of Russia,
2020:183. (In Russ.).

12. Healthcare in Russia. 2019: Statistical collection. Moscow:
Rosstat, 2019:170. (In Russ.).

13. Neudakhin E.V., Moreno 1.G. Revisiting the pathogenesis of
atherosclerosis and correction of atherogenic disorders in chil-
dren. RMJ. Pediatrics. 2018;9:62—68. (In Russ.).

134 Bulletin of Siberian Medicine. 2024; 23 (4): 129-135



Original articles

Authors’ information

Saginbaev Ural R.h — Cand. Sci. (Biology), Senior Researcher, Laboratory for Age-related Clinical Pathology, St. Petersburg Institute
of Bioregulation and Gerontology, Saint Petersburg, ural-spb-sag@mail.ru, https://orcid.org/0000-0001-9709-1882

Akhmedov Timur A. — Dr. Sci. (Biology), Associate Professor, Leading Researcher, Laboratory for Age-related Clinical Pathology,
St. Petersburg Institute of Bioregulation and Gerontology, Saint Petersburg, timaxm@mail.ru, https://orcid.org/0000-0002-3105-4322 ;
SPIN code: 5333-0721;

Rukavishnikova Svetlana A. — Dr. Sci. (Biology), Associate Professor, Leading Researcher, Laboratory for Age-related Clinical
Pathology, St. Petersburg Institute of Bioregulation and Gerontology, Saint Petersburg, kdb2@yandex.ru, https://orcid.org/0000-0002-
3105-4322

Davydova Elena P. — Researcher, Laboratory for Age-related Clinical Pathology, St. Petersburg Institute of Bioregulation and
Gerontology, Saint Petersburg, kephala@mail.ru, https://orcid.org/0000-0002-2702-9394

(D<) Saginbaev Ural R., ural-spb-sag@mail.ru
Received 27.10.2023;

approved after peer review 11.03.2024;
accepted 14.05.2024

bionneteHb cMbUpPCKo MeanumHbl. 2024; 23 (4): 129-135 135



YK 616.357:577.175.53:577.2
https://doi.org/10.20538/1682-0363-2024-4-136-144

Studying molecular interactions of synthetic glucocorticoids with TRPM8
by molecular docking
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ABSTRACT

Aim. To carry out in silico screening of interactions of synthetic glucocorticoids with TRPMS.

Materials and methods. Information on the structure of the ligands was obtained from the PubChem chemical
database in sdf format. The TRPMS protein model was downloaded from the AlphaFold Protein Structure Database
(AlpahaFold ID: AF-Q7Z2QW). Prediction of molecular cavities and coordinates of their centers was carried out
on the PrankWeb web server. Modeling of molecular interactions was carried out using AutoDock (generation of
100 epochs) and MOE (generation of 300 poses) software.

Results. The study revealed that the ligands formed stable complexes with TRPMS, but all of them, except
for beclomethasone dipropionate, did not interact with the Tyr745 amino acid residue (the key binding site for
channel activation). Thus, it can be assumed that glucocorticoids are most likely inhibitors of this ion channel.
Of all glucocorticoids, special attention was paid to prednisolone, flunisolide, and budesonide, since the results of
molecular docking of these molecules using AutoDock and MOE showed comparable data.

Conclusion. The results obtained provide an insight into the therapeutic potential of these drugs in terms of their use
in the treatment of cold-induced airway hyperresponsiveness and also expand the potential for their personalized
use in the treatment of bronchial asthma and COPD.

Keywords: TRPMS, molecular docking, glucocorticoids, in silico
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UccnepoBaHne moneKynspHbIX B3auMOAeNCTBUNA CUHTETUYECKNX
rnokokopTukongos ¢ TRPM8 metoaom moneKynapHoro AoOKMHra

TumkuHu N.4.%, KotenbHukos A.4.%, Tumo¢ees 3.A.', Haymos [.E.?, bopoauH E.A.’

! Amypckas 2ocyoapcmeennas meduyunckas akademus (I'MA)
Poccus, 675001, Amypckas obx., . Bnacosewenck, yn. I'opvroeo, 101

2 Tanvnesocmounwlil 20cyoapcmeennuiil azpapiulil ynusepcumem (I'AY)
Poccus, 675000, Amypcras obn., . bnacosewenck, yn. Ilonumexnuueckas, 86

3 anvresocmounulii nayunviii yenmp guzuonozuu u namonoauu ovixanus (JJHL] OII)
Poccus, 675011, Amypckas obn., 2. bracosewenck, ya. Kanununa, 22

PE3IOME

Ilens: ocyuiecTBieHue in silico CKpUHUHTA B3aUMOJICHCTBHIT CHHTETHYECKUX ITIOKOKOpTHKONI0B ¢ TRPMS.

Marepuajbl 1 MeToabl. MHpopMaus o cTpykType JIMraHaoB ObLIa IOJIydeHa W3 0a3bl JaHHBIX XHMHYECKHX
coenunennit PubChem B sdf-popmare. Mozens Genka TRPMS8 3arpyxena u3 6a3sl qanubix AlphaFold Protein
Structure Database (AlpahaFold ID: AF-Q7Z2QW). IIpencka3zanne MOJEKYJSIPHBIX IOJOCTEH M KOOPIMHAT MX
LEHTPOB OCYIIECTBIISUIOCH Ha BeO-cepBepe PrankWeb. MozenpoBanne MONEKYIIPHOTO B3aUMOJICHCTBHUS IIPOBO-
JIWJIM C UCIIOIBb30BaHUEM JBYX nporpamm: AutoDock (reneparmust 100 smox) 1 MOE (rerepanust 300 mo3).

Pe3yabTaThl. B x0/1€ MpoBeaeHHs HCCIeI0BAaHUS BBIICHHIOCH, YTO JIUTAHABI 00pa3yioT CTaOMIBHBIE KOMITIIEKCHI
¢ TRPMS, HO mpu 3TOM BCe, KpoMe OEKIIOMETa30Ha AMIPONMOHATA, HE B3aUMOACHCTBYIOT C aMHHOKHCIIOTHBIM
ocratkoM Tyr745 (kmrodeBoid caifT CBA3bIBaHUS JJIS aKTHBAIMH KaHaa). TakuM 00pa3oM, MOXKHO IT0JIaraTh, 4YTO
TIIIOKOKOPTUKOU/IBI, BEPOSITHEE BCETO, SIBISIFOTCSI HHTMONTOPaMHU JaHHOTO MOHHOTO KaHana. M3 Bcex TIIoKoKop-
THKOHJIOB 0c000€ BHUMaHHE OBUIO yIETEeHO NMPEeAHU30JIOHY, (GayHn3omnay u OyAecoHHIy, TaK KaK pe3yIbTaThl
MOJIEKYJIAPHOTO JOKHHTA 3THX MOJEKYI ¢ ucmoib3oBanueM AutoDock 1 MOE neMoHCTpUpPYIOT COOCTaBUMBIE
JTaHHBIE.

3akuouenue. [TomyueHHbIE pe3yIbTaThl O3BOJIIOT B3IVIIHYTh Ha TEPaNleBTHYECKUI TOTEHIMAl JAHHBIX TIpera-
paToOB B acIEKTe MX HCIHOJIb30BAHMS IIPH JECUYCHUH XOJIOA-MHAYLIMPOBAHHOH TMIICPPEaKTUBHOCTH JbIXAaTEIbHBIX
HyTeH, a TaKXKe PacIIMPAIOT HOTEHIHAN UX EPCOHATU3UPOBAHHOTO IPUMEHEHHS B Tepalii OpOHXHAJIbHOI acT-
MBI M XpPOHUYECKOW 0OCTPYKTHBHON OOIC3HU JIETKHX.

Kiawouessble ciioBa: TRPMS, MoeKyIsspHBIN TOKHHT, TITFOKOKOPTHKOUBI, in silico

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

HcTounuk ¢puHAHCHPOBAHHUA. ABTOPHI 3asBISIOT 00 OTCYTCTBHM (\HHAHCHPOBAHUS IPH NMPOBEICHHN HCCIEN0-
BaHMSI.

Jnsa uutupoBanus: Tumkwn [1./1., Kotensrukos /1. /1., Tumodeer D.A., Haymos /1.E., bopomun E.A. Hccaeno-
BaHNE MOJICKYJISIPHBIX B3aHMOJICHCTBUI CHHTETHYCCKUX TIFOKOKOPTUKOUAOB C trpm8 METOJ0M MOJEKYIISIPHOTO
TOKHHTA. broitemens cubupcrou meduyunvl. 2024;23(4):136—144. https://doi.org/10.20538/1682-0363-2024-4-
136-144.

INTRODUCTION

TRPMB& is an ion channel that provides Ca’" and Na*
supply into the cell. This channel is a homotetramer,
each subunit of which contains six transmembrane
domains (S1-S6) [1].

This channel is known to play an essential role
in the sensation of cold. Activation of the channel

occurs at certain temperatures (10-28 °C) or under the
influence of chemical agents (for example, menthol,
icilin) [2-4]. Due to its functional role, TRPMS is
expressed in a subpopulation of primary afferent
neurons that innervate cold-hypersensitive tissues,
including the skin, oral epithelium, teeth, nasal
mucosa, tongue, and cornea. There is also evidence
of the presence of this channel in the epithelium of
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lung tissue and on leukocytes, including those not in
contact with the external environment, which implies
the presence of endogenous modulators of TRPMS
activity. The activity of the ion channel is combined
with the transcriptional regulation of important
immunomodulatory agents interleukin (IL)-6 and IL-
8, which are often expressed during inflammation in
the respiratory tract [5].

Commonly used drugs to relieve bronchial
asthma are synthetic glucocorticoids (GCs),
which have an anti-inflammatory effect. The main
mechanism of action of GCs is mediated by binding
to the cytosolic glucocorticoid receptor. After this,
the newly formed complex, which has undergone
dimerization, is translocated into the cell nucleus,
resulting in the regulation of gene expression. This
process is usually called transcriptional activation or
transactivation [6, 7].

It is generally accepted that GC hormones do
not bind to ion channels of the TRP family, at
least there are no experimental data demonstrating
this. However, there is evidence of modulation of
TRP receptors by some steroid hormones, such as
testosterone, estradiol, and androgens [8]. In our
previous studies on the search for potential ligands for
TRPMS using in silico methods with neural networks,
we found that the synthetic GC dexamethasone is a
candidate for interaction with the receptor. Data
from rigid molecular docking in the region close
to amino acid residue Tyr745 demonstrated the
hypothetical possibility of complex formation [9].
The Tyr745 residue is the most important in the
implementation of the TRPMS8 function, since in the
native state, it is this residue that forms a hydrogen
bond with menthol, resulting in activation of the
channel.

All of the above gives a reason to assume the
presence of an alternative TRPM8-mediated molecular
pathway for the implementation of the effects of GC
hormones.

In this study we used budesonide, prednisolone,
flunisolide, fluticasone propionate, hydrocortisone,
dexamethasone,  beclomethasone  dipropionate,
and triamcinolone acetonide as the most popular
synthetic GCs prescribed for the treatment of chronic
obstructive pulmonary disease, bronchial asthma, and
allergic rhinitis in clinical practice [10-16].

Since molecular docking approaches are promising
in the study of drugs, it was decided to focus on a
detailed study of the characteristics of GC binding to
TRPMS [17].

The aim of this study was to conduct in silico
screening of interactions of selected synthetic GCs
with TRPMS by the molecular docking method and
to assume a possibility of forming stable complexes
to determine potential ligands that act as agonists or
antagonists.

MATERIALS AND METHODS

Information about the structure of ligands in sdf
format was obtained from the PubChem chemical
database (https://pubchem.ncbi.nlm.nih.gov/, access
date: 01.10.2023).

The TRPMS protein model was downloaded from
the AlphaFold Protein Structure Database (https://
alphafold.ebi.ac.uk/entry/Q7Z2W7, access date:
01.10.2023). Since the full-length structure of the
receptor is a homotetramer with a total size of 4.5
thousand amino acid residues, for subsequent structural
optimization of the protein and rapid molecular
docking, only 1 subunit (PDB: AF-Q7Z22QW) in pdb
format was used.

Modeling of intermolecular interactions was
carried out using two different programs: AutoDock
4.2 designed to search for a local minimum energy
using a genetic algorithm, and MOE 2022.02
(Molecular Operating Environment) [18], which is
a complex software consisting of various modules,
which allows to conduct full-fledged research in the
field of computer-aided drug design of any complexity
without using third-party services.

To predict potential molecular cavities and the
coordinates of their centers, the PrankWeb web
server (https://prankweb.cz/, access date: 01.10.2023)
was used [19-21]. These coordinates were selected
for the correct orientation of the Grid Box (a three-
dimensional lattice within which the search and
analysis of interactions between ligands and protein
targets occur). Modeling intermolecular interactions
with subsequent calculation of the affinity of GCs
for TRPMS was carried out by rigid docking, that is,
without changing the conformations of the side chains
of amino acid residues in the molecular cavity and
the ligand itself. Docking took place according to the
standard algorithm with generation in 100 epochs.

The first step before molecular docking is as
follows: loading the target protein into the MGLtools
working field, removing water molecules, and
adjusting the degree of protonation (adding polar
hydrogen atoms) to the protein chain at the sites of
potential bonds with ligands. Next, the ligand is added
in pdbqt format. The second stage is to apply the Grid
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Box using the coordinates and dimensions obtained
in PrankWeb. The work used a 40 x 40 x 40 Grid
Box size: with an interval of 0.375 A (default size
and interval). The third stage is to search for possible
conformations of the protein — ligand complex, that
is, to perform the docking itself. After docking, a dlg
file is created with detailed information about the
formed complexes (complex location coordinates,
binding energy, RMSD (root mean square deviation
of atomic positions). The final stages are the analysis
and interpretation of the obtained data [22].

The research software pipeline in MOE was
as follows. The first stage involved importing the
downloaded protein in pdb format and ligands
in sdf format. For convenience, each study was
conducted separately. Using the default parameters
in the QuickPrep module, primary optimization of the
protein was carried out, consisting of its protonation
and correction of structural errors (for example,
breaks). Next, partial charges were applied in the
Partial charges module. The final stage of structural
optimization was the implementation of protein energy
minimization in the Energy minimization module,
General protocol. The protocol parameters were saved
by default: forcefields — inherited from the force field
settings (described below), cell — no periodicity,
constraints — rigid water molecules option is selected,
gradient — 0.1 RMS kcal / mol / A2, To parameterize
atoms and covalent and non-covalent interactions, the
Amberl4:EHT! force field was used, and the behavior
of the solvent (water) was modeled by the Generalized
Born method.

Before performing molecular docking itself, a
search for the binding site was carried out using the
Site Finder module with the Solvent option enabled.
The experiment used the third binding site found,
containing Tyr745, a critical amino acid required for
channel activation. The Select Contact Atoms (selects
atoms at a distance of 4.5 A) and Select Residues in
SE (selects only residues included in the binding site)
options were selected and the Dummies option was
executed to overlay dummy atoms, assigning the LP
element to hydrophobic atoms and LPA to hydrophilic
atoms (having a free pair of electrons) and also
optimizing the temperature of the atom.

Molecular docking was carried out according to the
General protocol. The Receptor and Solvent Atoms

option was selected as the receptor, the binding site was
Dummies, the ligand was the loaded ligand molecule
(Ligand Atoms). The generation parameters were as
follows: Placement — Triangle Matcher (Method),
Affinity dG (Score), 300 Poses; Refinement —
Induced fit (Method), GBVI/WSA dG (Score), 1 Pose.

A detailed description of the algorithms used for
generating conformations and calculating energy
before and after structural optimization is not provided
in this article. As a result of docking, the most stable
conformation with the lowest binding energy was
extracted.

To conduct a comparative analysis between the
obtained ligand conformations in AutoDock 4.2 and
MOE, RMSD was calculated in the LigRMSD web
service  (https://ligrmsd.appsbio.utalca.cl/, access
date: 01.10.2023) [23]. RMSD is a measure of the
average distance between atoms (backbone, excluding
H atoms) in superimposed molecules. This parameter
allows to objectively assess the relative positions of
ligands predicted by different methods. Based on the
literature data, the threshold RMSD value was chosen
to be 3A [24].

Some of the resulting complexes were visualized
using the PyMol visualization software [25] and
the built-in Ligand Interactions module to construct
2D maps of interactions of ligands with amino acid
residues.

The main task of using the AutoDock and MOE
algorithms in our work was to assess the reproducibility
of the results of molecular docking carried out by two
different methods.

RESULTS

To operate the AutoDock protocol and construct
the Grid Box, the coordinates of 8 putative molecular
cavities were obtained with probability score values
from 0.0003 (corresponding to the lowest quality
of the forecast) to 0.497 (for the highest quality of
the forecast). The molecular cavity with the highest
probability score was selected due to the presence
of the Tyr745 residue. This pocket also contains
another important residue, Argl008. According to the
PrankWeb prediction, the molecular cavity is formed
by amino acid residues numbered: 738, 741, 742, 745,
777, 778, 781, 782, 785, 802, 839, 842, 845, 849,
1004, 1005, 1008, 1013, 1016. The presented results

'This force field unites parameters of the Amber ff14SB force field for proteins and nucleic acids and parameters of the
Extended Hueckel Theory for simple organic compounds in the MOE 2022.2 software package.
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generally correspond to the literature data, with the
exception of the absence in the pocket annotation of
the Alal009 residue, which, like Argl008, acts as a
stabilizer for the native ligand — menthol [26].

Due to the lack of a clear distinction between
binding sites for agonists and antagonists, it is
difficult to select one molecular cavity for the study
and draw final conclusions based only on the in
silico assessment of interactions [27]. Therefore, this
study is of a screening nature, that is, it is aimed at
selecting potentially suitable ligands for subsequent
experiments.

The results of molecular modeling were obtained
for each of the GCs (Table 1). For prednisolone,
flunisolide, budesonide, beclomethasone dipropionate,
and hydrocortisone, the difference in the minimum
binding energy obtained by different programs was
less than 1 kcal / mol, which, without taking into
account chemical bonds, indicates an approximate
similarity of the results obtained by the AutoDock and
MOE programs, which can be explained by a similar
evaluation function.

Table 1

Binding energy of complexes and RMSD of the resulting
conformers, kcal / mol

Glucocorticoid AutoDock MOE |RMSD (A)
Prednisolone -7.25 —7.76 0.83
Flunisolide —7.76 -8.26 1.62
Budesonide —8.65 —8.58 2.54
Dexamethasone -9.35 -7.99 4.68
Fluticasone propionate -5.31 -7.93 6.64
Hydrocortisone —7.65 —7.94 6.98
Triamcinolone acetonide —11.09 -7.92 42.77
Beclomethasone
dipropionate —8.88 —8.76 43.04

Note. Ranked by RMSD, smaller values are better.

For prednisolone, flunisolide, and budesonide, the
RMSD was within 3A, indicating a relatively close
relationship between the molecules, despite the use of
different approaches to the generation of complexes.
The similarity of conformations indicates the
reproducibility ofthe results for GC data when analyzed
by two different programs. However, information
about the position of molecules is insufficient for a
reliable analysis, since both ligands and amino acid
residues in different programs are interpreted with
different force fields and with different pH, which, in
turn, is manifested by different structural interactions
of ligands with amino acid residues (Fig.1).

For example, MOE showed the interaction of
prednisolone with Arg842, while in AutoDock, this GC

interacted with 5 residues: Leu778, Asp781, Glu782,
[le846, and Argl00. Flunisolide and budesonide
interacted with almost the same amino acid residues
as prednisolone, but in different combinations.

Based on these results, several conclusions can
be drawn. The molecular structures of the majority
of the selected GCs are very similar and differ in the
presence or absence of hydroxyl groups in certain
positions. Therefore, firstly, the amino acid residues
for the previously mentioned ligands in the binding
site are similar, and, secondly, the differences are
due to the presence or absence of hydroxyl groups
in a certain position, as well as different degrees of
protonation. These conclusions are more typical of
the results obtained in MOE, since conformational
variability of both the binding site and the ligand itself
is possible in this program.

The conformation of beclomethasone dipropionate
with TRPMS, modeled in MOE, deserves special
attention (Fig. 2). This conformation is characterized
by two key features despite high RMSD relative to the
complex generated in AutoDock. Firstly, interaction
occurs with the key amino acid Tyr745 [27] viathe H-n
(hydrogen) bond. Secondly, this is the lowest binding
energy calculated by this software, demonstrating the
most stable binding of beclomethasone dipropionate
with TRPMS&. Interest in the beclomethasone
dipropionate — TRPMS8 complex in MOE is due to
the fact that this is the only conformation where
the GC forms a bond with Tyr745. Since molecular
docking in AutoDock is rigid, that is, there are no
conformational changes in the ligand and binding
site, and MOE takes into account this “mobility”
in calculations (the Induced Fit protocol was used),
these results should be considered as more plausible
and potentially suitable for future molecular docking
with the assessment of the binding strength of the
complex over time and the use of force fields. This
need is due to the fact that most molecular docking
algorithms take into account only partial charges of
the entire ligand molecule, ignoring its individual
functional groups, while most GCs have polar solvate
groups (propionic, acetonide), which can play a key
role in the position of the molecule.

Thecomparativeanalysisof AutoDock 4.2 and MOE
findings revealed that RMSD values of other ligand
positions (fluticasone propionate, hydrocortisone,
triamcinolone acetonide, dexamethasone) were
significantly higher. This makes it difficult to
definitively interpret the resulting interactions for
these GCs. So, for these ligands, it would be correct
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Fig. 1. Position of ligands in the TRPMS binding site and a 2D map of structural interactions of ligands with site residues:
a —budesonide, b — prednisolone, ¢ — flunisolide; on the left — AutoDock, on the right —- MOE; blue color marks the positions
of molecules obtained in AutoDock 4.2, purple color marks the positions of molecules obtained in MOE

to carry out an additional analysis using ab initio
methods. The visual analysis of all conformations
obtained in AutoDock allow to conclude that the rigid
orientation of the GC molecules took place mainly
along the steroid ring with minimal deviations relative
to each other. As for the conformations modeled in
MOE, the differences in them are more significant,
which is due to the inclusion of minor differences
(functional groups, conformational isomerization of
the ligand) in the ligand structures.

The absolute energy values calculated for various
conformations, on the one hand, are far from actual
values; however, on the other hand, they allow to
consider them from arelative point of view and compare
the binding energies of different molecules, ranking
their degree of affinity relative to each other. Therefore,
the series of ligands according to the degree of affinity
for TRPMS (from the greatest to the lowest, from the
lowest energy level to the highest) following the results
of scoring in AutoDock is as follows: triamcinolone
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acetonide, dexamethasone, beclomethasone dipro-
pionate, budesonide, flunisolide, hydrocortisone,
prednisolone, and fluticasone propionate. According
to the results of scoring in MOE, the ligand series is the
following: beclomethasone dipropionate, budesonide,
flunisolide, dexamethasone, hydrocortisone, fluti-
casone propionate, triamcinolone acetonide, and

H-= interaction]

prednisolone. This series shows that beclomethasone,
budesonide, flunisolide, hydrocortisone, and
fluticasone propionate / prednisolone appear in the
same order, which represents a very good correlation
of the results (6 out of 8). Based on the series, we
are planning to study the effects of synthetic GCs on
TRPMS in vitro.
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Fig. 2. 3D visualization of the beclomethasone dipropionate — TRPMS8 complex, obtained in MOE, with a 2D graph of interactions:
the arrows on the left and the yellow dotted line duplicate the interactions shown in the 2D graph; bond length units are given in
Angstroms (A)

DISCUSSION

The conducted study demonstrates general patterns
in the molecular interaction of various synthetic GCs
with the target, obtained by two different methods.
For prednisolone, flunisolide, and budesonide, the
RMSD value was less than 2.5A (£0.1A), indicating
conformational similarities and reproducibility of
the results in both AutoDock and MOE. It is worth
noting that in the molecular cavity, various amino acid
residues served as binding sites, with the exception
of Tyr745, which may characterize the antagonistic
potential of prednisolone, flunisolide, and budesonide.
For GCs, whose conformations differed significantly,
the formation of hydrogen bonds with the amino acid
residue Tyr745 was also ignored, which is consistent
with other results.

An exception to the list of GCs was beclomethasone
dipropionate, which ultimately formed a hydrogen
bond with Tyr745. The study made it possible to select

the most promising GCs suitable for further analysis
using molecular dynamics methods, which will make
it possible to clarify the stability of GC complexes with
TRPMS. A final confirmation of the ability of GCs to
not only form complexes with the TRPMS receptor,
but also to inhibit it should be obtained through in
vitro experiments.

CONCLUSION

Detailed mechanisms of the anti-inflammatory
effect of GCs mediated through the TRPMS ion
channel remain a big question for our research group.
However, if experimentally confirmed, the possibility
of pharmacological modulation of TRPMS by GCs will
allow to optimize approaches to personalized use of GCs
and take a different look at the therapeutic potential of
these hormones, including their effect in the treatment
of chronic obstructive pulmonary disease, respiratory
diseases, and cold-induced respiratory diseases.
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ABSTRACT

Three-dimensional (3D) bioprinting is rapidly proliferating across many medical disciplines and is making strides
towards manufacturing intricate human organs for clinical application. One of the most promising areas in 3D

bioprinting is development of bioinks with certain composition and designed properties.

The aim of this systematic review was to assess current biomedical research evidence regarding the efficacy of 3D
bioprinting for skin regeneration and wound healing. A comprehensive search for all applicable original articles
was conducted according to pre-established eligibility criteria. The study employed PubMed, Web of Science,

Scopus, Medline Ovid, and ScienceDirect databases.

Of the retrieved articles, eighteen satisfied the inclusion criteria, while twenty-three were excluded. A total
of 159 animals that had wound defects were considered in all animal-based research. Collagen and gelatin
hydrogels were the most commonly employed bioinks. In relation to cellular composition, allogeneic fibroblasts
and keratinocytes were predominant. The observation period ranged from one day to six weeks. Complete wound
closure was achieved within 2—4 weeks in most animal studies. /n vitro and in vivo animal studies have shown a
positive effect of printed bioengineered constructs in accelerating wound healing. Notably, the research where
bioprinting was performed directly in the wound in situ was of particular interest. Further studies are required
to enhance the tissue bioprinting technique to address skin wound healing in animal models. The utilization of

standardized parameters may pave the way for human clinical studies.
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Conflict of interest. The authors declare the absence of obvious or potential conflicts of interest related to the

publication of this article.

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

For citation: Barsuk [.A., Golovko K.P., Alexandrov V.N., Khasanov A.R., Edgeev N.I., Galiullin R.I. The use
of three-dimensional bioprinting for skin regeneration and wound healing (literature review). Bulletin of Siberian

Medicine. 2024;23(4):145-157. https://doi.org/10.20538/1682-0363-2024-4-145-157.

P4 Barsuk Ilya A., barsuk20220@gmail.com

bionneteHb cM6UPCKO MeanLUHbI. 2024; 23 (4): 145-157

145



Barsuk I.A., Golovko K.P., Alexandrov V.N. et al. The use of three-dimensional bioprinting for skin regeneration and wound

Ncnonb3oBaHne TpexmepHoO 6moneyaTi ana pereHepauum Koxm
M 3aXKNBNeHus paH (0630p nutepartypbl)

Bbapcyk U.A.", FonoBko K.I." 2, AnekcaHgpos B.H." 3, Xacanos A.P.', Egrees H..%,
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PE3IOME

TpexmepHast OHonedaTs B HACTOSIEE BPEMsl IIPUMEHSETCS] B CaMbIX Pa3HBIX 00JACTSIX MEAULMHBI, SIBISISACH JIBHU-
XKYIIEH CHIION MHOTHX MEIUIIMHCKMX UCCIICI0BAHMA. DTH UCCIICIOBAHHS CITIOCOOCTBYIOT MPOIBIIKCHHUIO B 00aCTh
IePCOHAIM3UPOBAHHON MEIULIMHBI, BKJIIOYAIOLUIUX IeYaTh CJIOXKHBIX YEJIOBEYECKUX OPIaHOB Ul UX HCIONbB30-
BaHUS B KJIMHUYECKOH mpakThke. OIHUM M3 BeAyLIMX HANpPaBICHUH B MPOABMXKCHUH TPEXMEPHOW OHonedaTtn
SIBIISICTCS pa3paboTKa OMOYEPHHIT OIIPE/ICICHHOTO COCTaBa C 3aJaHHbIMU CBOMCTBaMHU.

Ieap HACTOSIIIETO CHCTEMATHIECKOTO 0030pa COCTOMT B aHAJIN3E JIAHHBIX COBPEMEHHBIX OMOMETUITUHCKHX HCCITe-
JTOBaHUM, KACAIOMIUXCS OIEHKH ()D(HEKTUBHOCTH UCIIONB30BaHMS TPEXMEPHOM OHONIEYaTH JIJIsl PEreHePaIii KOKH
U 32KUBJIEHUS paH. BceoObheMITIONIHIA TOUCK BCEX PEIEBAHTHBIX OPHTMHAIBHBIX CTATEH BBIMOJHIIM Ha OCHOBE
3apaHee OINpEIEIEHHBIX KPUTEPUEB MPUEMIIEMOCTH. [TOMCK MPOBOIUIIH C UCIONb30BanueM miatdgopm PubMed,
Web of Science, Scopus, Medline Ovid u ScienceDirect.

B pesynbrate cyxeHus o0nacTu moucka u3 2 256 crareit orobpanu 18, MOTHOCTHIO COOTBETCTBOBABIIUX KPUTE-
pusiM BKIIIOYeHHUs. Bo Bce oToOpaHHBIE HcceoBaHus ObIIIO BKIIOUEHO 159 KHUBOTHBIX C paHEBBIMH Je(EeKTaMH.
B kauecTBe OMOUEPHUI Yallle BCErO UCMOIB30BAJIN KOJIJIArCHOBBIC M KEIATHHOBBIE THIPOreiy. B uacTu KieTo4Ho-
ro KOMIIOHEHTA IPEBaJIMPOBAIIN aJIIOTeHHBIC GUOpOoOIacTh! M KepaTnHOIUTHL. [lepruon HabmoaeHus Koebancs oT
1 cyT 10 6 Hent. B GONBLIIMHCTBE BKIIOUEHHBIX MCCIIEI0BAHUH Ha )KUBOTHBIX ITOJIHOE 3aKPBITHE PaHbI JOCTUTANIOCH
yepe3 2—4 Hen.

Pe3yabTathl Kax in vitro, Tak U in vivo IOKa3aJly MOJI0KUTEIFHOE BIMSIHUE Halle4aTaHHBIX OMOMHKEHEPHBIX KOH-
CTPYKLHMH Ha yCKOpeHHUe 3axuBieHus paH. OcoOblil HHTEpeC NPeICTaBIsAeT CCIIeJOBAHKE, Iie OHONeyaTh BBIIOII-
HsIETCs HEIIOCPEACTBEHHO B paHe in sifu.

HpOBeZ[CHHOC HUCCICA0OBAaHUE ITO3BOJIACT CACTIAaTh BbBIBOJ O HeOﬁXOZ[I/IMOCTI/I OTpaﬁOTKI/I TEXHOJIOTHH OHoIeYaTu
TKaHen JUIA JICYEHHU S KOKHBIX paH Ha )KUBOTHBLIX MOJCIIAX C UCTIOJIb30BAHUEM CTaAHIAPTU3UPOBAHHLIX ITapaMEeTpPOB,
4TOOBI OTKPBITh ABEPU NJId KIIMHUYECCKUX WCIIBITAaHUH Ha JIIOJAX.

KiroueBble ciioBa: 3D-0nonpuHTHHT, OMOYepHUIIA, OHOMOIUMEpPDI, 3a)KUBIICHHE PaH, pereHepanus KOXH, paHe-
BbIE TTOBSI3KU

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

Hcrounnk puHAHCHPOBAHHSA. ABTOPBI 3asBIISIOT 00 OTCYTCTBHM ()MHAHCUPOBAHHS MPH MPOBEJCHUH HCCIEN0-
BaHUsL.

Jas nuruposanus: bapcyk M.A., Tonosko K.II., Anekcanapos B.H., Xacanos A.P., Enrees H.U., I'ammyn-

nuH P.J. Vcrions30BaHne TPEXMEPHO# OHoTiedaTH JUis pereHepaliii KOK1 U 3aKUBJICHUS paH (0030p JIUTEpaTyphl).
bronnemens cubupckoii meouyunsl. 2024;23(4):145-157. https://doi.org/10.20538/1682-0363-2024-4-145-157.
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INTRODUCTION

Tissue injury is a significant medical problem,
accounting for approximately half of the global
annual health care expenditures [1]. Wound healing
is a complex multistep process aimed at protecting
and regenerating the damaged tissue area [2].
To avoid the development of adverse outcomes,
it is essential to provide patient care and utilize
appropriate dressings throughout this process.
Although traditional wound coverings (e.g., gauze,
lint, plasters, and bandages) protect the wound from
contamination, these dressings require frequent
changing to avoid infection and maceration of
neighboring tissues. Additionally, they tend to
adhere to the wound, making replacement traumatic
and painful [3].

Additive manufacturing technologies offer a
method for rapid wound healing, thereby avoiding
common complications, such as wound contractures
and scar formation [4]. Three-dimensional (3D)
bioprinting is one of the emerging adaptive
manufacturing technologies aimed at utilizing
biocompatible materials, together with living
cells and growth factors, to mimic and repair the
extracellular matrix of human organs [5]. This
approach allows for layer-by-layer printing of
flexible hydrogel constructs by converting a digital
computer-aided design (CAD) model into complex
3D structures [6].

The characteristics of the product obtained by
3D bioprinting are almost completely determined
by the properties of the bioinks used. In this
regard, bioinks are a key defining component of 3D
bioprinting [7, 8].

In traditional 3D printing, ink is fed to the
molding process as a melt at a high temperature
(for plastics, ceramics, and alloys). However, such
conditions are unacceptable for bioinks, which must
meet high biocompatibility requirements to promote
cell growth, be mechanically stable, and guarantee
shape retention of the printed construct [9]. A
number of parameters have a significant impact on
high functional integrity of bioinks. These include
cell load parameters (e.g. cell type, cell density, and
incubation period), physicochemical properties (e.g.
shear thinning, viscosity, degree of crosslinking, and
gelation time), and printing parameters (e.g. nozzle
temperature and diameter, feed rate, and printing
duration) [10, 11]. Furthermore, the selection of cell

type and source is of paramount importance to prevent
immune rejection following implantation. Primary
skin cells, including keratinocytes, melanocytes,
and fibroblasts, can be properly isolated from donor
skin and subsequently co-cultured during skin
bioprinting [12, 13].

A variety of natural and synthetic polymeric
hydrogels are utilized for bioink production [14].
Hydrogels are a class of cross-linked polymeric
substances that are capable of absorbing and
retaining a considerable amount of water. They are
capable of absorbing water up to 1,000 times their
original weight without dissolution [15]. It makes
them an optimal choice for encapsulated cells due
to their high permeability to oxygen, nutrients, and
other water-soluble compounds. The ability of cells
within the hydrogel to migrate and bind to each other
through the porous network [16] is a key property
that has enabled hydrogels to become one of the
main materials for 3D bioprinting [17, 18].

Despite the lack of mechanical stability,
90% of the polymers used in bioprinting are
derived from natural sources [19]. Natural-based
biopolymers exhibit a number of advantages over
synthetic biopolymers, due to their high similarity
to the composition of the human extracellular
matrix. This allows them to mimic the native
cell microenvironment, facilitating cell attachment,
proliferation, migration, and differentiation
[20-22].

Following the widespread adoption of 3D
bioprinting in the early part of the last decade, there
was a clear need to identify printable biocompatible
polymers that would enable the technology to be
used in medicine. According to a citation report,
the application of 3D bioprinting for wound
healing and skin regeneration commenced in 2012,
utilizing collagen bioinks. The number of studies in
this field reached 12 in 2017 and 19 in 2019, with
approximately 70 published studies by mid-2020.
The majority of these studies employed natural-
based polymers as the primary component of the
bioinks.

The use of natural polymers in the manufacture
of wound care products has been the subject of
debate among researchers. While many of the
drawbacks associated with these polymers have
been identified and potential solutions proposed,
no explicit agreement or decision has been reached.
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The objective of this systematic review was to
evaluate the efficacy of bioprinting using natural
polymer-based bioinks as skin substitutes for skin
tissue regeneration and wound healing. In addition
to reporting the biological properties of bioprinted
constructs in in vitro and in vivo studies, this review
also provides recommendations for the use of such
constructs in practice.

This review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) checklist [18]. To
identify relevant digital records from five electronic
databases — RINC, PubMed, Web of Science,
Scopus, and ScienceDirect — a comprehensive
search strategy was employed.

The search query consisted of 18 terms,
comprising two sets. The first set included “skin,”
“skin regeneration,” “skin tissue engineering,”
“wound healing,” “wound,” “burns,” and “wound.”
The second set included “3D bioprinting,” “3D
printing,” “3D cell printing,” “3D printing,”
“bioprinting,” “3D scaffold,” and “3D prototyping.”
This query was aimed at identifying 3D bioprinted
skin substitutes as potential wound healing or skin
regeneration agents.

The titles and abstracts of all identified records
were pre-screened for potentially relevant research.
Included entries were further screened by reading
full texts to ensure eligibility. To be included, an
article had to meet the following criteria: use of

natural-based bioinks; actual in vitro or in vivo study;
scaffold obtained by 3D bioprinting; original article
written in Russian or English The following criteria
were employed to exclude articles: isolated articles
that consider the theoretical possibility of using 3D
bioprinting; articles that describe synthetic bioinks;
articles pertaining to chronic wounds; systematic
and descriptive reviews, interpretations, case series,
guidelines, and technical reports.

The following data were extracted from the
included studies: 1 — information about the study
(authors, year of publication, study design, database,
and journal name); intervention details (biomaterials
and cells used, gelation time, printing temperature,
crosslinking materials and techniques, and printing
methods); outcome details (rheological, mechanical,
and biological characteristics, construct shape
accuracy, and wound healing time).

The initial search yielded 4,345 articles, but after
removing duplicates, 2,566 articles were selected
for review. Following the screening of titles and
abstracts, 2,499 records were excluded as they did
not meet the inclusion criteria, leaving 18 articles
for review. The main parameters identified for
evaluation were as follows: study design, bioprinting
and polymer crosslinking method, bioink base
material, cellular component of bioinks, cell viability
level after the printing process, and animals used for
the experiment. The study characteristics and results
are summarized in Table.

Table
Brief description and results of the selected studies
=) ED = Cells / animals . g
2 2 k] used Conclusion s
n < m E
. Collagen — When printing with inks of varying collagen / chitosan ratios, the optimal ink delivery
In-vitro chitosan blend NIH 3T3 rate was found to lie between 0.19 pl /s and 0.42 pl /s (23]
. CNF/ The CNF/GelMA scaffolds exhibited no cytotoxicity and demonstrated favorable
In-vitro GelMA NIH 3T3 cytocompatibility with 3T3 mouse fibroblasts 271
Sulfated and In vitro testing of the XRU hydrogel with human dermal fibroblasts (HDFs) revealed
In vitro | rhamnose-rich HDFs that the material exhibited high biocompatibility with a high cellular density and the | [24]
XRU capacity to promote active cell proliferation and attachment
Suspension The dSIS scaffold developed in the study may be a promising candidate for the
In vitro (Ii)SIS HDFs treatment of skin defects. Its high precision and high swelling ratio make it an [28]
attractive option for this purpose
Viscoll native Viscoll advanced bioink permits the fabrication of intricate geometries without the
In vitro collagen NIH 3T3 necessity of chemical or photocrosslinking, thus ensuring the maintenance of the [29]
& specified shape
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End of table
o 8
3z ED E Cells / animals . g
=R ‘3 Conclusion =
R 2 used <
o~
In vitro Alginate / AECs and The human AECs demonstrated a superior epithelial cell phenotype, while the [30]
Gelatin WIMSCs WIMSCs exhibited enhanced angiogenic and fibroblastic potential
In vitro The introduction of bacterial cellulose nanofibers had a minimal impact on the printing
and BCNFs, SF/ L929 fibroblasts parameters of composite bioinks. [37]
in vivo Gelatin and 12 nude mice The obtained data demonstrated that the porous structure exhibited favorable
properties for nutrient supply to the forming tissues following in vivo implantation
o HDFs, HEK 293
Fibrinogen, . . R
. . cells, and 36 The use of three-dimensional in situ bioprinting of autologous cells was found to
Invivo | thrombin and . . . [35]
female nude mice, | accelerate wound healing by approximately three weeks compared to other treatments
collagen type | oy e
along with six pigs
The utilization of a matrix generated through 3D printing, in contrast to 2D frames,
In vitro CNF HDFs facilitated accelerated cell proliferation, a crucial element in the process of rapid [31]
wound healing
. Sodium alginate The EDC-CaCl2 solution demonstrated enhanced cellular proliferation and was
In vitro - HDFs . [32]
/ Gelatin deemed more suitable for use as a dermal replacement
. NIH 3T3, The micro- and macropore structure of fibrillar collagen promoted high cell attach-
In vitro Collagen Vero cell line ment and proliferation at 37 °C [33]
. HDFs, The fabricated S-dECM bioink demonstrated no cytotoxicity and exhibited high bio-
In vitro s .
and S-dECM HEK 293 and 8 compatibility comparable to native type I collagen. [38]
in vivo male BALB/ The 3D-printed constructs with S-dECM bioink exhibited accelerated wound closure,
cA-nu nude mice neovascularization, and reliable blood flow at the implantation site
. . The incorporation of approximately 1-2% honey into the bioprinted alginate resulted
[nvitro | Alginate / honey NIH 3T3 in enhanced cell proliferation without a significant impact on printability [34]
The growth rate of HDFs was approximately 14% higher in G8-G12 gelatin scaffolds
In vitro Gelatin HDFs than in G6 gelatin scaffolds. The mechanical properties of the scaffolds are strongly | [25]
dependent on the pore size
In vitro iizz izbr}(l)g;zt The incorporation of silk sericin (SS) into the matrices was demonstrated to facili-
£¢, ? tate cell growth in HDFs. The study also indicated that SS/GelMA is an appropriate
and SS / GelMA HaCaT and 21 . . . S [39]
L substrate for cell cultures in human keratinocytes (HaCaT), as high cell viability was
in vivo female Sprague L
I maintained even after seven days
Dawley rats
The administration of 100 ng / ml FGF2 resulted in a 40% increase in the proliferation
In vitro HDFs/ rate of the cells in question. The sulfated SF-coated scaffold facilitated cell adhesion,
G-SF-SO.,- . .
and FGF2 3 36 male Sprague proliferation, and growth. [40]
in vivo Dawley rats The FGF2 growth factor enhanced re-epithelialization and also stimulated blood ves-
sel formation and the expression of several relevant markers
Gelatin — alei- The use of gelatin — alginate has been demonstrated to reduce wound bleeding
In vivo nate J 40 female mice subsequent to implantation. Furthermore, the scaffold has been shown to facilitate [36]
granulation tissue maturation and wound healing
The study demonstrated that fibroblasts and keratinocytes can be printed in a sequen-
. HDF u tial, layer-by-layer manner, resulting in dermo- and epidermal-like layers. The 3D
In vitro Collagen HEK 293 printing technique offers a high degree of control over the shape and quality of the [26]

resulting engineered skin tissues

Note. NIH 3T3 — mouse embryonic fibroblast line; CNF — cellulose nanofibrils; GeIMA — gelatin methacrylate; XRU — xylorhamno-uronic acid;
HDFs — human dermal fibroblasts; dSIS — suspension of decellularized small intestinal submucosa; AECs — amniotic epithelial cells; WIMSCs —
Wharton’s jelly-derived mesenchymal stromal stem cells; BCNF — bacterial cellulose nanofibers; SF — silk fibroin; EDC —N-ethyl-N’-(3-
dimethylaminopropyl)carbodiimide; Vero — cell lines from kidney epithelium taken from an African green monkey; S-dECM — extracellular matrix
of cutaneous origin; HEK 293 — cell line derived from human embryonic kidneys; SS — silk sericin; HaCaT — human keratinocyte cell line; G-SF-
SO3-FGF2 — gelatin-sulfated silk composite with fibroblast growth factor, 2-sulfonic acid group; CFFs — colony-forming fibroblasts.
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DESIGN OF INCLUDED STUDIES

The primary categorization of papers was based
on the study design. Twelve studies were conducted
in vitro [23-34], while two were conducted in vivo
[35, 36]. Four studies were conducted in both in
vitro and in vivo settings [37—40].

METHODS FOR BIOPRINTING
AND POLYMER CROSSLINKING

The extrusion-based bioprinting technique was
the most prevalent, with only two studies reporting
the use of inkjet bioprinting [26, 35]. Various
crosslinking techniques were employed, with
only six studies [29, 33, 34, 35, 37, 38] reporting
the absence of crosslinking agents. The following
methods were utilized:

1. Crosslinking by chemical reagent: Ca2+
27, 30, 31], CaCl2 [32, 36], 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) [28],
N-hydroxysuccinimide-1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide (EDC-NHS) [23, 25, 32,
40], nebulized sodium bicarbonate (NaHCO3) [26],
1,4-butanediol diglycidyl ether (BDDE) [31].

2. Crosslinking by physical exposure to: UV [24,
27, 39] or cooling [30, 32].

BIOINK BASE MATERIAL

The vast majority of the bioink base materials
utilized were a combination of gelatin and collagen
hydrogels. While gelatin hydrogel exhibited optimal
rheological properties, it demonstrated zero viscosity
at temperatures above 27 £ 1 °C [25], and all gelatin
studies investigated the use of different crosslinking
agents [25, 27, 30, 32, 36, 37, 39, 40]. In contrast,
four studies reported the ability to print collagen
hydrogel without the need for chemical crosslinking
agents [25, 33, 35, 38]. Furthermore, the integration
of alginate hydrogel with gelatin [30, 32, 36] or
honey [34] has also been reported.

USE OF CELL CULTURES

In general, in vitro studies tend to utilize fibroblasts
as a cellular component. Among the various types of
fibroblasts, human dermal fibroblasts (HDFs) were
employed most frequently [24-26, 28, 31, 32, 35,
38-40]. The T3T [23, 27, 29, 33, 34] and L929 [37,
39] mouse fibroblast lines were used in a similar
number of studies.

The human epidermal keratinocytes (HEK)/

human keratinocyte cell line (HaCaT) was used in
four studies [26, 35, 38, 39]. Wharton’s jelly-derived
mesenchymal stromal stem cells (WJMSC) and
amniotic epithelial cells (AECs) were used in one
study [30], Vero epithelial cells were also described
in one study [33].

CELL VIABILITY RATE AFTER BIOPRINTING

It is believed that high-tech materials based on
natural-based polymers exhibit superior biological
properties. Of the 16 in vitro studies that have
been conducted, 13 reported high cell proliferation
rates. However, three studies [23, 26, 39] did not
demonstrate a significant change in proliferation
rates, yet reported high cell viability. Seven studies
reported good cell viability [24, 26, 28, 29, 33, 34,
37]. Five studies reported minimal cell viability,
with values ranging from 85.07 to 98% [26, 29, 30,
33, 38]. One study reported the appearance of dead
cells, indicating low cell viability [28].

Furthermore, 14 studies reported high cell growth
rates, and only a decellularized small intestinal
submucosa suspension (dSIS) [28] and silk sericin /
methacrylate gelatin-based bioink (SS/GelMA)[39]
did not promote cell growth. All in vivo results were
consistent with in vitro studies, with the exception
of SS/GelMA [39], which demonstrated good
healing properties in wounds two weeks after their
treatment.

ANIMALS USED FOR THE EXPERIMENT

Atotal of 159 animals were used in animal studies,
with each study including between 8 and 40 animals.
Four studies employed mice [35-38], two studies
employed rats [39, 40], and one study employed

pigs [35].

REVIEW OF INCLUDED STUDIES

The results of 18 in vitro cell culture and in vivo
animal studies indicate that 3D bioprinted natural
polymer constructs can promote complete closure
of skin wounds. The majority of 3D bioprinted
skin substitutes demonstrated the ability to promote
cell proliferation, adhesion, and differentiation,
and the majority of in vitro studies reported high
cell viability. Furthermore, all animal studies
demonstrated reduction in wound area in animals
two weeks after surgery. Nevertheless, it is
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important to acknowledge the technical challenges
and practical limitations of assessing cell viability
in vitro and wound dynamics in in vivo animal
studies. These factors must be taken into account
when considering the potential clinical applications
of such technologies.

The primary objective of employing 3D
bioprinting in the context of wound healing is to
facilitate rapid treatment of directly damaged tissues
in situ. In a study conducted by [35], bioprinting was
performed using a combination of fibrinogen and
thrombin bioink with type I collagen, comprising
cells from the mouse embryonic fibroblast line
(HDFs) and human embryonic kidney-derived cell
line (HEK 293).

This approach was employed directly on a
wound in the back region of mice and pigs. Marker
dots were applied around the wound, after which
it was scanned with a handheld scanner. Based on
the wound scan data, an STL file was generated for
the bioprinter, which included information on the
planimetry of the points for the movement of the
bioprinter nozzle. This is necessary for volumetric
filling of the wound during the bioprinting process.

This approach, as demonstrated in the conducted
experiment, resulted in significant acceleration of
the wound healing process, with an estimated three-
week reduction in healing time compared to other
treatment methods. The immunohistochemical
analysis revealed the presence of HDFs and HEK
293 cells in the dermis and epidermis of the wound
at three to six weeks post-surgery, in addition to
endogenous cells.

BASIC 3D BIOPRINTING METHOD

As previously stated, the predominant method
employed in the reviewed works for 3D bioprinting
was extrusion printing, with only two studies
utilizing inkjet printing. This pattern is logical,
given that extrusion printing is technically the
simplest method and allows for the printing of
viscous bioinks (30 mPa's to 6 x 10" mPas) with
high cell density [41, 42]. In comparison to other
methods, extrusion printing is associated with
several disadvantages. These include a relatively
low resolution (2000-1000 um), potential nozzle
clogging, and reduced cell viability at high printing
speed, due to increased pressure in the extruder,
which can lead to cell membrane damage [41, 43,

44]. Given that optimal printing rates do not lead to
cell damage and there is no need for high resolution,
coupled with lower equipment costs, extrusion
printing remains the method of choice for creating
bioengineered constructs for the treatment of skin
defects.

MATERIALS FOR BIOINKS

A variety of bioinks have been employed in the
studies, including single-component bioinks and
composite bioinks comprising multiple components.
The materials utilized in the form of hydrogels
possess necessary physicochemical properties for
printing and exhibit a high degree of similarity to
the natural extracellular matrix of the skin, thereby
providing them with high biocompatibility [14].

Collagen. Collagen hydrogel has demonstrated
the required biodegradation (about 30 days), high
shape stability at 37 °C, and excellent micro- and
macropore structure that promote cell attachment and
proliferation [33]. However, direct 3D bioprinting
of collagen is still limited due to physical properties
of a collagen solution, which make it poorly
suitable for printing, especially when cells or tissue
spheroids are incorporated [29]. Notably, despite the
limited printing capabilities of pure collagen, most
studies have not utilized chemical crosslinking.
Instead, various methods have been employed,
including mixing with other materials (fibrinogen
and thrombin [35], chitosan [23]), using fibrillar
collagen [33], using low concentrations of collagen
(2-4%) [29], and adjusting the density of bioink by
dosing the amount of cell suspension injected [26].

Inthe same context, the gelation of matrix proteins,
such as collagen, is typically initiated by controlling
pH, temperature, or both. However, this approach is
only valid for thin structures (less than 1 mm) due to
the limitations of diffusion or heat transfer in thick
structures (1 to 3 mm). Consequently, ungelatinized
regions are observed in the printed structure. The
utilization of elevated pH or temperature to achieve
the aforementioned outcome is not always feasible,
as it may result in significant cellular damage within
the solution [26].

Gelatin. Gelatin is a denatured form of collagen
protein [45]. At low temperatures, gelatin filaments
form helical structures, which result in a gel-like form
[46]. Gelatin retains the Arg-Gly-Asp sequence and,
in contrast to its predecessor, is less immunogenic
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and promotes cell adhesion, differentiation, and
proliferation [47]. However, pure gelatin solutions
exhibit poor mechanical strength and low viscosity
at temperatures above 27 £ 1°C, which limits their
use in 3D bioprinting.

To overcome this limitation, gelatin is frequently
combined with other natural biomaterials, such
as alginate [30, 32, 36] and silk fibroin (SF) [37],
to enhance its formability. Moreover, gelatin
methacrylate (GeIMA) is a promising candidate
for wound-healing bioinks due to its high heat
sensitivity and photocrosslinking ability. GelMA
is also known to have good biocompatibility and to
promote intercellular interaction and cell migration.
Furthermore, the favorable mechanical stability of
GelMA after UV crosslinking has been exploited to
provide high shape accuracy of composite bioinks,
where cellulose nanofibrils [27] and silk sericin [24]
were used as the second component.

Alginate. Alginate is a polysaccharide consisting
of B-mannuronate and its C-5 epimer a-L-gluronate
[48]. It is a popular hydrogel used in bioprinting due
to its biocompatibility, the possibility of various
crosslinking options, and the ease of use [49].
However, alginate has several limitations. Delayed
crosslinking can reduce the shape accuracy of
bioprinted constructs, while rapid crosslinking limits
the interaction of cells with the material, reducing
their further viability.

One study attempted to overcome these
limitations by reducing the viscosity of alginate
through the addition of honey. It was hypothesized
that the inclusion of honey would allow to increase
cell viability without altering the printability of
the alginate. Even printing with simple alginate
solutions was found to have poor shape accuracy.
Researchers have attempted to increase the viscosity
of alginate or extrude it with chemical crosslinking
agents, such as calcium ions (Ca2+) [30].

Skin  decellularized  extracellular — matrix
(S-dECM). The extracellular matrix (ECM) is the
non-cellular component of a tissue or an organ. It
is a network of microenvironments that allows cells
to perform their functions. Every tissue has a well-
constructed ECM composed of several components
that maintain the native structure and promote cell
migration. Interestingly, ECM can be obtained with
an appropriate protocol and used as a matrix for
tissue regeneration [50].

In one of the studies reviewed, the authors
successfully decellularized pig skin and generated
printable dECM-based bioink from it. In an in
vitro study, they found that compared to collagen-
based bioink, 3D bioprinted skin equivalent
using dECM-based bioink promoted dermal
stabilization, improved epidermal organization, and
provided physiologically important skin functions.
Furthermore, dECM-based 3D skin encapsulated
endothelial progenitor cells (EPCs) and atypical
squamous cells (ASCs) demonstrated the capacity to
promote neovascularization and re-epithelialization,
which was evidenced by accelerated wound healing
in vivo [38].

MAIN PARAMETERS OF BIOINKS
AFFECTING CELL VIABILITY

The biocompatibility of bioprinting materials has
been extensively studied, and a number of factors
that may affect cell viability, adhesion, proliferation,
migration, and differentiation have been identified.
In general, cytotoxicity is the primary criterion to
be evaluated when considering a potential material
for medical use. The majority of the included studies
employed a colorimetric test to assess the metabolic
activity of cells (MTT assay), thereby ensuring that
there was no cytotoxicity or inflammation caused
by chemical interaction between the cell and the
material. Notably, only silk sericin / BioVernyl
GelMA induced acute inflammation on day 7, which
disappeared at the end of the observation period [39].

An additional property of bioinks is the size
of pores formed in printed structures during
crosslinking of hydrogels or lyophilization of
samples. Small pore sizes result in a lack of nutrition
and oxygen supply to the cells, which in turn leads
to slower cell migration and low viability. The effect
of gelatin hydrogel pore size on cell behavior was
studied. The study revealed that a pore size of 580
pum led to a 14% increase in the proliferation rate of
HDFs after 14 days in comparison to 435-um pores
[25]. Furthermore, the use of natural bioinks offers
a favorable intermolecular network. For instance, it
is well established that fibrillar collagen possesses
an optimal micro- and macropore structure, which
has been demonstrated to facilitate robust cell
attachment and proliferation, ultimately enhancing
cell viability [33].

152 Bulletin of Siberian Medicine. 2024; 23 (4): 145-157



Reviews and lectures

A crucial aspect of bioinks is the concentration
of their primary structural component. This
parameter has a profound impact on cell viability,
as high concentrations lead to cellular compaction
and, consequently, reduction in cell viability.
The effect of varying the concentration of Viscoll
brand collagen on cell viability was evaluated. The
results demonstrated that reduction of the collagen
concentration from 4 to 2% led to an increase
in cell viability from 87.2 + 2.1 to 97.2 + 1.2%
(p <0.05) [29].

Another group of authors studied the effect of
using a lower-molecular-weight collagen extract
on the viability of the mouse embryonic fibroblast
cell line (NIH 3T3). Their findings indicated that
decreasing the concentration of the extract from
100 to 25% resulted in an increase in cell viability
from 85.07 £ 6.73 to 111.31 £ 3.65% (p < 0.05)
[33]. Another study sought to examine the impact
of combining low concentrations of GelMA with
cellulose nanofibrils (CNF) on cell proliferation.
The results indicated that three days after culture,
the number of cells on the CNF/GeIMA composite
bioink was approximately twice that observed on
CNF bioink alone [27].

The density of the cell suspension is another
critical factor. As previously described, the use of
higher cell counts (greater than 1 million cells per
ml) results in reduced cell viability. There is evidence
for the use of an inkjet bioprinting system and a
study on the effect of using different cell suspension
densities and droplet sizes on cell viability. The
study demonstrated that cell viability is proportional
to cell suspension density and inversely proportional
to the space between droplets for both keratinocytes
and skin fibroblasts. At very low cell suspension
density (0.5 million cells / ml) and large droplet
spacing (400 nm), fibroblast viability was moderate
(84%). This is likely due to the lack of intercellular
communication at relatively low surface coverage.
Similarly, at high cell suspension density (5 million
cells / ml) and small droplet spacing during printing
(400 um), keratinocyte viability was equal (94%).
The highest cell viability rates (98-99%) were
achieved using cell suspension density of 1-2 million
cells / ml and droplet spacing of 200 nm [26]. In
addition, the thickness of the printed structure exerts
a significant effect on cell adhesion. The percentage
of cell attachment was found to be higher in 3-mm-

thick samples than in 2-mm-thick samples. It was
demonstrated that a thicker scaffold promoted cell
adhesion [31].

Conversely, growth factors, crucial morphogenetic
proteins that influence cell activity and guide tissue
repair and regeneration, cannot be overlooked [51].
Published data indicate that the addition of 100 ng
/ ml of fibroblast growth factor (FGF2) to bioink
significantly increases the proliferation rate (from
~40 to ~75%), improves the morphology of the
construct (approaching the structure of native tissue),
and accelerates the assembly of native collagen fibrils
responsible for the formation of the ECM of the skin

[407]).

THE STRUCTURE AND MECHANICAL
PROPERTIES OF THE OBTAINED
BIOENGINEERED CONSTRUCTS

Materials utilized for bioprinting should possess
acceptable mechanical properties and should not
collapse after printing. Additionally, they should
have a high swelling coefficient to facilitate moisture
and air exchange in the wound area, metabolism, and
cell proliferation. According to published literature,
human skin exhibits an average modulus of elasticity,
with values ranging from 100 to 1,100 kPa [38].
The degree of swelling is inversely proportional to
Young’s modulus values. Nevertheless, an increase
in the fiber spacing of decellularized small intestinal
submucosa (dSIS) suspension from 500 to 700 pm
has been observed to result in a notable increase
in the degree of swelling from 69 to 79% and a
simultaneous decrease in the Young’s modulus from
26.6 + 3.8 t0 9.7 + 3.1 kPa (p < 0.05) [24]. Similar
outcomes were observed in studies that employed a
crosslinked solution of cellulose nanofibrils (CNF)
[31] and a crosslinked solution of alginate with
gelatin [32].

It is essential that the bioinks retain their shape
after leaving the tip of the printing nozzle. In
general, proper hydrogel viscosity ensures high form
accuracy and minimizes the possibility of structural
failure after printing [36]. Another important
parameter is sheer thinning. Bioinks must have a
strictly defined thixotropic effect to avoid nozzle
clogging during extrusion and to allow for structural
consistency recovery after printing to be ready for
the next layer [23, 30, 31]. For instance, collagen
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requires approximately one minute to transit to a
gel-like state and maintain a solid base for printing
the subsequent layer [26]. Additionally, the stiffness
of the printed scaffolds has been demonstrated
to significantly influence cell proliferation.
For instance, as CNF stiffness increased within
the range of 3-8 kPa, cell proliferation was
accelerated [31].

WOUND CARE IN ANIMAL MODELS

A high rate of wound healing is crucial to
avoid prolonged treatment and the formation of
hypertrophic scars. The success of using the new
material as a wound treatment agent is primarily
determined by its high biocompatibility and a lack of
cytotoxicity in vitro. With further study, the material
under consideration should stimulate wound healing
and tissue re-epithelialization in vivo. The use of
bioprinted constructs with the addition of human
cell lines has been demonstrated to accelerate
wound healing in animal models by approximately
three weeks compared to other methods [35].

Implantation of skin constructs with the
correct pore size and structure has been shown to
significantly influence the nutrition supply and
cell growth in the wound area [37]. Uniform and
as early as possible application of the printed
coating has been shown to maximally reduce the
formation of scar tissue in the wound area. It has
been demonstrated that the application of a scaffold
of gelatin — sulfated silk composite containing
fibroblast growth factor (G-SF-SO3-FGF2) to the
back of wounded rats resulted in the wound surface
becoming smoother after surgery. Furthermore,
cross-sectional results indicated that the wound had
completely closed, accompanied by the presence of
more blood vessels [40]. Furthermore, the histologic
examination of a cross-section of the SS/GelMA-
treated wound seven days after surgery demonstrated
the formation of new collagen accompanied by high
fibroblast proliferation, which was comparable to
that observed in healthy tissue. This was followed
by complete wound closure at week 4 [39].

It is also important to note that the integration
of a new tissue or organ into the surrounding tissue
or cavity of a bio-object necessitates the presence
of an appropriate vascular network. To address
this challenge, researchers have employed a range

of techniques, including the addition of growth
factors that stimulate vascularization [40], the use of
a network of interconnected pores with a diameter
of 50 to 500 um and micropores with a diameter of
less than 10 pm [33], and the incorporation of skin
decellularized extracellular matrix [38].

CONCLUSION

This review presents an analysis of scientific
studies conducted in vitro on cell cultures and in vivo
on animals. The aim was to ascertain the possibility
of creating a skin substitute using 3D bioprinting.
The review first confirms the significant advantages
of using extrusion bioprinting with natural-based
biopolymers for skin repair and regeneration. The
majority of obtained images using this technology
demonstrated an excellent ability to mimic the 3D
structure of the native skin tissue microenvironment
and promote cell adhesion, proliferation, and
migration. /n vivo visualization revealed that the use
of a bioprinted construct with well-organized dermal
and epidermal layers resulted in complete wound
closure four weeks after surgery. Additionally, high
significance of different properties of bioinks should
be noted, as they greatly impact the acceleration of
wound healing.

Despite the limited number of studies conducted,
in situ bioprinting is one of the most promising
advances in skin tissue engineering. It can be utilized
by surgeons to efficiently and rapidly print complex
organs. However, the main challenge lies in the
difficulty of accurately constructing tissue parts.
This requires integration of various fields of science,
including not only medicine and biology, but also
engineering, chemistry, and even IT. In addition,
some new polymer crosslinking techniques, such as
two-photon crosslinking and UV radiation directed
at the nozzle tip, can help improve the speed
and accuracy of printing with existing bioinks.
Vascularization-prepared scaffolds are of particular
interest because they retain their pre-vascularized
microstructure after printing and, even when
used without cells, are rapidly repopulated with
autologous cells due to stimulation of the recipient’s
regenerative processes.

It is regrettable that the use of 3D bioprinting
for wound healing is still being studied in animals.
A meta-analysis of the available literature did
not identify any randomized human clinical
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trials. Another significant issue is that the time of
observation and measurement, the cell lines used,
the type and number of animals used, the severity
and area of the wounds inflicted, and the method of
application vary from study to study, contributing to
high heterogeneity of results.
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ABSTRACT

Oncolytic viruses (OVs) are a new class of targeted anticancer drugs with unique mechanisms of action. Oncolytic
virotherapy has evolved from the use of in vitro-passaged strains (first generation) to genetically engineered viruses
with increased selectivity (second generation) and, ultimately, to recombinant OVs expressing a transgene (third
generation).

The aim of the review was to analyze and summarize data on the current state of clinical research on OVs.

A PubMed search identified 182 articles from 1997 to 2024 with 154 studies reporting data on 4,850 patients.
We found that adenovirus (n = 44) is the most common OV in clinical trials with more than two-thirds (n = 108)
using modified or recombinant viral backbones, and granulocyte-macrophage colony-stimulating factor (GM-CSF;
n = 40) was the most common transgene. The most common tumors targeted were melanoma (n = 1,997) and
gastrointestinal (GI; n = 916) cancers with the most common monotherapy received by intratumoral (n = 3,003) or
intravenous (n = 1,318) delivery routes. The most common combination included chemotherapy (n = 54).

Treatment-related adverse events included low-grade constitutional symptoms and local injection site reactions.
Measurements of virus shedding were frequently performed, but many studies were limited to blood and tumor
tissue analysis, using only polymerase chain reaction (PCR). Although most studies reported antiviral antibody
titers (n = 101), only a few reported virus-specific T-cell responses (n = 23). Objective responses were recorded in
458 (9.4%) patients and disease control was achieved in 1,141 (23.5%) patients, although standard reporting criteria
were used in only 60.4% of cases.

These data provide an insight into the current state of clinical research on OVs and highlight potential areas
requiring further investigation to better define the role of OVs in cancer treatment.
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! Hayuonanvnwui meduyunckui uccredoeamenvckuii yenmp (HMHUL]) onxonozuu
Poccus, 344037, o. Pocmoe-na-/{ony, ya. 14-a Jlunua, 63
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PE3IOME

Onkonurudeckne Bupycsl (OB) — 3T0 HOBBIH Kiacc TapreTHBIX MPOTUBOOIYXOJIEBBIX MPENApaTOB, 00JIAJAI0MINX
YHUKAJIBHBIMH MEXaHM3MaMH JeiicTBUS. DBOMNIONHUS B 00JIACTH BUPOTEPANUH MPOLLIA OT HCIIOJIb30BAHUS LIITaM-
MOB, TIACCHPOBAHHBIX i1 Vitro (IIepBOE MOKOJICHHUE), K TeHHO-MHKEHEPHBIM BHPYCaM C MOBBIIICHHOH CElIeKTHBHO-
CTBIO (BTOpPOE TTOKOJIEHUE) U, B KOHEYHOM HUTOTe, K peKOMOMHAaHTHBIM OB, 3KcIIpecCHpyIOMUM TPaHCTEHBI (TPEeThe
MTOKOJICHHE).

Heaw 0630pa 3akiovanach B MPOBEACHUHU aHAM3a U 0000IICHNH JAHHBIX O TEKYIeH CHUTYalud B KIMHUYECKUX
ucciaenopanusx OB.

IMouck B PubMed 3a neprox ¢ 1997 mo 2024 r. BeisiBun 182 craThy, U3 KOTOPHIX 154 mpenocTaBHiIM JaHHEIE
0 4 850 marmenrax. CoracHo myOuMKanusiM, ageHoBupyc (n = 44) sBusercs HanOosee pacnpocTpaneHHBIM OB
B KJIMHMYECKUX UCCIIE0BaHMAX, IprdeM Ooliee nByX Tperteit (n = 108) mucnonp3oBann MOANGHUIMPOBAHHBIE HIIH
PEeKOMOMHAHTHEIE BUPYCHEIE OCHOBBI C HaHOOJIee YaCTHIM TPAHCT€HOM B BHJIE IPaHyJIOIMTapHO-MaKpodaraibHOTo
KoJoHHecTUMyHpytoniero ¢axropa (GM-CSF; n = 40). Cpenu onyxoseii B OOJNBIINHCTBE CIydaeB HCCIEIOBa-
mck menanoMa (n =1 997) u pax xenynouno-kumreqnoro tTpakta (JKKT; n = 916) ¢ ucnonp3oBaHHEM MpenMyIiie-
cTBeHHO MoHOoTeparmu OB uepes BHyTpHOMyX0neBoe (7 = 3 003) nm BHyTpHuBeHHOE (1 = 1 318) BBenenue. Yacro
BCTpEYAIONIAsACcs KOMOWHAILIUS BKITIOYAIa XUMHOTEpanuio (n = 54).

HexenareabHbIMU SBICHUSIMH, CBS3aHHBIME C JiedeHHeM OB, ObUIM KOHCTUTYIIMOHAJBHBIE CHMIITOMBI HU3KOIL
CTCICHU TSDKECTH M MECTHBIC PEAKLUM B MECTe MHBEKUHMH. YacTo NMPOBOIMIN M3MEPCHHUs BBIACICHUS BHpYcCa,
O/IHAKO BO MHOTHX HCCIICJIOBaHUSIX OIPAHMYUBAINCH aHAIU30M KPOBH H OIyXOJICBOW TKaHH, MPUMEHSS TOJIBKO
HOJIMMEPA3HYIO LIEMHYI0 peakiuo. HecMoTpst Ha TO, 4TO B GONBLIMHCTBE pabOT COOOIIAIM O TUTPaX MPOTHBO-
BUPYCHBIX aHTuTelN (17 = 101), IMIIB B HEKOTOPBIX OBUIM OTMEYCHBI BUpYyccrenuduieckue T-KIeTOUHbIE OTBETHI
(n =23). O6pextuBHBIe 0TBeTH (ORR, objective response rate) 6butH 3adukcupoBans! y 458 (9,4%) marueHTos, a
KOHTPOJB 3a0oneBanus gocrurancs y 1 141 (23,5%) 6onpHOTO, XOTSI CTaHAAPTHBIE KPHTEPHH OTIETHOCTH HCTIONb-
30BaMCh JUIb B 60,4% cirydaes.

OTH AaHHbIE JAIOT PECTABICHUE O TEKYILIEM COCTOSHUH KIIMHUYECKUX HucciienoBaHuii OB ¥ BBIABISAIOT NOTCHIIU-
anpHBIE 00J1aCTH, TPeOyIOIIIe JabHENUIIEro u3yyeHus A 6oiee 4eTKoro onpenenenus poiu OB B 1eyeHnu paka.

KiaroueBble c10Ba: OHKOJIUTHICCKHA BUPYC, HUMMYHOTEpANNA, BUPOTECPAIInsd, KIMHUYCCKUE NCCICAO0BAHUs, KIIN-
HHUYCCKHUEC UCITBITAHUA

KOHq).]'Il/lKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U MNOTCHIUAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C r[y6nm<aunel71 HaCTOS{H.[eﬁ CTaTbHU.

Hcrounnk ¢puHaHCHpPOBaHUS. ABTODHI 3asBISIOT 00 OTCYTCTBUM (PMHAHCHPOBAHMS IPHU IPOBEICHUH HCCIEN0-
BaHMSI.

Jast umtupoBanus: ['onosunoB U.B., ['onuaposa A.C., lllynsra A.A., Binacos C.H., Jumurpuamu C.H. Kiu-
HUYECCKHE HCCIICOBAHHMS OHKOJUTHUYCCKUX BHPYCOB. biotemens cubupckou meouyunvl. 2024;23(4):158-168.
https://doi.org/10.20538/1682-0363-2024-4-158-168.

INTRODUCTION serious disease [1, 2]. One innovative approach that
is gaining popularity is oncolytic viral therapy, which

In the field of cancer treatment, researchers are harnesses the potential of viruses to selectively target
constantly developing new therapeutic strategies to and destroy tumor cells while sparing healthy tissue.
combat the complex and heterogeneous nature of this Oncolytic viral therapy is a promising strategy in the
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fight against cancer. It demonstrates multifaceted
mechanisms that induce direct tumor lysis, stimulate
antitumor immune responses, and improve the
effectiveness of conventional treatments [3—5].

Oncolytic viral therapy is based on the use of
natural or modified recombinant viruses constructed
using genetic engineering methods to infect,
replicate, and destroy malignant cells. These viruses
are engineered to exploit vulnerabilities and genetic
abnormalities present in tumor cells, destroying them
while sparing healthy tissue. The selectivity of these
viruses against tumor cells is often achieved through
genetic modifications that make them unable to
replicate in healthy tissues, thereby increasing their
safety for clinical use [6].

Priorto conducting studies in humans, itis necessary
to evaluate selectivity, cytotoxicity, biodistribution,
and replication of the virus in in vitro cell lines and
animal models [7, 8]. The results obtained from animal
models can provide some insight into the response of
patients [9].

Over the past few decades, the study of oncolytic
viral therapy has progressed from preclinical studies
to numerous clinical trials, indicating a transition
from theoretical speculation to concrete therapeutic
potential. Currently, according to Clinicaltrials.gov,
there are 107 ongoing clinical trials, 89 of which
are recruiting participants. These trials encompass a
variety of cancer types and numerous oncolytic viruses
with diverse mechanisms of action and delivery
strategies. The results of the studies are crucial in
comprehending the safety, efficacy, and challenges
related to oncolytic viral therapy as a viable cancer
treatment option [10, 11].

The aim of this study was to review the current
situation in clinical trials on oncolytic viral therapy.

LITERATURE SEARCH METHODS

A systematic literature search was conducted using
the PubMed database with the keywords “oncolytic
virus” and “oncolytic viruses”. The search was limited
to clinical trials and randomized clinical trials. A total
of 182 articles were identified and reviewed, of which
154 contained original reports of clinical trial data
using oncolytic viruses.

RESULTS

Oncolytic viruses in clinical trials

The literature search identified 154 clinical trials
from 1997 to 2024 that reported on the use of oncolytic
viruses (OVs). These studies involved 4,850 patients

with various forms of malignant neoplasms (Table).
Of the studies conducted, the majority (n = 86; 55.8%)
were phase I trials. This suggests that oncolytic
virotherapy is a novel approach and indicates that
negative results from later-stage studies may not
have been published yet, thus hindering complete
understanding of the effectiveness of OVs in cancer
patients.

We found that out of the total number of studies,
15 (9.7%) were phase 1 / II trials, 28 (18.2%) were
phase II trials, and 20 (13.0%) were clinical trials that
were not clearly classified but were mostly early-phase
studies or the first clinical trials in humans. Phase III
trials accounted for approximately 3% (n = 5) of the
selected studies. However, even if a drug successfully
completes phase III clinical trials, there is still a risk
of failure. For example, on August 2, 2019, Labiotech
announced the completion of a phase III clinical trial
of Pexa-Vec (JX-594), a genetically modified vaccinia
virus expressing GM-CSF and lacking the thymidine
kinase gene, for the treatment of liver cancer. The
interim analysis showed that the efficacy of Pexa-Vec
in combination with sorafenib was greater than that
of sorafenib alone, but the likelihood of prolonging
patient survival was low, so the study was terminated
early [12]. Therefore, current literature focuses on
early-phase clinical trials.

Table

Patient characteristics in clinical trials of OVs

Characteristics n
Tumor localization
Brain 377
Breast 156
Gastrointestinal tract 916
Genitourinary system 245
Gynecologic tumors 219
Head and neck 198
Lungs 297
Melanoma 1,997
Sarcoma 148
Other solid tumors 204
Hematologic tumors 93
Delivery method
Intratumoral 3,003
Intravenous 1,318
Several 122
Other 407
Phase
1 1,793
/1 345
11 1,317
111 932
Not specified 463
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Figure. Transgenes used as a payload for oncolytic viruses

A variety of DNA and RNA viruses can be used as
OVs. Most of the clinical trials included in the review
used DNA viruses due to the advantages of their larger
and more stable genome, which facilitates genetic
engineering and the addition of multiple transgenes
(Figure) [13]. The most commonly used viruses
were adenovirus (n = 44; 28.6%), followed by herpes
simplex virus type 1 (HSV-1; n=37; 24.0%), reovirus
(n=25;16.2%), and poxviruses (n = 18; 11.7%).

Additionally, six studies (3.9%) utilized Coxsackie
virus, while five studies (3.2%) each employed
Newcastle disease virus and measles virus. Four
studies (2.6%) used parvovirus. Although some
clinical trials have mentioned other viruses, such as
Seneca Valley virus, Sendai virus, vesicular stomatitis
virus (VSV), herpes simplex virus type 2 (HSV-2),
retrovirus, and rhinovirus / poliovirus chimera, none
of the published studies used more than one type of
OVs.

Insertional mutagenesis is a problem that occurs
when an exogenous DNA sequence from a virus
integrates into the genome of the host organism [14].
This phenomenon can be harmless, but it can also
lead to the transformation of host cells and even cause
tumorigenesis. The risk of insertional mutagenesis
depends on the characteristics of the virus. For instance,
RNA viruses without a DNA phase, as well as viruses
that replicate in the cytosol, do not pose any risk in this
regard. Some viruses, including echoviruses, vaccinia
virus, Coxsackie virus, and Newcastle disease virus,
are considered safe. Although HSV-1 replicates in the
nucleus, it has not been shown to cause insertional

mutagenesis [15]. Adenovirus type 5 vectors are also
safe due to the episomal nature of DNA [16].

However, retroviruses and lentiviruses are known
for their ability to invade the genome of the host cell.
Retroviruses are single-stranded RNA viruses that,
upon entering the cell cytoplasm, are converted into
proviral double-stranded DNA and subsequently
translocated into the nucleus. While retroviruses and
lentiviruses are popular vectors for gene therapy, the
risk of genotoxicity remains a concern [17]. Therefore,
it is crucial to thoroughly study the origins of a virus
before looking into its development.

Approximately one-third (n = 46) of the clinical
studies used wild-type virus, while two-thirds (r = 108)
used genetically modified viruses. The modifications
primarily consisted of deleting nonessential viral
genes to promote selective replication in tumor cells
and attenuate viral pathogenicity. In 69 clinical trials,
genetic modifications also included the expression of
one or more transgenes using 101 recombinant genes
(Figure). The most frequently expressed transgene
was GM-CSF (n = 40; 26.2%). GM-CSF stimulates
the proliferation, differentiation, and migration of
macrophages and dendritic cells, promoting the
generation of adaptive immune responses by facilitating
the cross-presentation of tumor antigens [18].

The next most commonly expressed transgenes
were those used for the selection and identification
of recombinant viruses after host infection. The
study utilized LacZ (n = 16), which encodes bacterial
B-galactosidase, and GUSB (n = 4), which encodes
B-glucuronidase. Additionally, seven viruses were
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used, each encoding genes for prodrug enzymes, such
as cytosine deaminase (n = 7) and HSV-1 thymidine
kinase (n = 7), which convert a nontoxic prodrug into
a cytotoxic agent. The transgenes included immune-
enhancing genes, such as interleukin-2 (/[L-2; n = 1),
interferon-beta (/FFNf; n = 2), lymphocyte function-
associated antigen 3 (LFA-3; n = 1), costimulatory
molecule B7.1 gene (n = 1), and intercellular adhesion
molecule 1 ({/CAM-1; n=1) gene.

In addition, several studies have employed
different transgenes to monitor viral replication
and biodistribution. Specifically, one study utilized
heat shock protein 70 (HSP70), two studies used
the carcinoembryonic antigen (CEA) gene, and
three studies used sodium iodide symporter (NIS)
and the tyrosine kinase-related protein 1 (TYRPI)
gene. The NIS gene has been used to visualize viral
biodistribution and replication using CT and sensitize
cells to radiation therapy. Finally, ten studies utilized
adenoviruses that expressed modified type 5 fibers,
which were designed to enhance viral cell entry [19].

The selection of the most suitable virus and
transgenes should be based on further biological
analysis of tumor cells, host factors, and mechanisms
that promote the activation of Th1l and CD8+ effector
immune responses in T cells. Studies have shown
that intracellular sensors, such as the cGAS-STING
complex and Toll-like receptors, play a crucial role
in inducing innate immunity by tumor cells [20]. The
intracellular sensors used to recognize DNA and RNA
viruses are also used for the same purpose in cancer.
However, their status in cancer is not yet precisely
determined [21].

TYPES OF TUMORS IN CLINICAL TRIALS

Clinical trials on OVs cover a wide range of tumors
and focus on a large number of cancer patients (Table).
Melanoma and gastrointestinal cancer were the
most commonly studied tumors. Melanoma patients
accounted for 50 clinical trials with the largest number
of patients (n = 1,997), likely due to the relative ease
of accessing tumors for local injection. An example of
this is a phase III clinical trial of T-VEC, a genetically
modified HSV-1-expressing GM-CSF, which included
436 melanoma patients [22]. There were 106 clinical
trials involving 916 patients with gastrointestinal
cancer. Table summarizes various tumor localization
targeted in clinical trials, including genitourinary
tumors (n = 43), breast and gynecologic cancers
(n=48), sarcomas (n =27), and head and neck cancers
(n =23).

Based on the number of patients included in
clinical trials, melanoma was the most common
cancer type, followed by gastrointestinal cancer
(n=916; 18.9%), brain tumors (n = 377; 7.8%), lung
cancer (n = 297; 6.1%), genitourinary cancer (n =
245; 5.1%), gynecologic cancer (n = 219; 7.7%), head
and neck cancer (n = 198; 4.1%), and breast cancer
(n = 156; 3.2%). The study included 204 patients
(4.2%) with solid tumors that were not otherwise
defined, as well as 93 patients (1.9%) with various
hematologic malignancies.

DRUG COMBINATIONS

Of the 154 studies reviewed, 94 (61.0%) clinical
trials used OV monotherapy, while 60 (39.0%)
studies used OVs in combination with at least one
other treatment or anticancer drug. Among the
combinations, the most common drugs were cytotoxic
chemotherapeutic agents (n = 54; 35.1%) and immune
checkpoint inhibitors (n = 16; 10.4%).

Other modalities used in combination OV
therapy studies included radiation therapy (n =
9; 5.8%), chemotherapy prodrugs (n = 8; 5.2%),
tyrosine kinase inhibitors (n = 2; 1.3%), and
immunomodulatory drugs (n = 1; 0.6%). The most
common chemotherapy drugs included paclitaxel
(n =9) and cyclophosphamide (n=8), the latter being
used in pretreatment chemotherapy to stimulate an
antitumor immune response. In addition, gemcitabine
was used in six studies. Two studies were unclear
about the type of chemotherapy. Eight studies
combined OVs with prodrugs, including four studies
with the 5-fluorouracil precursor S-fluorocytosine,
three studies with ganciclovir, and one study with
valganciclovir. Sixteen studies reported a combination
of OVs and immune checkpoint inhibitors. Of these,
five studies used ipilimumab and pembrolizumab,
two studies evaluated the combination of OVs
with bevacizumab, and one study with nivolumab,
durvalumab, pucotenlimab, and tremelimumab.
Additionally, two studies reported on the combination
of OVs and tyrosine kinase inhibitors, specifically
bortezomib and erlotinib. Finally, one study used a
combination with interleukin-2.

Considering the diversity and heterogeneity of solid
tumors,combining OVswith other treatmentmodalities
may enhance their effectiveness. When developing
combination therapy, it is crucial to consider drug
interactions and the sequence of their use to minimize
possible antagonistic effects. Chemotherapy can
inhibit DNA synthesis, mitosis, and cell division, and
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cause DNA damage. OVs replicate in tumor cells and
contribute to the induction of DNA damage. Therefore,
combining OVs with chemotherapy may enhance the
antitumor effect synergistically [23, 24]. Combination
therapy that includes OVs and checkpoint inhibitors
is an attractive approach. OVs can attract tumor-
infiltrating lymphocytes and stimulate the release of
tumor antigens, danger signals, and proinflammatory
cytokines, which further increases T cell recruitment
and promotes immune cell activation. Viral infection
may increase the expression of immune checkpoint
molecules, such as CTLA-4 and PD-1, which typically
inhibit T cell activation [25-27]. Additionally, the
combination of radiation therapy and OVs has a
synergistic effect on tumor treatment [28].

In addition to ongoing research that combines
OVs with checkpoint inhibitors, viruses are being
developed that can produce their own antibodies. For
instance, HSV-1, which can express antibodies to PD-
1, was developed to treat glioblastoma [29]. Although
this construct has only been tested in mouse models
so far, it represents a promising example of enhancing
OV activity by inserting an antibody gene.

ADMINISTRATION ROUTES

Selecting the optimal route of administration is
a controversial issue in the clinical development
of OVs. Therefore, we analyzed the routes of
administration used in published clinical studies
(Table). The most commonly used method was
intratumoral injection, which was used in 88 studies
(57.1%). OVs are suitable for direct injection into
the tumor. However, the number and localization
of tumors may restrict the use of this method.
Intratumoral injections provide direct tumor access,
but the OV may be distributed unevenly within the
tumor, reducing its effectiveness.

Intravenous delivery was used in 57 clinical
studies (37%). It has the potential to infect metastatic
lesions but may be limited by dilution in the blood
and clearance from the body. This method avoids
challenges of localizing each tumor, but there is a risk
of inadequate transmission of the virus to the tumor
site, which reduces its effectiveness [30].

Other delivery methods used in the studies
included hepatic artery infusion in five studies
(3.2%) and intraperitoneal delivery in eight studies
(5.2%). Additionally, intravesical injection (n = 3),
direct injection into the removed tumor bed (n = 3),
convection-enhanced delivery (CED) into the brain
tumor bed (n = 2), intradermal injection (n = 2), and

infection of tumor cells ex vivo (n = 1) were employed.
Two studies reported the use of stem cell delivery. No
clinical trials using nanovesicle delivery have been
reported, although preclinical trials have described
such methods [31, 32].

Phase III clinical trials only used intratumoral
injections, indicating their primary role in OVs with
high commercial potential. This method is safer and
ensures that the virus reaches its target directly.

There is interest in discovering new delivery
methods that can prevent premature clearance of the
virus and improve its biodistribution in tumor sites
[33].

According to the Table, the most common delivery
routes were intratumoral (rn = 3,003; 61.9%) and
intravenous (n = 1,318; 27.2%) injections. In the
same studies, 122 patients received OVs through
multiple routes, mostly combining intravenous with
intratumoral administration. Besides, 407 (8.4%)
patients received OVs through other routes, as
described above.

Intratumoral injections were commonly used for
melanoma, prostate cancer, and gliomas [34, 35].
Depending on the tumor localization and accessibility,
the virus can be delivered once (for instance, into the
glioma cavity during surgery) or several times (as in
melanoma) [36].

Intravenous delivery can also take place via
peripheral intravenous injection or can be more
targeted by hepatic artery infusion for liver
metastases [37]. Intravenous administration offers
several advantages, including ease of administration,
standardized dosage, and the possibility of repeated
and prolonged administration [38]. However, the main
disadvantage of this method remains the development
of neutralizing antibodies and clearance of the virus
from the blood.

Biodistribution of the virus depends on the route
of administration. Intravenous administration allows
the virus to spread through the bloodstream, reaching
well-perfused organs, such as the liver, heart, lungs,
kidneys, and brain. The spleenis also highly susceptible
to circulating particles due to its high blood supply and
capillary system. Local administration, on the other
hand, results in the virus being mainly concentrated in
organs near the injection site [39].

OV SAFETY PROFILE

The reviewed trials primarily assessed the safety
of agents used in clinical practice. The adverse
events associated with OV treatment were mostly
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low-grade constitutional symptoms (CTCAE grade
1-2) and local injection site reactions. Fever was the
most frequently reported adverse event, it was noted
in 96 studies (grade 1-2 in 80 trials and grade 3—4
in 16 studies). Mild symptoms commonly reported
included chills (z = 83), nausea and vomiting (n = 67),
flu-like symptoms (n = 36), fatigue (n = 52), and pain
(n = 34). Pain at the injection site was also reported
in 43 studies. More severe adverse events (grade 3 or
higher) included nausea and vomiting (n = 12), pain
(n = 11), fever (n = 6), fatigue (n = 6), and flu-like
symptoms (n = 3).

Clinical trials reported 155 grade 3 and 33 grade
4 adverse events. Many of the events observed were
related to disease progression or the effects of other
drugs used in combination therapy. The safety profile
of OVs appears acceptable, given the large number of
early-phase clinical trials that often include late-stage
patients. Adverse events were mostly comparable for
intratumoral and intravenous administration.

However, there are certain safety issues associated
with different administration routes, and risks are
present with intra-arterial administration of the
agent. Gene therapy can cause a strong immune
response, and in rare cases, excessive inflammation
can damage organs and lead to death. For instance,
in 1999, an 18-year-old patient died after receiving
an adenovirus injection into a branch of the hepatic
artery. Adenoviral vectors and transgenes were found
in all of the patient’s organs during autopsy, marking
the first report of a death from gene therapy and
highlighting its risks and serious side effects. When
developing agents for intra-arterial administration,
it is crucial to consider their safety and increase the
dosage carefully to ensure effectiveness. At present,
intravenous OV formulations are primarily used at
early clinical stages (phase I and II) and have not yet
advanced to phase III.

OV SHEDDING IN CLINICAL TRIALS

Viral shedding from treated patients may
pose a risk to the environment and human health.
FDA guidelines provide detailed information on
viral shedding studies, including clinical trial design,
and the collection and analysis of shedding data.
The guidelines also note that viral shedding may
be dose-dependent, so shedding studies should be
performed after phase I when the dosage is well
defined [41].

None of the reviewed studies reported transmission
of viral infection to family members or healthcare

personnel. Out of the 154 studies that were published,
122 (79.2%) assessed viral shedding, while 32 (20.8%)
did not.

The presence of the virus in tissues is crucial for
delivering the virus to tumor sites and identifying
potential shedding sites. Clinical trials on OVs
assessed various tissues and fluids, with blood or
serum being the most common viral shedding site in
89 (57.8%) studies. Viral shedding in urine was noted
in 57 (37.0%) studies and in tumor biopsy specimens —
in 41 (26.6%) studies. The next most common was
viral shedding in saliva or oral swabs, reported in
28 studies (18.2%), and in sputum samples,
reported in 20 studies (13.0%). Other fluids or
tissues, including cerebrospinal fluid, peritoneal
washings, and injection sites, were collected in 41
studies.

In 122 studies that assessed viral shedding, evidence
of the presence of the virus was found. Polymerase
chain reaction (PCR) was the most commonly used
method for detection in 100 (82.0%) studies. Plaque
assays, which measure infectious virus particles,
were performed in one study alone and in 21 (17.2%)
published studies together with PCR [42].

ANTIVIRAL IMMUNITY IN CLINICAL TRIALS

Antiviral immunity plays a crucial role in clinical
trials of oncolytic virotherapy and is a significant
correlative biomarker. The presence of neutralizing
antibodies is a major obstacle to successful therapy.
The agents selected for treatment must be capable
of infecting human cells, which has both advantages
and disadvantages. One of the primary reasons for
limiting the effectiveness of oncolytic virotherapy in
humans is their immunity against the virus. Patients
may have been previously exposed to or vaccinated
against some of the naturally occurring viruses used
in OV-based treatment, leading to the formation of
neutralizing antibodies [43]. For instance, nearly
90% of people have antibodies against reovirus.
The effectiveness of the measles virus, also
considered a potential pathogen, is reduced due to
the presence of antibodies against it in patients’
blood.

Out of the 154 studies analyzed, 101 (65.6%)
works measured antiviral antibody titers. Of these,
43 (27.9%) studies assessed neutralizing antibodies,
while the remaining studies measured non-neutralizing
antibody titers. Virus-specific T cell responses were
investigated less frequently and were reported in only
23 (14.9%) clinical studies.
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ANTITUMOR ACTIVITY IN CLINICAL TRIALS

Antitumor activity is an important consideration
in OV trials, although many of these studies were
conducted at early stages of development and were
not designed to detect therapeutic responses, which
complicates the analysis of clinical endpoints.
However, most of them recorded clinical responses.
Ninety-three studies (60.4%) used different Response
Evaluation Criteria in Solid Tumors (RECIST),
including standard RECIST in 74 studies (48.1%),
modified RECIST in 12 studies (7.8%), and irRECIST
criteria in 7 studies (4.5%). Four additional studies
(2.6%) used modified WHO criteria, including the
phase III OPTiM T-VEC study. The remaining 57
studies (37%) did not mention specific response
criteria.

Out of the 4,850 patients who participated in these
studies, the overall objective response rate was 9.4%
(n=458). Complete responses were observed in 3.5%
(n = 171) of patients, while partial responses were
observed in 5.9% (n = 287) of patients. Additionally,
disease stabilization was observed in 14.1% (n =
683) of patients, resulting in disease control in 23.5%
(n = 1,141) of patients. It is worth noting that a
minor response was recorded in only 0.3% (n = 17)
of patients. It is important to note that although the
numbers are modest, most of the studies were phase
I clinical trials and were not specifically designed to
evaluate clinical responses.

CONCLUSION

We conducted a review of clinical experience
with OVs over the past two decades. Our analysis
provides an overview of different types of OVs used
in clinical practice, target tumors, combinations, and
the status of ongoing studies. Most clinical trials use
large DNA viruses with various modifications, and
GM-CSF is mainly used as transgenes. Most viruses
are administered via intratumoral injection, although
there has been an increase in the number of studies
using intravenous administration. Monotherapy
for osteosarcoma predominates in most studies,
and combination therapy most often includes
chemotherapy.

Despite the large number of clinical trials
conducted, currently only four OVs have received
approval for use as a treatment for malignant tumors.
The first OV to be approved for the treatment of
melanoma was the unmodified picornavirus ECHO-
7 (Rigvir) in Latvia in 2004 [44]. In 2005, a modified

adenovirus H101 (Oncorine) was registered in China
for the treatment of head and neck or esophageal
cancer [45]. In 2015, T-VEC (Imlygic) became the
first OV to be approved in the United States for the
treatment of unresectable advanced melanoma [46].
Subsequently, T-VEC was registered in Europe,
Australia, Switzerland, and Israel. The only OV-
based drug that has received FDA approval is
G47A (Delytact), a modified HSV-1 expressing the
E. coli LacZ gene, which received conditional and
time-limited approval in June 2021 in Japan for the
treatment of malignant gliomas [47].

Safety concerns for patients and the environment,
such as off-target effects, virus mutations, and
transmission [48], may be the reason why despite
decades of research and numerous clinical trials, only
one OV-based drug has been approved. Each time the
original virus replicates, there is a high probability of
viral evolution, resulting in the proliferation of new
viral lineages due to defects in the viral polymerase
[49].

The optimal method for administering OVs
remains an open question. Developing systemic
delivery faces main challenges, such as serum
neutralization of the virus and hepatotoxicity. After
treatment, individuals may shed live, replicating
viruses, increasing the likelihood of transmission to
healthy individuals. Due to the high mutation rate of
viruses, particularly those containing RNA, there is a
risk of infection transmission when they are released
into the environment with waste [50].

Based on this, there is a need to conduct additional
preclinical trials to better understand the basic
biological mechanisms underlying the antitumor
activity of OVs. Clinical trials need to standardize
methods for assessing viral distribution and implement
appropriate biomarkers that will provide information
on both antiviral and antitumor immunity. In addition,
encouraging publication of research data in this
area will help accelerate clinical development and
maximize the potential of OVs for the treatment of
patients with cancer.
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ABSTRACT

Angiogenin is a small polypeptide consisting of 123 amino acids involved in the processes of angiogenesis and
tumorigenesis. This protein plays an important role in various physiological and pathological processes through the
regulation of cell proliferation, survival, migration, invasion, and differentiation.

The lecture presents data on angiogenin production and interaction with various proteins, describes mechanisms of
its action, and shows its biological role in angiogenesis and oncogenesis. The literature search was carried out in
the PubMed, Medline, Elibrary, Scopus, The Cochrane Library, and RSCI search engines.
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PE3IOME
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INTRODUCTION

Bioactive substances are essential for our bodies.
Since the beginning of the last century, scientists
have been trying to experimentally determine which
substances are responsible for tissue proliferation.
The discovery of growth factors in the late 1970s and
early 1980s prompted the scientific community to view
tissue repair processes in a new light [1-4]. A separate
direction in the study of growth factors has been their
influence on carcinogenesis [5, 6]. Some of these
factors were first isolated from malignant tumors [7, 8].

Currently, dozens of bioactive substances are
known to be involved in the proliferation and
migration of various cell types, including angiogenin
(ANG) [9-12].

MAIN PART

General information. ANG is a member of the
superfamily of ribonucleases (RNase 5) and is a
primary protein consisting of 123 amino acids,
with a molecular weight of 14.1 kDa. Ten types of
ANG have been identified in various mammals and
fish, each exhibiting specific biological activities.
Evidence suggests that ANG (RNase5) and
ribonuclease 4 (RNase4) represent the most ancient
forms of ribonucleases, which appeared in the earliest
vertebrates as part of a protective antimicrobial
system. ANG shares 33% sequence identity and 65%
sequence homology with pancreatic ribonuclease
(RNasel). A common feature of all ribonucleases
is their enzymatic activity toward ribonucleic acid
(RNA) [13].

The protein contains three domains, which serve
as distinct functional sites of biological activity [14,
15]: (a) cellular receptor binding site: it consists of
amino acid residues in the Lys60, Asn68, and Asn109
loop segments, allowing for binding to motor neurons
and endothelial cells [14]; (b) nuclear localization
sequence (NLS), comprising residues [le29-Leu35,

which facilitate nuclear translocation of ANG [14]; (¢)
catalytic site: it includes residues His13, Lys40, and
His114, which creates the catalytic center (P1), where
the phosphodiester bond cleavage occurs [16]. ANG
also has a pyrimidine base binding site (B1) and a
purine base binding site (B2). Blockage of the B1 site
partially explains why ANG reduces ribonucleolytic
activity. These structures are responsible for the
unique ribonucleolytic activity and diverse biological
functions of this protein [15].

Angiogenin production. Since the late 1980s,
scientists have been using various types of fungi as
producers of heterologous proteins [17]. Recently,
the methylotrophic yeast fungus of the Pichia
pastoris genus has gained popularity as a producer
of recombinant proteins. P. pastoris offers several
advantages over E. coli, such as a lack of protein
misfolding, a high level of recombinant protein
secretion into the extracellular space (which simplifies
the purification process), and the ability to perform
post-translational modifications of the produced
proteins [18].

Currently, a Russian patent has been granted for
the synthesis of a recombinant chimeric human ANG
protein using P. pastoris yeast culture [19].

The role of angiogenin in physiological processes.
In healthy individuals, the concentration of ANG in
blood plasma ranges from 274 to 496 ng / ml. Changes
in ANG levels depend on numerous factors, including
gender, age, and body weight. ANG concentrations can
fluctuate under various physiological conditions, such
as during different phases of the menstrual cycle and
pregnancy. Additionally, ANG levels may change due
to pathological processes of different etiology. This fact
is of great scientific interest and opens new horizons for
the early diagnosis of various diseases [20].

At the cellular level, ANG regulates proliferation,
migration, invasion, adhesion, and differentiation of
cells in various experimental cell models [21, 22].
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It has been established that the ANG receptor is
absent on the membrane of fused endothelial cells
in blood vessels and does not induce ribosome
biogenesis [23, 24]. However, high concentrations
of ANG in blood vessels stimulate vascular growth
and tissue repair in cases where endothelial cells
fail to fuse, thereby promoting wound healing when
vascular integrity is compromised [25]. Additionally,
hemodynamic forces are linked to the cell cycle
activity of endothelial cells, which tend to renew very
slowly in adult tissues [26]. Thus, plasma ANG may
control vascular homeostasis by maintaining the self-
renewal of endothelial cells.

Besides stimulating angiogenesis through the
activation of vascular endothelial and smooth muscle
cells, ANG acts as a trigger in processes, such
as tubular structure formation, cell proliferation,
invasion, and migration [27].

According to L.M. Cucci et al. (2021), copper
plays a significant role in ANG mechanism of action
[28]. Copper ions enhance and promote vascular
permeability as well as endothelial cell migration
and proliferation by interacting with several factors
involved in angiogenesis. Copper strengthens the
binding of ANG to endothelial cells and affects the
intracellular localization of the protein. L.M. Cucci et
al. (2021) also suggest that copper can modulate ANG
transcription [28].

Copper increases ANG expression in the HUVEC
cell line, indicating that an increase in the extracellular
copper level during angiogenesis may regulate ANG
levels [29].

Mechanisms of action and biological role of
angiogenin in angiogenesis. Several mechanisms of
ANG action in angiogenesis are known:

1. It exhibits ribonuclease activity.

2. ANG binds to cell receptors.

3. It induces basement membrane degradation.

4. ANG binds to a 170 kDa protein (ANG-binding
protein), subsequently transmitting a signal into the
cell cytoplasm.

5. ANG translocates to the nucleus of the target
cell, enhancing rRNA transcription [27].

Angiogenin-interacting  proteins.  The  first
identified ANG-binding protein is human placental
ribonuclease inhibitor (RNH1), a leucine-rich protein
with a mass of 50 kDa [29]. RNH1 and ANG have
extensive binding interfaces, with key contacts
involving the catalytic residue Lys-40 of ANG and
the C-terminal segment (434-460) of RNH1 [30].
The angiogenic and enzymatic activities of ANG are

inhibited by its binding to RNH1 [30]. The interaction
between cellular ANG and RNHI1 prevents accidental
cleavage of cellular RNA. RNHI has been found to
control the subcellular localization of ANG to regulate
cell growth and survival [30]. Several proteins interact
with ANG, affecting various cellular functions, such
as cell proliferation and survival, including follistatin
[31], histone H3 [33], four and a half LIM domains 3
(FHL3) [32], and ANG receptor expressed in human
endothelial cells [34], or syndecan-4 in astrocytes
[35]. ANG also plays a role in apoptosis regulation,
interacting with p53 [36], MDM2 [37], heat shock
factor 1 (HSF1) [37], and RNH1 [30]. Comprehensive
identification of ANG-interacting proteins may help
create interaction maps and further clarify its roles and
mechanisms.

Under stress conditions, secreted ANG accumulates
in the cytoplasm and nucleoli via a receptor-mediated
endocytosis  mechanism, activating  signaling
pathways, such as PI3K/AKT, SAPK/INK, and
ERK1/2 in various cells. The interaction between ANG
and cell surface complexes can lead to extracellular
matrix (ECM) degradation and activation of matrix
metalloproteinases (MMPs), supporting cell invasion
and migration. Cytoplasmic ANG, under stress, cleaves
tRNA to produce tiRNA, which inhibits translation
initiation by recruiting elF4G/A away from uncovered
mRNA via interaction with the YB-1 translation
silencer. ANG also promotes ubiquitination of p53 by
inhibiting p53 phosphorylation at serine-15, allowing
for subsequent binding to Mdm2. Furthermore, nuclear
ANG enhances mRNA and rRNA transcription under
growth conditions.

Cellular angiogenin regulates nucleic acid
metabolism

It has been established that secreted ANG
accumulates in nucleoli via endocytosis mechanisms
and promotes nucleic acid metabolism by facilitating
the transcription 0f47S pre-TRNA. This occurs through
its binding to ABE (ANG-B-indicating element)
and UCE (upstream control element) regions on the
promoter of ribosomal DNA (rDNA). Secreted ANG
increases the number of actively transcribing rDNA
units and participates in the assembly of the initiation
complex through epigenetic activation, involving
promoter methylation and histone modification [38].

Excess ANG in the nucleus has also been linked
to mRNA transcription regulation. ANG inhibits the
expression of ERRy by binding to the firstexonregion of
the estrogen-related receptor gamma (ERRy) [39]. For
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genome-wide screening and identification of mRNA
regulated by ANG, a chromatin immunoprecipitation
analysis was conducted, identifying a total of 699
genes. This analysis revealed that these genes
significantly enrich oncogenesis pathways. Given that
ANG binds to histone proteins and remodels histone
modifications, it likely acts as a chromatin remodeling
activator by regulating mRNA transcription.

ANG also plays a crucial role in tRNA metabolism
within the cytoplasm. Interestingly, tRNA was the
first molecule used for the enzymatic quantification
of ANG activity [39]. Recent studies have shown
that ANG degrades single-stranded 3°-CCA ends
of tRNA or the anticodon loop, producing tiRNA
(stress-induced small RNA derived from tRNA) in
response to stress (e.g., oxidative, hypoxic, or nutrient
deprivation stress) [40—42]. Modification of specific
tRNA anticodon loops (such as Val AAC, Gly GCC,
and Asp GTC) protects tRNA from ANG-induced
cleavage [42]. Additionally, RNH1 may regulate the
stress-induced subcellular localization of ANG to
control tiRNA production under stress conditions [42].

Angiogenin stimulates basement membrane
degradation

In the tumor microenvironment, extracellular
ANG can reach the surface of endothelial cells, where
it binds to actin and dissociates as a complex known as
AngBP [24, 43]. This complex initiates the synthesis
of plasmin from plasminogen [44]. ANG-induced
changes in the cytoskeleton include: alterations in the
physical properties of F-actin and inhibition of G-actin
polymerization; activation of the plasminogen / serine
protease system and the matrix metalloproteinase
(MMP) system, which are driven by the interaction
between ANG and surface-bound actin [43, 44].

ANG serves as a bridging molecule, facilitating
interactions with proteins, such as uPAR, A2, and the
S100-A10 complex, which are essential for plasmin
formation and cell migration at the interface of lipid
and non-lipid rafts in cell membranes [45, 46]. A
peptide has been identified (ANI-E) that inhibits
the interaction between ANG and actin, as well as
ANG-induced angiogenesis [43]. By activating the
fibrinolytic system in cells, ANG at concentrations >
100 ng / cm? enhances endothelial cell migration and
invasion. Additionally, ANG promotes the adhesion
of various target cells [44]. Thus, ANG contributes
to the degradation of the basement membrane and
ECM. Furthermore, cytoplasmic ANG optimizes the
assembly of stress fibers and the formation of focal

adhesions to facilitate cell migration by interacting
with B-actin, a-actinin-4, and non-muscle myosin
heavy chain 9 [43].

Angiogenin can maintain vascular homeostasis

As previously mentioned, ANG plays a crucial
role in both normal angiogenesis and tumor growth
by interacting with endothelial and smooth muscle
cells. ANG mediates the migration, invasion, and
proliferation of these cells, as well as the formation
of tubular structures. In addition to these functions,
ANG binds to actin in smooth muscle and endothelial
cells, initiating proteolytic cascades that produce
proteases, including plasmin, which facilitate the
degradation of fibronectin and laminin layers in the
basement membrane and ECM. This process supports
the migration of endothelial cells into the perivascular
tissue. Moreover, ANG activates extracellular signal-
regulated kinases 1/2 (ERK1/2) and protein kinase B/
Akt, which promote cell proliferation and invasion
of the basement membrane, further contributing to
angiogenesis. The nuclear translocation of ANG
is a critical step in angiogenesis, as it enhances the
transcription of ribosomal RNA (rRNA) by binding
to the CT-rich ANG-binding element (ABE). This, in
turn, activates other angiogenic factors that promote
the formation of new blood vessels.

Angiogenin in oncogenesis

Tumorigenesis is a multi-step process characterized
by genetic and epigenetic changes in tumor cells, as
well as the creation of supportive conditions in the
tumor microenvironment. It has been shown that ANG
influences almost all stages of oncogenesis, including
the stimulation of tumor cell proliferation, protection
of tumor cells from adverse survival conditions,
enhancement of tumor cell migration and invasion,
and induction of angiogenesis.

Solid tumor cells, under unfavorable conditions,
can reprogram gene expression to adapt to suboptimal
conditions, survive, and continue to grow. ANG, as one
of the stress-responsive proteins, significantly increases
in cell lines of lymphoma, cervical cancer, and human
malignant melanoma under hypoxic conditions [47—
49]. It has been established that hypoxia-inducible
factor-1 (HIF-1), which controls gene expression,
is both necessary and sufficient to activate ANG
expression in cells exposed to hypoxia [50].

ANG is secreted by tumor cells, promoting
the formation of the microenvironment, tumor
proliferation, and growth. This protein can constantly
move into the nuclei of tumor cells regardless of
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their density and contribute to proliferation [22].
Being one of the major angiogenic components of
microvesicles (MV), ANG is released by glioblastoma
and stimulates tube formation by endothelial cells
[51]. Hepatocellular carcinoma cells also secrete
ANG, inducing hepatic stellate cells and remodeling
the ECM composition [52]. Consequently, ANG
facilitates endothelial cell migration to the tumor by
degrading the ECM and the basement membrane.
Mast cells, accumulating in the tumor stroma, also
promote the release of ANG [20]. Another source of
ANG is MVs derived from mesenchymal stem cells
under hypoxic conditions, whose primary function is
the formation of new blood vessels [20]. It has been
shown that ANG induces vascular mimicry in HT1080
fibrosarcoma cells, promoting tumor angiogenesis and
metastasis through blood vessels [24].

Measuring ANG levels in blood serum is advisable
for assessing risk and predicting the progression of
various cancers. ANG serum levels vary depending
on the cancer stage, type, and treatment. For example,
elevated ANG levels in the serum of patients with
solid tumors have been associated with poor prognosis
[20]. It has been found that during the evolution of
prostate epithelial cells from a benign to an invasive
phenotype, ANG levels significantly increase [53].
There are ongoing discussions about the use of ANG
as a clinical marker for detecting tumor recurrence
and evaluating treatment efficacy.

The epithelial-mesenchymal transition (EMT) is a
process in which epithelial cells lose their apical-basal
polarity, change their phenotype to a mesenchymal
state, and exhibit decreased cell — cell adhesion. This
leads to increased adhesion to the ECM, acquiring
invasive and mesenchymal-like properties. In tissues of
squamous cell lung carcinoma, high ANG expression
was positively correlated with mesenchymal marker
expression and negatively correlated with epithelial
markers. Vimentin and TGF-B1 play an important role
in the EMT and are key regulators of mesenchymal
cell migration. ANG overexpression leads to
upregulation of vimentin, TGF-f1, and N-cadherin
and downregulation of E-cadherin and [-catenin,
indicating that ANG promotes lung cancer invasion
and metastasis by inducing the EMT [54].

ANGmay also contribute to tumor cell proliferation,
invasion, migration, and EMT by cleaving mature
tRNAs, forming tiRNAs, which influence cell
proliferation, apoptosis, gene expression, post-
transcriptional modification, kinase activity, and
translation [55].

ANG binds to receptors associated with vascular
endothelial cells, promoting tumor angiogenesis.
Specific binding of ANG to the receptor tyrosine
kinase (RTK) Tie-2 on the surface of endothelial
cells leads to phosphorylation and dissociation of
perivascular Sertoli cells. This facilitates the formation
of'vascular structural migration channels, as well as the
activation and migration of endothelial cells, vascular
remodeling, and the formation of new vascular
branches, which in turn increase blood perfusion flow
[56]. ANG induces angiogenesis in breast cancer tissue
by activating protein kinase B/Akt through binding
to its receptor (FHL3) on endothelial cells or by
entering cells via endocytosis and undergoing nuclear
translocation. Nuclear translocation of ANG is crucial
for angiogenesis initiated by other angiogenic factors
(e.g., vascular endothelial growth factor (VEGF)).
Indeed, if ANG is blocked, these factors may lose
their angiogenic function [57].

ANG is capable of regulating the sensitivity of
malignant tumors to radiation and chemotherapy.
Radiation can destroy blood vessels that supply the
tumor with nutrients and oxygen, playing a vital
role in cancer elimination [57]. Studies show that a
combination of radiation therapy and anti-angiogenic
drugs has a synergistic effect, and ANG inhibitors,
combined with radiation therapy, hold promise in
reducing recurrence rates after tumor radiotherapy and
improving survival [58-60]. However, the specific
molecular mechanisms behind this effect require
further clarification. Research has also shown that ANG
plays a role in resistance to radiation therapy (RT).
Using a set of RayBio human cytokine antibodies,
297 protein levels were simultaneously investigated,
and the conditioned media from HONE1 and HONE1-
IR-resistant nasopharyngeal carcinoma cells were
analyzed. ANG expression was significantly higher in
HONEI1-IR cells treated with 4 Gy radiation, which
induced radioresistance in nasopharyngeal cancer
cells and reduced both recurrence-free and overall
survival in nasopharyngeal cancer patients [61].

ANG is a ligand of the epidermal growth factor
receptor (EGFR) and can act as a biomarker for
predicting sensitivity to the EGFR tyrosine kinase
inhibitor erlotinib in patients with pancreatic cancer.
In this context, ANG is associated with decreased
sensitivity to erlotinib treatment both in vitro and
in vivo. In one patient cohort, high plasma levels of
ANG in pancreatic cancer patients were positively
correlated with the response to erlotinib treatment.
Q93 ANG is necessary for effective EGFR binding
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and activation. Activation of the ANG-EGFR axis
makes tumors more sensitive to erlotinib treatment,
while ANG knockdown reduces sensitivity to
erlotinib treatment and sustains colony formation and
cell viability [62].

CONCLUSION

ANG is a multifunctional protein with diverse
mechanisms of action. On the one hand, it actively
participates in cancer initiation and progression by
promoting tumor neovascularization and regulating
proliferation, invasion, migration, and therapy
sensitivity in various cancer types. On the other hand,
it acts as a reparative agent with anti-inflammatory
properties. The conditions under which ANG wound-
healing properties shift to oncogenic ones remain
unclear, offering prospects for further research in
fundamental oncology.
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ABSTRACT

The lifestyle of people nowadays and poor diet are factors affecting the increasing incidence of digestive diseases in
people all over the world. The search for new methods of early diagnosis of the disease is an urgent issue of modern
medicine. In the last decade, much attention has been paid to various biological markers that can be used to assess the
risk of disease development, the response to therapy, and the possible development of complications. Biomarkers
in clinical medicine can be used as additional tools not only to improve early diagnosis of gastrointestinal diseases
but also to assess the effectiveness of therapy.

The aim of this lecture was to analyze and systematize biomarkers in various gastrointestinal diseases.

Keywords: biomarker, atrophic gastritis, inflammatory bowel disease, pancreatic cancer, fecal calprotectin, fatty
acid-binding protein, microRNA
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PE3IOME

O6p213 JKU3HU COBPEMEHHOI'O 4€JIOBEKA, HCMIPABUJIBHOC IMUTAHUE — Q)aKTOpBI, BJIMAIOIUE HA POCT 3a00J1€BaHUM
OpraHoB MUIIEBAPCHUA Y JIIoAcH BO BceM Mupe. Ilouck HOBBIX METOJIOB paHHeﬁ JUATrHOCTHUKH 0oJIe3HH — aKTy-
AITBHBIA BOIpoOC COBpeMeHHOﬁ MeIUIUHEL. B IIOCIICTHEC NCCATUIICTUC 0OIIBIIIOE BHUMAaHKE YACIACTCA pas3ind-
HEIM OHOJIOTHYECKHM MapkepaM, IMO3BOJIAIONIUM OILICHUBATH PUCK pPa3sBUTHUA 3360HeBaHI/I$I, OTBE€T Ha TEpalrio U
BO3MOKHO€ pa3sBUTUC OCJI0KHCHUH. BI/IOMapKepLI B KJIMHAYECKON MEIUIINHE MOT'YT UCIIOJIb30BATHCA B Ka4€CTBE
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JIOTIOJTHUTENIBHBIX HHCTPYMEHTOB, CIOCOOHBIX HE TOJIBKO YIYYIINTh CBOSBPEMEHHYIO AUArHOCTHKY 3a00J1eBaHuit
JKEJTyIOYHO-KHIIIEYHOTO TPAKTa, HO M OLEHUTD 3()(HEKTUBHOCTH MPOBOJMMOM TEpAITHH.

He.ﬂb HaCTOHH.[efI JICKIIMH 3aKJIF0YACTCA B aHAJIN3C U CUCTEMaTUu3alluu 6I/IOMapK€p0B IIpH pa3JIMYHBIX 3a00JIeBaHUAX
JKEIIY JOYHO-KHUIICYHOT'O TPpaKTa.

KaroueBble cioBa: Ouomapkep, aTpodusi KeNyaKa, BOCHAINTEIbHbIC 3a00JICBaHHs KHUINCYHHKA, PaK
MOJDKENTY TOYHOM Kese3bl, (PeKaIbHBIN KaablIPOTSKTHH, OCIOK, CBSI3bIBAIOLIHIA )KUPHBIC KUCIOTH, MUKpOPHK

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

Hcrounuk ¢uHaHCHpOBaHUs. ABTOPHI 3asBISIIOT 00 OTCYTCTBHM (MHAHCHPOBAHHS IIPHU IPOBEICHHU
YCCIIEIOBaHNSI.
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Markers of gastrointestinal diseases

INTRODUCTION

Digestive diseases are a socially significant
problem as the morbidity and mortality rates are
increasing every year. Rosstat data for 2022 reported
that the mortality rate from digestive diseases in the
Russian Federation is 70.4 per 100,000 population.
According to the World Health Organization (WHO),
by the mid-21st century, diseases of the digestive
system will occupy the leading place in the general
morbidity and mortality (https://www.who.int/docs/
default-source/gho-documents/world-health-statistic-
reports/world-health-statistics-2014.pdf). One of the
reasons for this growth lies in the lifestyle of modern
man: reduced physical activity, unbalanced diet, bad
habits, and stress [1].

The increase in the incidence of digestive diseases
among the population has resulted in the situation
when doctors have recently been focusing their efforts
on identifying the specific features of the disease
and using tools to develop a personalized approach,
ensuring the choice of the most effective and safest
treatment for each patient. The need to improve the
approach to an individual patient, taking into account
the exact characteristics of their pathological condition
or their response to a specific treatment, is a priority
goal of personalized medicine [2].

Biomarkers are a key part of the concept of
personalized medicine. They are crucial in improving
early identification of patients at risk, increasing the
accuracy of diagnosis, and facilitating the selection
of the best treatment. In addition, biomarkers
are essential for understanding the molecular
mechanisms underlying diseases and facilitating the
identification of potential new therapeutic targets. A

biomarker is mainly a serum protein that is found in
a particular concentration in various disorders
and is also used as an indicator of the response to
therapy [3].

Biomarkers have been used in clinical medicine
for decades. Back in 2001, the Biomarker Working
Group, assembled by the National Institutes of Health
(NIH, USA), established the following definition: “A
defined characteristic that is measured as an indicator
of normal biological processes, pathogenic processes,
or responses to an exposure or intervention” [4].

According to the Biomarker Working Group
(2001) nomenclature, biomarkers are classified into
three types:

—type O reflects the natural history of the disease and
correlates over time with known clinical indicators;

— type I reflects the effect of therapy, taking into
account the mechanism of action of the drug;

— type II includes surrogate endpoints that predict
clinical efficacy or harm when using a drug.

The biomarker must meet the criteria of the
SMART concept, which means it has to be [5]:

S — specific and sensitive;

M — measurable;

A — available and affordable;

R - responsive and reproducible;

T — timely.

The FDA (Food and Drug Administration) and
NIH Biomarker Working Group classifies biomar-
kers into different types based on their primary clini-
cal application. These types include susceptibi-
lity / risk, diagnostic, monitoring, prognostic,
predictive, pharmacodynamic/response, and safety
(Table 1) [6, 7].
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Table

Types of biomarkers based on their primary
clinical application [6, 7]

Types .
. Main features
of biomarkers Y
Diagnostic They play an important role in establishing an
biomarkers accurate diagnosis.
Monitoring This category includes biomarkers measured
biomarkers at different time points to assess the presence

and status of disease. Fluctuations in these bio-
markers can be used as a tool to assess disease
progression or the effectiveness of a therapeu-
tic intervention.

Pharmacodynam- | They are used to prove that the effect of the
ic biomarkers drug on its primary target modifies the progres-
sion of the disease.

Predictive They determine the response to therapy and/or
biomarkers drug toxicity.

Prognostic They determine the likelihood of a clinical
biomarkers event, relapse, or disease progression.

Susceptibility/risk | They indicate the potential for disease devel-
opment in an individual who does not currently
have clinically apparent disease. The main dif-
ference between this category and prognostic
biomarkers is the fact that susceptibility/risk
biomarkers are measured in individuals who
do not currently have the disease.

Safety The relevance of these biomarkers consists in
predicting toxic side effects caused by drugs,
medical interventions, or exposure to environ-
mental agents. Biomarker detection or changes
in biomarker levels can reflect toxicity, en-
abling necessary actions to prevent irreversible
damage. These actions may include dose ad-
justments, treatment interruption, or initiation
of specific therapy.

Biomarkers are typically measured in blood, urine,
and other tissues [3, 11]. To date, many serum proteins
have been evaluated as potential markers for disease
diagnosis, but only a few are currently used in clinical
practice. When evaluating a biomarker, it is important
to compare its level with the clinical pattern and other
features [8, 12].

In recent years, an increasing number of studies
have aimed at identifying biomarkers that are highly
sensitive, highly specific, and minimally invasive. It is
important to note that high sensitivity is desirable for
biomarkers used in screening, while high specificity is
necessary for disease diagnosis [9—11].

BIOMARKERS OF GASTRIC
MUCOSAL ATROPHY

Chronic atrophic gastritis and intestinal metaplasia
may contribute to the development of dysplasia
and adenocarcinoma. Chronic atrophic gastritis

is usually asymptomatic for a long time, which
makes it difficult to diagnose it early. Studies have
demonstrated that the severity of inflammatory
and dystrophic mucosal changes does not correlate
with the presence and severity of clinical symptoms
[13]. Early diagnosis of chronic atrophic gastritis is
recommended as a preventive measure, regardless
of the presence or absence of dyspepsia symptoms.
Researchers are actively seeking screening methods
for atrophic gastritis. Determination of pepsinogens
and Helicobacter pylori (H. pylori) infection in serum
is considered the optimal method [14].

Pepsinogen I (PG-I) is synthesized by the main
gland cells of the gastric mucosa, and its decrease is
the first marker of gastric mucosal atrophy. In severe
atrophic gastritis, the major cells are lost, leading to a
decrease in PG-I, while the level of pepsinogen I (PG-
II) remains relatively constant [15]. PG-II is secreted
not only by the glands of the fundus but also by the
pyloric glands of the antral stomach and Brunner’s
glands of the proximal duodenum. Therefore, a low
serum PG-I level (<70 ng / ml) and / or a low PG-I
/ PG-II ratio (<3.0) indicate the presence of chronic
atrophic gastritis and a high risk of gastric cancer
[16]. The study by C.B. Conti et al. demonstrated that
a reduction in serum pepsinogen levels and a decrease
in the PG-I / PG-II ratio are indicative of atrophic
changes in the gastric mucosa [17]. The laboratory
method has specificity and sensitivity in diagnosing
chronic atrophic gastritis of 92.2-97.8% and 15-75%,
respectively [18].

Gastrin-17 (G-17) is another biomarker of gastric
mucosal atrophy. It is synthesized and released by G
cells of the mucous membrane in response to food
intake. G-17 stimulates enterochromaffin-like cells
(ECL) to secrete histamine, which in turn induces
acid release from parietal cells [19]. Disruption of
acid-mediated inhibition of gastrin leads to atrophic
gastritis, an increased population of ECL, and parietal
cells. G-17 is also a proliferative and anti-apoptotic
hormone that is thought to play an important role
in gastric carcinogenesis. It has been reported that
patients with gastric cancer have higher serum G-17
levels than patients without it [20]. Therefore, serum
G-17 levels can be used to identify individuals at high
risk of gastric cancer.

Another important indicator to consider is
H. pylori, which is a gram-negative bacterium with
4-8polarflagella. Although H. pyloriisnotabiomarker
as such, the so-called helicobacteriosis has a high
prognostic value. In 1994, the International Agency
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for Research on Cancer (IARC) expert group classified
H. pylori as a type 1 carcinogen [21]. The process of
gastric carcinogenesis, also known as the Correa’s
cascade, is a stepwise progression from normal gastric
epithelium to chronic non-atrophic gastritis, chronic
atrophic gastritis, intestinal metaplasia, dysplasia, and
cancer [15]. Many clinical trials in recent years have
shown that H. pylori infection is associated with a
high risk of gastric cancer in patients with atrophic
gastritis and intestinal metaplasia [17]. Furthermore, a
correlation has been found between a decrease in the
prevalence of H. pylori in Western Europe, the USA,
and Japan and a decrease in the incidence of peptic
ulcer disease and gastric cancer [21].

The cag pathogenicity island (cagPAl) and its
effector protein, cytotoxin-associated gene A (cagA),
are considered virulence factors of H. pylori. H. pylori
strains can be classified as cagA-positive or cagA-
negative based on the presence or absence of the cag4
gene in their bacterial genome. Literature reports that
individuals infected with cagA-positive strains are at
a greater risk of developing gastric ulcers and cancer
than those infected with cagA-negative strains of
H. pylori [22]. In a recent study by K.M. Miernyk et
al. involving 263 patients in Alaska, intact cagPAl
was detected in 150 (57%) strains of H. pylori, which
appeared to be associated with the development of
more severe gastric pathology. Of the 12 H. pylori
strains isolated from patients with gastric cancer,
10 (83%) had intact cagPAI [23].

In addition, H. pylori secrete vacuolating cytotoxin
A (vacA). VacA canalter the permeability of the plasma
membrane, destroy mitochondria and endosomes, and
affect mitochondrial activity, contributing to apoptosis.
It is worth noting that although all H. pylori strains
possess the vacA gene, some bacterial species have
mutations in their vacA sequences. Patients infected
with strains containing vacA si, il, or mI variants are
at an increased risk of developing gastric cancer [24].

BIOMARKERS OF INTESTINAL
MUCOSAL DAMAGE

Abnormal gut barrier function plays a central role
in the pathogenesis of chronic intestinal inflammation.
Tight junctions change, and the frequency of apoptosis
events increases. These barrier defects are attributed
to the increased activity of proinflammatory cytokines
that are highly expressed in the chronically inflamed gut
[25]. It is still discussed whether changes in epithelial
permeability in patients with inflammatory bowel
disease (IBD) play a primary role in the pathogenesis

of the disease or whether there is a secondary effect
in response to inflammation. IBDs have demonstrated
a growing incidence and prevalence since their
discovery. Therefore, the search for non-invasive,
high-quality, and inexpensive biomarkers of intestinal
inflammation activity is becoming increasingly
important. Fecal biomarkers are widely recognized
as biomarkers of IBD. Fecal markers are a group
of substances that are produced in inflammation of
the intestinal mucosa. Fecal calprotectin, fatty acid-
binding protein (FABP), zonulin, and eosinophil-
derived neurotoxin are the most promising markers
[26].

Fatty acid-binding proteins (FABP) are a family of
transport proteins for fatty acids and other lipophilic
substances. These proteins facilitate the transport of
fatty acids between extracellular and intracellular
membranes. FABPs are classified according to their
tissue tropism: adipocyte (A), epidermal (E), cardiac
and muscular (H), small intestine (I), liver (L), large
intestine (I1), brain (B), and testicular (T) [27].

Intestinal fatty acid-binding protein (I-FABP) is
present exclusively in enterocytes throughout the
small intestine. This small 15 kDa cytosolic protein
rapidly appears in the bloodstream after intestinal
epithelial cell damage. [-FABP is expressed in mature
enterocytes but not in crypts. The level of [-FABP is
quite low under physiological conditions. H. Funaoka
et al. determined that the serum concentration of
I-FABP in healthy people is 2.0 ng / ml or less [28].
Its amount increases in response to damage to the cell
membrane of the small intestinal epithelium [29].
I-FABP circulates in the blood for several hours after
tissue damage and is then excreted from the body.
I-FABP is measured in serum (or plasma), urine, and
coprofiltrate [26]. Several studies have shown that
elevated serum or urine [-FABP concentrations are
associated with impaired intestinal permeability and
may be a marker of early diagnosis of IBD, celiac
disease, and ischemic colitis.

The study by M.P. Adriaanse et al. suggests that
serum [-FABP is an early marker of gluten-induced
enteropathy in patients with celiac disease [30].
Furthermore, it has been studied as a marker of
mechanical (strangulation) intestinal obstruction of
the small bowel and necrotizing enterocolitis. Thus,
the study by M. Schurink et al. demonstrated that
I-FABP measured in plasma helps identify patients
with necrotizing enterocolitis among preterm infants
with non-specific symptoms. Moreover, in patients
diagnosed with necrotizing enterocolitis, [I-FABP
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levels can predict disease complications at early
stages. Its highest levels are typically observed within
the first 24 hours after the onset of symptoms, and
then they gradually decrease [31].

Zonulin, an analogue of cholera toxin, is another
biomarker of intestinal mucosal damage. It is
synthesized in the liver and intestinal epithelial cells
[32]. In 2000, the research group under the supervision
of A. Fasano reported the discovery of zonulin, a human
protein analogue of Zonula occludens toxin derived
from cholera vibrio that regulates paracellular
permeability [33]. The chemokine receptor type 3
(CXCR3) is the main regulator of zonulin release in
the gut. It is an inflammatory chemokine receptor. The
primary function of CXCR3 is to stimulate chemotaxis,
cell migration, and adhesion of immune cells. CXCR3
is present in the intestinal lamina and epithelial cells,
and its expression is elevated in patients with celiac
disease or IBD [34]. Zonulin levels have been found
to be elevated in individuals with irritable bowel
syndrome, IBD, and necrotizing enterocolitis, which
is associated with impaired mucosal barrier function
[35]. The degree of change in zonulin concentrations
in various biological media (blood, feces) does
not always coincide and depends on the form of
pathology. For example, in patients with ulcerative
colitis, serum zonulin is preferred as a marker of
increased intestinal permeability over fecal zonulin. In
contrast, fecal zonulin levels are significantly higher
than plasma levels in HIV-seropositive patients with
gastrointestinal symptoms [36].

Calprotectin is an antimicrobial, immunomodu-
latory, and antiproliferative protein with a mass
of 36 kDa, a member of the S100 protein family.
It is found in the membranes of macrophages, in
the cytoplasm of neutrophils, in monocytes, and
in mucosal epithelial cells. Calprotectin was first
described in 1980. It is a heterodimer consisting of
S100A8 and S100A9 proteins. Antimicrobial effects
of calprotectin are related to its ability to chelate metal
ions. Its concentration in feces is approximately six
times higher than in plasma [37]. This protein is stable
in the external environment and remains the same in
feces for up to 7 days. Calprotectin is present in small
amounts in the feces of healthy individuals [6].

The level of calprotectin in different tissues of
the body is directly proportional to the degree of
inflammation. Fecal calprotectin levels are used as one
of the diagnostic criteria for IBD. Failure to control
inflammatory activity in IBD is associated with both
poorer quality of life in patients and worse long-term

outcomes (increased risk of colorectal carcinogenesis).
Therefore, it is crucial to prevent clinical relapse and
maintain remission in the long term [37]. According to
the latter concept, clinical remission in patients with IBD
should be supported by both biological and endoscopic
evidence of the absence of mucosal inflammatory
activity. Biological inactivity may be indicated by the
absence of inflammatory markers in peripheral blood
or feces (calprotectin), whereas mucosal healing is the
most appropriate endoscopic goal. Commonly used
biomarkers, such as C-reactive protein and erythrocyte
sedimentation rate, lack sensitivity and specificity.
Fecal calprotectin has a high negative predictive
value in ruling out IBD in undiagnosed patients with
symptoms and high sensitivity to the diagnosis of
the disease [38]. The meta-analysis by T. Rokkas et
al. demonstrated that the best sensitivity (90.6%) was
achieved for fecal calprotectin levels of 50 pug / g in
IBD, whereas the best specificity (78.2%) was found at
levels >100 pg / g [39]. Therefore, there is increasing
evidence that fecal calprotectin estimation may be
useful for monitoring disease activity and response to
therapy, as well as for predicting relapse.

Many research groups have focused on microRNAs
(miRNAs) over the past 10 years. A significant level
of scientific evidence emphasizes the functional
role and potential value of small RNA molecules.
MicroRNAs are small non-coding RNAs consisting
of 18-25 nucleotides. Currently, miRNAs are being
investigated as biomarkers for IBD [40]. Firstly,
microRNAs are known to be functional molecules
that can be dysregulated at early stages of the disease.
Secondly, deregulation of microRNAs can cause
significant changes in gene expression and contribute
to inflammatory and neoplastic diseases. Thirdly,
microRNAs are unique molecules with incredible
resistance to degradation [41]. Various studies have
repeatedly shown that IBD is associated with changes
in microRNA expression in the colonic mucosa. In
addition to their potential role in monitoring disease
activity, whether it is clinical, biochemical, or
endoscopic activity [40], microRNAs can also be used
as predictors of response to therapy. For example, in
an evaluation of patients with severe ulcerative colitis
who did not respond to initial corticosteroid therapy,
I. Morilla et al. identified 15 microRNAs associated
with response to corticosteroids, 6 microRNAs
associated with response to infliximab, and 4
microRNAs associated with response to cyclosporine,
thus emphasizing the role of microRNA as a predictor
of response to therapy in IBD [41].
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MARKERS OF LIVER DAMAGE

Among all digestive diseases, liver diseases have
been the main cause of death in Russia for many years.
About 2 million people die annually of cirrhosis and
hepatocellular carcinoma (HCC) worldwide (Global
Cancer Statistics 2022).

The main factors in liver damage are alcohol and
drugs, infection with hepatitis A, B, C, D, and E,
and metabolic disorders. According to the literature
reviewed, more than half of patients who abuse alcohol
suffer from toxic liver damage and then develop
cirrhosis, and 10 years after the beginning of alcohol
abuse, they develop HCC [42]. According to WHO,
the prevalence of obesity has increased from 4.6% in
1980 to 14.0% in 2020. As a result, the incidence of
non-alcoholic fatty liver disease (NAFLD) has also
increased. In 2020, the new term metabolic-associated
fatty liver disease was introduced [43]. The growth
of liver diseases leads to the need to search for new
methods of early diagnosis. A number of serum
biomarkers can be used to assess the pathological state
and disease progression.

The FDA has supported total cytokeratin 18
(K18), glutamate dehydrogenase (GLDH), and
microRNA-122 (miR-122) as promising biomarkers
for diagnosing liver damage [44]. The study by R.J.
Church et al. found a positive correlation between
GLDH activity and alanine aminotransferase (ALT)
activity. Additionally, K18 and miR-122 levels were
positively correlated with ALT activity, indicating a
positive association of these biomarkers with cytolytic
syndrome [45].

The clinical standard for assessing liver damage
is the measurement of serum ALT and aspartate
aminotransferase levels. These enzymes are released
into the bloodstream due to hepatocyte damage.
However, it is important to note that these tests have
limitations despite their widespread clinical use.
Firstly, the enzymes are not absolutely specific to
hepatocytes. Aspartate aminotransferase is expressed
in the liver, heart, skeletal muscles, kidneys, brain,
pancreas, and lungs. ALT is an intracellular enzyme
that is predominantly found in liver and kidney cells
and in small amounts in heart and skeletal muscles.
Secondly, liver enzymes do not always reflect
the severity of the disease [46]. According to the
study by H.P. Llewellyn et al., a panel consisting
of several biomarkers, including GLDH, K18, and
microRNA-122, can differentiate between patients
with muscular dystrophies and those with liver

pathology. This model has significant advantages over
ALT measurement [44].

MiR-122 is the most abundant liver-specific
microRNA (accounting for 70% of the total liver
microRNA pool) and exists in two mature isoforms:
miR-122-3p and miR-122-5p. The deficiency of
miR-122 results in inflammation, cholestasis, and,
ultimately, liver fibrosis. MiR-122 regulates the
synthesis and oxidation pathway of cholesterol
and fatty acids and is involved in hepatocyte
proliferation and differentiation. In their study, M.I.
Kan Changez et al. demonstrated that patients with
NAFLD who were obese had higher expression
of miR-122-5p in the liver. It should be noted that
miR-122 levels in the liver increase during the
early stages of NAFLD but gradually decrease as
non-alcoholic steatohepatitis (NASH) and fibrosis
progress [47].

MARKERS OF PANCREATIC DAMAGE

Pancreatic disease is a serious problem for the
healthcare system in the 21st century. Risk factors for
pancreatic disease include a high-fat diet, overweight
and obesity, as well as alcohol abuse and smoking.
Globally, over the past few decades, obesity has
been an urgent medical and social problem that has
become a non-communicable pandemic [48]. Obesity
is a statistically significant risk factor for pancreatic
cancer (PCa).

Thus, a 2021 meta-analysis by D. Aune et al.
included 10 prospective studies with 1,693,657
participants and showed that a 5 kg / m? increase
in body mass index was associated with an 18%
(95% CI 1.03-1.35) increase in the relative risk of
acute pancreatitis, and a 10-cm increase in waist
circumference increased the risk by 36% (95% CI
1.29-1.43) [49].

It is important to understand the mechanisms
by which obesity affects the onset and progression
of pancreatic disease. The main mechanisms are
increased inflammation and necrosis due to increased
intra- and peripancreatic fat. It has been suggested
that, as in pancreatitis, the creation of an inflammatory
microenvironment leads to the growth of oncogenically
transformed cells, promoting the attraction of immune
cells that cause tumor development [48]. Early
diagnosis of PCa is difficult because the disease is
usually asymptomatic for a long time. This means
that it is often detected late, when treatment is already
ineffective, leading to poor survival outcomes. Studies
are increasingly focusing on the need to find potential
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serum biomarkers as additional tests for screening and
diagnosis of PCa.

Carbohydrate antigen 19-9 (CA19-9) is a
tetrasaccharide expressed on the surface of cancer
cells. It is the best known serological biomarker used
in the diagnosis of PCa. In 1979, it was first described
as a tumor antigen that was recognized by the
monoclonal antibody NS19-9 in a colorectal cancer
cell line [50]. CA19-9 is the Lewis antigen system
expressed exclusively in patients who belong to the
Lewis blood group (a-p+) or (a+p-). About 5-10% of
the population has a Le (a-B-) phenotype, which lacks
the enzyme 1,4-fucosyltransferase required for CA19-
9 production. CA19-9 levels are known to be elevated
in only 70-80% of patients with PCa. However, a
normal CA19-9 level does not exclude PCa [51]. The
CA19-9 tumor marker has low specificity for PCa as
it is also elevated in other types of cancer, including
colorectal, gastric, liver, lung, and ovarian cancers.
Various studies have demonstrated that CA19-9 levels
can be elevated in benign conditions, such as chronic
pancreatitis, pancreatic cysts, biliary obstruction,
and cholangitis [52]. The upper range of CA19-9 is
more than 37-40 U / ml. It was found that 80-90%
of patients with stage [II-IV PCa had CA19-9 levels
>100 U / ml, while patients with stage [-II tumors had
lower CA19-9 values [53].

According to the literature, CA19-9 levels are
significantly higher in PCa than in chronic pancreatitis.
Therefore, higher threshold values (>100 U / ml)
should be used for differential diagnosis of cancer and
chronic pancreatitis [54]. In their work, Y. Liang et al.
found that patients with PCa have metastasis to lymph
nodes when serum CA19-9 levels are > 1,000 U / ml
[55].

Finally, let us consider the serum tumor marker
CA242, which is a carbohydrate antigen containing
sialic acid [56]. Elevated CA242 concentration in
blood serum >20 U / ml is found in PCa (sensitivity
varies from 41 to 75% and the specificity is 85—
95%), whereas in benign diseases the levels of the
tumor marker slightly increase [11]. CA242 has
advantages over CA19-9, including higher specificity
in diagnosing PCa and independence of its level of
Lewis antigen expression [57].

CONCLUSION

The biomarkers discussed can be used as additional
tools that can not only provide timely recognition of
gastrointestinal diseases but also increase the accuracy
of assessing the effectiveness of therapy. At the same
time, it should be taken into account that the clinical

relevance of various studies is generally limited
because they focus on individual biomarkers that
represent only one of several features within a specific
pathological condition. Therefore, one promising
approach would be to combine several markers into
a multimarker panel to increase their diagnostic and
prognostic value, thus improving case management.
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ABSTRACT

The lecture analyzes the results of research on the role of humoral and cellular mediators, their interaction, as well
as the imbalance of angiogenic factors in psoriatic arthritis. The information is presented with identification of the
leading typical pathological processes: inflammation and microcirculation disorders, formed due to the activation
of protein cascades and interaction of molecular proinflammatory mediators and angiogenic factors. It is known
that the clinical phenotypes of psoriatic arthritis are diverse. A deeper understanding of the pathogenesis and
changes in the predominant pathological process can become the basis for the development of a personalized
treatment strategy based on the pathogenesis to minimize iatrogenic complications and economic costs, as well
as for the introduction of modern diagnostic methods for verification, differentiation, and monitoring of psoriatic
arthritis in order to timely correct drug treatment.
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A6pamos B.K., Yymakosa C.I., Ennceesa J1.B., Ypasosa O.U.
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B nexnmu mpoaHaMM3MpPOBAHBI PE3yIbTAThl HCCIIEAOBAHMH, KACAIOIIUXCS POIH T'yMOPAIbHBIX M KIETOYHBIX
MEHaTOpOB, UX B3aMMOICHCTBYS, a TAKXKe ucOaaHca aHTHOT€HHBIX (PaKTOPOB MPU NCOPHATHIECKOM apTPHTE.
Wudopmanus cTpyKTyprpoBaHa B COOTBETCTBHH C BBIIEICHHEM BEAyIINX THIOBBIX MATOIOTHYECKUX IIPOIECCOB:
BOCHAJCHHUA M HApPYMICHWH MUKPOLUPKYIANH, (GOpMUPYIOMHUXCS 3a CUET aKTHBAIWHM OEIKOBBIX KacKamoB U
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B3aMMOJICHCTBHS MOJICKYJISIPHBIX IIPOBOCHAJIMTEIBHBIX MEIMAaTOPOB W AHTHOTEHHBIX (akTopoB. I3BecTHo,
YTO KIMHHUYECKHe (DEHOTHIBI MICOPUATHYECKOrO apTpUTa MHOrooOpasHel. ['yOokoe MOHMMaHHME MaToreHesa u
JIMHAMHUKU U3MEHEHHH B MpeoOsialaHiy OJHOTO MaTOJIOTHYeCcKOro mpolecca Hajl IpyTUM MOXKET CTaTh OCHOBOM
U pa3paboTKK MepCOHM(HIUPOBAHHOTO MATOTCHETHYECKH OOOCHOBAHHOTO TEPANEBTHYECKOTO IOIXO0Ja C
MHHUMH3aLUEH STPOTEHHBIX OCJIOXHEHHH M SKOHOMHMYECKUX H3IEPIKEK, a TAaKKe BHEAPEHUS COBPEMEHHBIX
JIMarHOCTUYECKHX METOJIOB JUIsl BepuduKanuu, iuddepeHunaniy 1 MOHUTOPUHIa aKTUBHOCTH TICOPHATHIECKOTO
apTpHUTa C 11eJIbI0 CBOEBPEMEHHOM KOPPEKLUH MEIUKAMEHTO3HON CTpaTeruy.
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The role of mediators in the formation of leading pathological

INTRODUCTION

Psoriatic arthritis is an autoimmune, multifactorial,
systemic disease associated with psoriasis [1].
The clinical progression of psoriatic arthritis is
heterogeneous, ranging fromisolatedjointinvolvement
(distal interphalangeal arthritis with a relatively
benign course or mutilating arthritis, characterized
by malignant progression with osteolysis of bone
tissue and bone ankylosis) [2, 3] to combinations of
articular syndrome with lesions of the axial skeleton
(sacroiliitis, spondylitis) [4], musculoskeletal patterns
(enthesitis, dactylitis, tenosynovitis) [5-7], or
extraskeletal extra-articular manifestations (anterior
uveitis, chorioretinitis, nonspecific colitis, etc.) [8,
9]. Despite the generally accepted terminology, in the
scientific literature one can come across the synonym
“psoriatic disease”, which emphasizes the systemic
nature of this pathology [10].

Lack of specific laboratory markers and
pathognomonic symptoms of psoriatic arthritis can
make the diagnosis difficult to establish. The diagnosis
is confirmed if the clinical, test, and radiological signs
match with the CASPAR (Classification of Psoriatic
Arthritis) classification criteria. It should be noted that
the CASPAR criteria have significant limitations in
the differential diagnosis of early arthritis [11].

Difficulties may arise in patients without
manifestations of skin psoriasis or with a symmetric
rheumatoid-like subtype of psoriatic arthritis, as well
as in individuals with mono- or oligoarthritis, with
positive rheumatoid factor (RF) testand / or anti-cyclic-
citrullinated peptide (CCP) antibody and minimal skin

manifestations, which often causes misdiagnosis [12].
Additionally, the DAPSA (Disease Activity index for
Psoriatic Arthritis) activity scales used in real clinical
practice often evoke reasonable criticism for their
limited reproducibility and low prognostic sensitivity
[13]. Diagnostic and therapeutic approaches for
psoriatic arthritis require reevaluation, taking into
consideration modern fundamental knowledge in the
field of proteomics and molecular cell biology.

Accordingly, the aim of this lecture was to
summarize and systematize relevant data on the
role of key humoral and cellular mediators and their
interaction during the initiation of the inflammatory
process and microcirculatory disorders in psoriatic
arthritis.

HUMORAL INFLAMMATORY MEDIATORS
IN PSORIATIC ARTHRITIS

Currently, a large amount of scientific data indicates
that, in addition to general patterns, the inflammatory
process in psoriatic arthritis has specific characteristics
related to the mediators, which justifies the isolation of
this disease into an independent nosological unit. The
clinical phenotypes of psoriatic arthritis depend on
the multitudinous and cross-inducible expression of
mediators, the order of mediator network formation,
the duration and location (systemic or limited to a
topographic location) of the mediator-induced effect,
and the degree of the imbalance of proinflammatory
and anti-inflammatory regulators [14, 15].

C-reactive protein (CRP) is a mediator of the
acute phase of inflammation and a leading marker
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of choice in assessing the activity of psoriatic
arthritis [16]. CRP activates early components of the
complement system via the classical pathway while
inhibiting the alternative pathway, preventing the
formation of the membrane attack complex (MAC)
[17, 18]. The functions of CRP are not limited to
humoral effects, as it is involved in the formation of
the humoral-cellular proinflammatory networks. By
interacting with the Fcy receptor on the membranes
of myeloid cells, CRP modulates the production of
interleukin (IL) 1® and tumor necrosis factor (TNF)
a. In addition, CRP stimulates the synthesis of
reactive oxygen species [19].

The role of CRP in the pathogenesis of psoriatic
arthritis requires clarification. The studies whose
results have been implemented in clinical practice
compared the levels of total and high-sensitivity
CRP with the activity of the inflammatory process,
without considering the influence of different peptide
isoforms. It should be noted that CRP isoforms may
exhibit opposite biological effects [20, 21]. For
example, monomeric CRP (mCRP) can accumulate in
tissues and enhance local inflammation, whereas the
native isoform of CRP (nCRP) mostly remains within
the systemic circulation [22]. The accumulation of
mCRP in the cells of the synovial membrane was
demonstrated in the model of rheumatoid arthritis
[23], while no similar studies have been carried out
focusing on psoriatic arthritis. Native isoform of
CRP also opsonizes apoptotic cells, triggering their
phagocytosis [24].

The complement system is crucial in initiating and
maintaining inflammation in psoriatic arthritis [25].
Displaying an additive effect with other mediators,
the complement system participates in forming a
molecular basis for the clinical manifestation of the
disease. An increased concentration of the components
C3 and C4 in the blood and C3 in the synovial fluid
triggers the activation of phagocytes in the vascular
bed and stimulation of effector cells incorporated into
the synovial membrane. The recruitment of innate
and adaptive immune cells from the bloodstream
into target organs is realized with the assistance of
light chain fragments C3a and C4a, which act as
chemoattractants and display kinin-like activity [26].

Fragments C3b attach to the surface of the synovial
membranes, representing opsonized targets to effector
cells [28]. According to the classical model of
inflammation, the complex formed by C5b-C9, when
integrated into cell membranes, forms a channel for
hydrogen ions, sodium ions, and water to flow into

target cells [27]. However, the degree of involvement
of this mechanism in psoriatic arthritis is not fully
understood. While the proteins of the C5b-C9 complex
present in a liquid medium lack the capacity for lysis,
an increase in their concentration positively correlates
with the activity of psoriatic arthritis and may represent
an indirect indicator of tissue destruction [28]. It
is evident that the complement system in psoriatic
arthritis has lost its biologically determined protective
function. The components C3, C4, and C5b-C9 do not
have selective histological affinity [27].

Certainly, the complement system is involved
in the initiation of acute inflammation at the onset
of the disease, maintaining and enhancing local
inflammatory process during periods of exacerbation,
potentiating the mechanisms leading to the alteration
of articular tissues. The production of humoral
mediators can be a precursor of comorbidity,
with a high probability of complications whose
etiology will not be related to psoriatic arthritis.
An increase in C3 levels in the bloodstream in the
context of psoriatic arthritis represents a synergistic
cardiometabolic effect, which contributes to an
increase in cardiovascular risk [29-31].

To date, the role of the kallikrein — kinin system
in the pathogenesis of psoriatic arthritis has not
been sufficiently studied. Several studies have
explored the correlation between the progression of
cutaneous psoriasis, the levels of bradykinin, and the
overexpression of B1 and B2-kinin receptors [32, 33].
Vasoactive amines, in particular bradykinin, regulate
the diameter and permeability of the microvasculature.
They also stimulate the migration of T lymphocytes
and neutrophils, enhancing the inflammatory process.
Thus, the blockade of bradykinin receptors is able to
reduce the activity of psoriasis [34].

Moreover, bradykinin acts as an inducer of the
inflammatory pain, which is the leading clinical
symptom of psoriatic arthritis [35-37]. Despite
the common nature of the autoimmune process in
cutaneous psoriasis and arthritis, and a high theoretical
probability of a similar role of bradykinin receptors
and ligands, it is still too early to extrapolate the
available data due to the lack of objective evidence for
receptor overexpression in articular tissues, tendons,
or entheses. At the same time, it would be unwise to
ignore the role of the kallikrein — kinin system in the
pathogenesis of psoriatic arthritis. An increase in the
level of kallikreins in the synovial fluid and blood was
demonstrated in rheumatoid arthritis, which is also
characterized by inflammatory arthralgia [38—40].
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According to the literature, psoriatic arthritis
is associated with dysregulation of the hemostatic
system, characterized by an imbalance in procoagulant
factors. This includes the activation of Hageman factor,
an imbalance of plasminogen activator-1 inhibitor
(PAI-1) and tissue plasminogen activator (t-PA),
decreased levels of natural anticoagulants (proteins C
and S, antithrombin III), and elevated fibrinogen and
D-dimer levels in the blood [41-44].

CELLULAR MEDIATORS OF
INFLAMMATION IN PSORIATIC ARTHRITIS

Lipid and protein cellular mediators are key
signaling molecules in the initiation of an autoimmune
inflammatory process. In patients with psoriatic
arthritis, there is an increase in the plasma levels
of lipid mediators (endocannabinoids and certain
eicosanoids), which are produced as a result of
lipid peroxidation within cell membranes and the
metabolism of arachidonic acid [45, 46].

Free 4-hydroxynonenal (4-HNE) is a secondary
messenger and a reactive biomarker associated
with lipid peroxidation. The effector potential of
free 4-HNE depends on its concentration. Through
its capacity to modulate the expression of specific
receptors on the membranes of immunocompetent
cells, free 4-HNE effectively neutralizes the effects
of endocannabinoids, stimulates the selection of
lymphocytes with a proinflammatory phenotype, and
participates in the activation of intracellular enzyme
systems that trigger apoptosis of injured cells [47].

Prostaglandin E is alipid mediator with pronounced
pyrogenic activity. This eicosanoid has a kinin-like
effect, modulates dilation of the microvasculature,
and, while lacking a direct affinity for pain receptors
(nociceptors), indirectly leads to hyperalgesia by
causing hypersensitization to bradykinin [48—
50]. In the context of the inflammatory process,
8-Isoprostaglandin F _ (8-isoPGF ) acts as a signaling
molecule activating TNFa synthesis [51].

Hepoxilin B3 (HXB3) is a bioactive substance that
promotes exudation by increasing the permeability of
the vascular wall. It interacts with TrpV1 and TRPA1
receptors, inducing the inflammatory pain in psoriatic
arthritis [52].

Eicosanoids, possessing ty for PPARS receptors,
suppress antioxidant protection of cells (by inhibiting
the production of superoxide dismutase and heme
oxygenase), provoking oxidative stress, which
leads to the chronification of the disease [46]. When
discussing the role of eicosanoids in the onset

and progression of psoriatic arthritis, it should be
emphasized that, in addition to the overproduction of
proinflammatory signaling molecules, the imbalance
of proinflammatory and anti-inflammatory lipid
mediators plays a significant role in the pathogenesis
of the disease. A decrease in resolvins, which
deactivate arachidonic acid derivatives, has been
demonstrated [45]. The deficiency of resolvins
inhibits the feedback mechanisms, leading to
overproduction of proinflammatory cytokines and
thromboxanes, an increase in platelet aggregation and
leukocyte chemotaxis, stimulation of neoangiogenesis
in inflamed tissues, and accumulation of superoxide
anion radicals, which contributes to the local resorption
of periarticular bone tissue [53].

Protein cellular mediators (cytokines) are molecules
whose main function is to organize intercellular
crosstalk [54]. The leading role in the pathogenesis
of psoriatic arthritis is attributed to cytokines that
stimulate the recruitment of immune cells into tissues
to initiate and maintain the inflammatory process. The
trigger for cross-overproduction of IL-1, IL-6, and
IL-8 in psoriatic arthritis is the interaction between
the soluble form of TNFa and the CD120b receptor
on cells of mesenchymal origin.

Notably, TNFa should be considered a mediator,
which is a regulator and an effector at the same time.
During the onset of the disease, high concentrations
of TNFa trigger activation of intracellular signaling,
resulting in cells producing TNFo and forming a vicious
circle of cytokine overproduction. At the molecular
and cellular level, the mechanisms responsible for
self-limitation of the TNFa production fail to eliminate
it effectively, preventing the remission of the disease
and reconvalescence at the body level. It is important
to note that the inflammatory response depends on the
concentration of TNFa [55—57]. In psoriatic arthritis,
overproduction of proinflammatory cytokines IL-1B
and IL-6 can result in a self-sustaining pathological
process if constitutive expression of TNFa is present
[58]. The IL-23/IL-17A axis is another example of
cross cytokine expression. Acting as a ligand, 1L-23
modulates the activation of T-helper lymphocytes
(Th) type 17 that synthesize IL-17A, as well as [L-21,
IL-22, and TNFa [59].

Similarly, IL-1p activates signaling pathways that
are responsible for the overproduction of IL-17A
or IL-36. The proinflammatory potential of IL-36
has been observed in skin psoriasis. According to a
number of studies, IL-36 can maintain inflammation in
psoriatic arthritis as a regulator of cross-inflammatory
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expression [60]. IL-17A activates transcription factors
and kinases, mediates cross-inducible secretion of IL-
1, IL-6, TNFa, and chemokines, and modulates the
expression of TNFa receptor type 2 [61].

On the one hand, the ability of cytokines to
duplicate each other’s biological functions ensures the
maintenance of the pathological process and justifies
the status of psoriatic arthritis as a chronic disease
[54]. On the other hand, the diversity of the effector
potential of each individual mediator and the absence
of a strictly determined structure of the mediator
network per unit of time underlie the heterogeneous
phenotype of the disease.

As previously mentioned, TNFa realizes its
proinflammatory potential in a concentration-
dependent manner, polarizes monocytes and
macrophages, and enhances their migration, stimulates
Thl-lymphocytes, and mediates Thl7-cells,
aggravates the course of arthritis, and participates in
the pathogenesis of joint erosion [54, 66—68].

IL-6, a pyrogen and a cytokine with a pronounced
systemic effect, stimulates the production of acute-
phase proteins (CRP, fibrinogen) by hepatocytes,
polarizes the maturation of macrophages towards
the proinflammatory M1-phenotype, and activates
the STAT3-mediated signal transduction pathway
in inflammatory cells [54, 62-64]. IL-23 induces
the formation of psoriatic plaques, tendonitis, and
enthesitis but exerts a protective effect towards the
intestinal mucosa at physiological concentrations.

IL-17A realizes its proinflammatory potential
in cooperation with other cytokines (TNFa, IL-
1, and IL-6), links factors of innate and adaptive
immunity, promotes recruitment of Th17 cells, innate
lymphoid cells (ILC) 3, and neutrophils, increases the
procoagulant potential of the blood, and participates
in the initiation and maintenance of cutaneous
manifestations of psoriasis, enthesitis, and tendonitis
[65].

IL-3600 produced by B lymphocytes and
plasmocytes promotes the proliferation of synovial
fibroblasts and stimulates the production of I1L-6 and
IL-8, which enhance local inflammation [60, 69-71].

Microcirculatory disorders in psoriatic arthritis:
the role of lipid and cellular mediators

True inflammatory hyperemia of tissues, which
arises due to impaired rheological properties
of blood and changes in the vascular wall and
perivascular tissues, as well as exudation, are the
crucial components of the pathogenesis of psoriatic
arthritis. The activity of the disease and the presence

of a particular complex of symptoms depend on the
spectrum of signaling molecules that modulate the
effects of immunocompetent cells, perivascular cells,
and microvasculature.

In psoriatic arthritis, the severity of exudation
depends on the permeability of venules and
capillaries. Humoral mediators with a direct effect on
blood vessels include bradykinin and proteins of the
complement system, C3a and C5a, which can modulate
the contraction of endotheliocytes [72, 73]. CRP can
potentially affect the permeability of the vascular wall
as well. It has been shown that the mCRP isoform
induces the expansion of microcirculatory vessels
by activating local overproduction of nitric oxide.
The nCRP isoform has the opposite effect, provoking
vasoconstriction and leukocyte adhesion [22]. At
present, there is no comprehensive understanding of
the relationship between the variability of the level
of individual CRP isoforms in the blood and synovial
fluid and the activity of psoriatic arthritis.

Cellular mediators can influence the architecture
of the microvasculature, increasing exudation through
cell-mediated damage to the vascular wall or defective
cellular contact between pericytes and endothelial
cells. Psoriatic arthritis is characterized by an increase
in the number of immature vessels. TNFa and IL-1
can trigger cross-expression of angiogenic factors,
such as vascular endothelial growth factor (VEGF). In
turn, IL-17 stimulates the recruitment of endothelial
cells during the formation of new vessels [74, 75].

Angiogenic factors in the pathogenesis of
microcirculation disorders in psoriatic arthritis

In psoriatic arthritis, an imbalance of
angiogenic mediators stimulates the development
of microangiopathies with specific signs. The
synovial membrane is characterized by the presence
of eclongated, bushy, and tortuous capillaries,
is hypervascularized due to an increase in the
number of functioning capillaries, accompanied by
neoangiogenesis and impaired rheological properties
of blood due to the aggregation of blood cells [76,
77]. Microangiopathy of the nail bed in patients with
psoriatic arthritis is manifested by the presence of
avascular zones, hemorrhages, the appearance of giant
capillaries, and an increase in the number of tortuous
and twisted capillaries. A number of researchers note
a decrease in the linear density of capillaries, while
other authors describe an increase in the density of
capillaries [78-80]. Dermal microangiopathy occurs
prior to the clinical manifestation of cutaneous
psoriasis and is characterized by capillary dilation
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and increased endothelial permeability, leading to
exudation and edema [81, 82]. Important angiogenic
factors include VEGF, platelet-derived growth factor
(PDGF), angiopoietin, and transforming growth factor
(TGF) B.

VEGF has regenerative potential, being a key factor
in the process of neoangiogenesis. In psoriatic arthritis,
a local increase in VEGF expression is detected in the
synovial membrane of the joint [83—85]. However, the
data on the diagnostic and prognostic significance of
an increase in the concentration of VEGF in the blood
plasma of patients with psoriatic arthritis remains
inconclusive.

PDGF is a growth factor that ensures the migration
of pericytes to the area of vascular sprouts [85].
Angiopoietin, another growth factor, is overexpressed
in the synovial membrane, while its isoform, Ang2,
plays the key biological role. In inflammation, Ang2
enters the bloodstream via endothelial cells, increases
the permeability of the vascular wall, and stimulates
the recruitment of endothelial cells into new tissue
niches, promoting neoangiogenesis. It should be noted
that the proangiogenic potential of angiopoietin is
realized in the presence of VEGF [86, 87].

TGEF is also highly expressed within the synovial
membrane, especially in patients with erosive psoriatic
arthritis [88]. TGFP regulates the composition and
quantity of the vascular matrix by preserving and
stimulating neoangiogenesis [89].

CONCLUSION

At the current stage, research of psoriatic arthritis
is markedly focused on the role of individual
cytokines, which does not allow for formulating a
generalized model of pathogenesis that would reflect
the mechanisms of interaction between humoral
and cellular mediators. In addition, there is no clear
understanding of the hierarchy of various mediators
of different origins and their combinations within the
pathogenesis of psoriatic arthritis, with relation to the
activity of the disease and its clinical phenotype. The
priority is to determine the dominant pathological
process during the evolution of the disease in a
particular patient. Absolute reciprocal relationship
between inflammation and microcirculation disorders
has not been proven. Given the generally accepted
paradigm in which tissue inflammation is the primary
event, the hypothesis that microcirculation disorders
can be the initiating process in the pathogenesis may
seem revolutionary. Evidently, the contribution of
vascular bed pathology to the development of psoriatic

arthritis has not yet been sufficiently studied and is a
promising area of research.

It is important to acknowledge that incomplete
understanding of the pathogenesis of psoriatic
arthritis renders the practical application of
therapeutic modalities based on genetic engineering
purely empirical. Given the pleiotropic potential of
most cytokines, this strategy is comparable to the
use of antibiotics without determining microbial
susceptibility [90], which discredits the concept of
translational medicine and the principles of a rational
personalized approach, increasing the burden of non-
targeted economic costs in the healthcare system.
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ABSTRACT

Bronchial asthma (BA) remains one of the most common chronic respiratory diseases in childhood. BA develops
with a combination of genetic predisposition and environmental factors. Epidemiological data on the development
of BA emphasize the role of early-life microbiota in the formation of immune responses and susceptibility to the
development of BA. In recent years, enough data has been accumulated to suggest that an imbalance in intestinal
and airway microbiota during early life may predispose a child to the development of BA. In turn, the biodiversity
of the environment influences the colonization of various biotopes in the human body by microorganisms. The
study of the mechanisms of interaction between microbiota communities of the environment and humans will pave
the way for the development of new strategies for the prevention of BA.

The aim of this review was to analyze current research aimed at assessing the importance of biodiversity of human
microbiota and environment in the susceptibility to the development of BA in children.
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3HavyeHne 6MopasHo06pa3na MNKPOOMOTbI YeNnoBeKa N OKpYy»KatoLen
cpeabl B NOABEPKEHHOCTWN Pa3sBUTNIO OpOHXMaNbHOM acTMbl Y fleTen
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PE3IOME

BpouxunansHas actma (BA) octaercs omHuM U3 Haubojee pacIpOCTPaHEHHBIX XPOHUYECKUX 3a00ieBaHUM
IBIXaTeNBHBIX IyTel B JAeTckoM Bo3pacte. PasButme BA peamusyercs mnpu coyeTaHMH TeHETHYECKOH
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HPEPaCIIONOKEHHOCTH U BO3ACHCTBHS (h)aKTOPOB BHEIIHEH cpe/ibl. DIMUIEMUOIOTHYECKUE JaHHbIE, KaCaloIINecs
pa3ButHs BA, momgyepkuBalOT BaKHOCTh BO3ZICHCTBHS MHKPOOHMOTHI B paHHEM Bo3pacTe B (HOPMHPOBAHUH
UMMYHHBIX PEaKIUi M MOABEPKEHHOCTH pa3BUTHIO BA. B mocnenHue roapl HaKOIUIEHO JOCTaTOYHO JIaHHBIX,
HO3BOJISAIOIINX TPEANONIOKHUT, YTO JUCOanaHC MUKPOOMOTHI KHIIEYHHKA M JBIXAaTeJBbHBIX IyTeil B paHHEM
BO3pACTe MOXKET Mpeipacroarath peObeHka K pa3BUTHIO aCTMBIL. B cBoto ouepeib, 6ropa3Hoobpasue OKpyKaromei
Cpe/ibl OKa3bIBaeT BIMSIHUE Ha KOJIOHH3ALMIO MHUKPOOPTaHU3MaMH Pa3IMYHBIX OMOTONOB OpraHM3Ma 4ellOBeKa.
HccnenoBaHrne MeXaHHU3MOB B3aMMOACHCTBHS MUKPOOHMOTHYECKUX COOOIIECTB OKPYIKAIOIICH Cpe/Ibl U YeloBeKa
OTKPOET MEPCIEKTUBY I pa3pabOTKH HOBBIX CTpaTEerrii MPO(UIAKTHKH aCTMBI.

Iens HacTostmero 0630pa — IPOBECTH aHAIU3 COBPEMEHHBIX UCCIIEI0BaHNH, HAIIPABJICHHBIX HAa OLEHKY 3HAYECHHS
6ropa3Ho00pa3yss MUKPOOHOTEI YeJIOBEKa M OKPYIKAIOIIEH Cpebl B MOJBEPKEHHOCTH PAa3BUTHIO OPOHXHAILHOM
acTMbl y JeTeil.

KnioueBble ciioBa: OpoHXHalbHAs acTMa, JETH, KUIIEYHAs MHKPOOMOTAa, MHUKPOOMOTa JIBIXaTENbHBIX IyTeH,
MHKPOOHOTa OKPY>KaroIeH cpeabl

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

Hcrounuk ¢punancupoBanus. ViccienoBanue BBITOIHEHO PH noaaepkke Poccuiickoro HayyHoro ¢ponaa (rpast
«Muxkpobrora B cucreMe “mapasuT — X03iuH~ U €e MeTaOOJIMYECKU MOTEHIHAI KaK HHCTPYMEHT YIIPaBICHUS
OpoHxHanbHOU acTMOi»; goroop ot 01.08.22, Ne 22-75-00078).
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INTRODUCTION

Asthma is one of the most common chronic
respiratory diseases, affecting up to 10% of children
and adolescents [1]. Asthma develops through a
combination of genetic predisposition to atopy
and bronchial hyperreactivity and exposure to
environmental factors[1]. Recent data suggest a
possible link between the high prevalence of asthma
and a decrease in exposure to microbes as a result of
changes in dietary habits. This includes a decrease
in dietary fiber intake and an increase in fat intake,
improved hygiene, irrational use of antibacterial
drugs, and other factors [2, 3]. Currently, there
is more and more information on changes in the
composition of human microbiota in various
diseases and its role in the pathogenesis of various
disorders, including asthma [4]. Epidemiological
and experimental data demonstrate the importance
of exposure to microbial factors at an early age in
the formation of immune responses [5—7].

According to modern research, there are several
hypotheses that explain the relationship between the
prevalence of allergic diseases and environmental
changes that have occurred in recent decades (such
as urbanization, improved housing conditions, and
changes in the diet) and a decrease in environmental

biodiversity [3, 8, 9] Epidemiological studies show
that reduced exposure to environmental bacteria
in early life (e.g., cesarean birth, infant formula
feeding, living in an urban environment, in small
families, and with limited contact with various
animals) is associated with an increased risk of
developing allergies and asthma later in life [3,
8-10]. Conversely, a reduced risk of developing
asthma is observed in children living in rural areas,
as well as in large families with older children.
This is probably due to the child’s exposure
to a wide range of microorganisms and their
metabolites [11]

Experimental and clinical studies aimed at
studying the characteristics of the microbiota
in asthma described the intestinal and airway
microbiota. The formation of the microbiota is
affected by many internal and external factors.
One of the striking examples of the environment
affecting the development of asthma is the “farm
effect” [12]. Many epidemiological studies have
shown that living on a farm in early life is associated
with a reduced risk of asthma in children [12-15].

The aim of this review was to analyze current
research focused on assessing the importance
of biodiversity of human microbiota and the
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environment in the susceptibility to the development
of bronchial asthma in children.

MATERIALS AND METHODS

We analyzed scientific publications of clinical
studies aimed at assessing the biodiversity of the
microbiota of airway, intestine, and environment in
the development of asthma in children.

The search was conducted using the PubMed
search engine (https:/pubmed.ncbi.nlm.nih.gov/)
and the Elibrary scientific electronic library (https://
www.elibrary.ru/). The review presents original
articles published from April 1,2014 to April 1,2024.

Initially, we searched for publications devoted
to the study of the intestinal and/or airway and/or
environmental microbiota in asthma in children
from birth to 18 years of age. The search was
conducted with the following keywords in English
and Russian: asthma microbiota gut or microbiota
airway or microbiota environment or microbiota
household, asthma, children, intestinal microbiota,
airway microbiota, environmental microbiota. We
examined the summaries of 7,708 articles selected
in the initial search.

Then we analyzed the summaries of 907
publications, excluding reviews, case-control
studies, and works that did not contain data on
the intestinal and/or airway and/or environmental
microbiota in asthma in children.

The analysis included 19 publications that met the
following inclusion criteria: a study of the intestinal
and/or airway and/or environmental microbiota
(microbiota of household dust samples) using
sequencing in children without asthma symptoms at
the time of inclusion in the study, followed by an
assessment of the association with the development
of asthma, and a complete description of the study
design.

THE IMPORTANCE OF AIRWAY
MICROBIOTA IN THE DEVELOPMENT
OF ASTHMA IN CHILDREN

It is currently known that the respiratory mucosa
in healthy individuals is colonized by bacterial
communities specific to this biotope [ 16]. Studies have
shown that the composition of the airway microbiota
differs in healthy children and patients with asthma,
and differences in the microbiota in different asthma
phenotypes have been established [17].

Multiple studies have demonstrated that
changes in the microbiota in early childhood are
crucial for the development of asthma later in life
[18-23]. However, the results of the studies are
contradictory due to differences in the techniques
for collecting the studied biospecimens, methods,
and time points, which makes it difficult to
generalize the results. As a result of the analysis of
publications, we selected 6 prospective studies that
analyzed the association of the airway microbiota
in infants with the development of asthma later
in life [18-23]. Most studies used samples taken
from the nasopharynx to study the microbiota, and
two studies reported airway aspirates as the studied
biospecimens [18, 19]. Three studies reported on
the assessment of alpha and beta diversity of the
microbiota [18, 20, 21].

However, only one study found an association
with the development of asthma of a higher alpha
diversity index and a difference in beta diversity
compared to children who did not have asthma
symptoms at the age of 6 [18]. This study also
demonstrated an increase in Veillonella and
Prevotella in infants aged 1 month who later
developed asthma [18].

Two studies have shown that higher relative
abundance of Streptococcus in the nasal microbiota
of infants is associated with the development of
asthma [22, 23].

Another study showed that the abundance
of Staphylococcus bacteria in the nasopharynx
in the first 6 months of life is associated with
recurrent wheezing in the first 3 years of life and
the development of asthma at an older age [19].
Also, two studies demonstrated the association of
Haemophilus with the risk of developing asthma
[19,21]. Several studies have noted changes in the
number of bacteria belonging to the Moraxella
genus, but the data are contradictory [19, 21].
A prospective cohort study also confirmed
the association of Streptococcus pneumoniae,
Haemophilus influenzae, and Moraxella catarrhalis
with the development of asthma [20].

It should be noted that in children suffering
from asthma, an increase in the Moraxella and
Streptococcus w genera was noted in samples of the
lower airway microbiota (analysis of sputum and
exhaled air condensate) [24, 25].
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THE IMPORTANCE OF INTESTINAL
MICROBIOTA IN THE DEVELOPMENT
OF ASTHMA IN CHILDREN

The intestinal microbiota is one of the most
important factors determining human health and
is currently considered as a system responsible for
regulating the metabolic and immune homeostasis
of the body [26]. Intestinal microbiota and its
metabolites play animportantroleinthe development
of local and systemic immune responses [27].
Changes in the intestinal microbial composition can
have a significant impact on respiratory diseases,
such as asthma, by shaping microbial communities
and modulating the metabolic and immune response.
This concept is called the gut — lung axis [4, 28].

The development of the intestinal microbiome
in early life is influenced by many environmental
factors, such as living in a microbial-rich
environment (e.g., on a farm or with frequent
contact with livestock and pets) or dietary diversity,
the preventive value of which in relation to the
development of asthma in childhood has been
shown in studies [29, 30]. Early life exposure and
colonization by certain microbes are thought to be
important for intestine development, immune cell
maturation, and resistance to pathogens [31].

The taxonomic richness of the intestinal
microbiota is thought to determine its resistance to
various effects, including pathogen colonization,
while low diversity of bacterial communities is
associated with pathological conditions [32. The
studies included in the review noted a decrease in
alpha diversity in stool samples of infants who later
developed asthma compared to healthy children
[32, 33].

In a prospective study, G. Galazzo et al. showed
that the Lachnobacterium, Lachnospira, and
Dialister genera were significantly decreased in the
intestinal microbiome of infants who developed
asthma by school age compared to healthy children
[34]. The analysis of the taxonomic composition
of the microbiota showed that a high risk of
developing asthma is associated with a decrease in
genera such as Faecalibacterium, Bifidobacterium,
Roseburia, Alistipes, Ruminococcus, and Dialister
and a higher content of Veillonella [35, 36]. Similar
results were obtained by scientists from the USA:
the abundance of Veillonella in the intestine was

associated with episodes of wheezing, while no
association was found between wheezing and beta
diversity [37].

However, in a cohort study conducted in
Canada involving more than 300 children, the
risk of developing asthma was associated with a
decrease in the relative abundance of bacteria of the
Veillonella genus [38]. Another study also showed
an association of a decrease in the Bifidobacterium,
Faecalibacterium, and Akkermansia genera with
a high risk of developing asthma [39]. Several
studies have described an association between a
decrease in the relative abundance of the Roseburia,
Ruminococcus, Faecalibacterium, and Lachnospira
genera with an increased risk of developing this
pathology [12, 33-35].

Despite the multifaceted and heterogeneous
nature of the studies, taken together, these data
confirm the importance of the composition of the
intestinal microbiota in early life with susceptibility
to the development of asthma in children.

THE IMPORTANCE OF ENVIRONMENTAL
MICROBIOTA IN THE DEVELOPMENT
OF ASTHMA IN CHILDREN

The microbiota of different biotopes is formed
mainly during the first year of life and continues to
develop until adulthood. The types of delivery and
feeding affect the colonization with microorganisms
in early life [22, 38]. Studies have shown that the
type of delivery (vaginal or cesarean birth) and the
environment in the first 6 months of life are of great
importance for the formation of a stable microbiota
of the respiratory and intestinal organs, which
determines the state of health in older age [22, 38].

According to the meta-analysis, children
delivered by cesarean section have a higher risk of
developing bronchial asthma and allergic rhinitis
compared to children born vaginally [40]. However,
another study showed that the microbiota of infants
is determined to a greater extent by maternal factors
and does not depend on the mode of delivery [41].
Probably, the risk of developing allergic diseases is
also associated with the influence of conditions that
determine the mode of delivery in favor of cesarean
section. Epidemiological studies have shown that
contact with older siblings or attending preschool
in the first two years of life prevents developing
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allergies, which is associated with an increase in the
taxonomic diversity of the microbiota [11, 42].

It has also been shown that children living on
farms are less susceptible to allergic diseases [2, 13,
14,43, 44]. The results of a cohort study in Denmark
showed that an increased risk of developing asthma
was recorded in adolescents who lived in moldy and
damp houses at an early age. In contrast, adolescents
who lived in farmhouses and had contact with
domestic animals were less likely to suffer from
asthma by the age of 18 [45].

These factors are thought to affect the
development of the immune system in childhood by
shaping a taxonomically rich microbiota of diverse
biotopes [14, 32]. Experimental and clinical studies
have shown that inhaled dust particles can carry a
complex mixture of microbes and their metabolites
that influence susceptibility to asthma development
through their effects on airway immune responses
[14,46]. The study also demonstrated the relationship
between fungal and bacterial communities at
home and the airway microbiota in early life [47].
The review of publications over the past 10 years
identified six studies assessing indoor microbiota
using molecular genetic methods and its association
with asthma development [14, 43, 48—51]

A prospective cohort study showed that
microorganisms associated with the rural
environment in infant crib dust samples were
associated with a lower risk of developing asthma
and allergic rhinitis at the age of 6 years [48]. Low
bacterial diversity was found in the microbiota
collected from crib dust samples from children
who later developed asthma [48]. Another study
showed differences in beta diversity, increased
Lactococcus and Streptococcus, and decreased
Sphingomonas in house dust samples from homes
of patients with asthma compared to homes of
participants without asthma [49]. Among high-risk
urban children, higher levels of indoor allergens
in infancy were associated with a lower risk of
developing asthma at age 7 [50]. In addition,
studies of the farm environment and asthma risk
have shown that the number of Streptococcaceae
in the dust microbiota is higher in homes not
located in rural areas, which is associated with the
risk of developing asthma [43].

However, studies of dust microbiota in the homes
of patients diagnosed with asthma demonstrate

an association of high microbial biodiversity with
uncontrolled asthma. Thus, a study conducted in
the USA reported a positive association between
bacterial abundance at home and asthma severity in
children [52].

Diverse composition of indoor microbiota
affects the colonization of the intestine and airways
by microorganisms, promoting the development
of immune tolerance [13, 53]. Exposure to
environmental microbial communities in early life
is associated with the risk of developing asthma in
children, and these results can serve as guidelines
for the development of asthma prevention strategies.

CONCLUSION

Thus, the analysis of modern studies demonstrates
the important role of diversity and composition
of human microbiota and the environment in the
development of asthma in children. Summarizing
the research results, we can conclude that the period
frombirthto 12 months isthe ideal time for epigenetic
changes associated with environmental exposure
and susceptibility to asthma. Further research is
needed to study the pathogenetic mechanisms of
interaction between microbial communities and the
human immune system. New studies will provide
the basis for the development of new technologies
for asthma management.
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UspaTtenbckuini aoMm Cnbupckoro rocypapcTBeHHOro
MeAULMHCKOro YHUBEepCcUTETa NPeAcCTaBIfeT CePUI0 KHUT

«Hacrnemyue TOMCKOM MeIULMHBI

Knura nocesiweHa 130-netHemy tobuneto kadeapbl rocnuTanbHOM X1pyprim
Cnblr'MY. MpuBeaeHbl brorpaduyeckme aaHHble 79 COTPYOHMKOB KITUHUKK U

KA@EM'P Kadpeapbl rocnutanbHon xvpyprum B nepuog ¢ 1892 no 2022 r. im npealwecTsyet

- nogpo6bHas CTaTbs, XapakTepusyruwiasd OCHOBHble Hay4YHO-MpakTn4eckne
[OCNUTATIBHOVIBXVIPYRIM] Ap pakTepu3yoLy y P

JeXiy pcomIce p ACIROTCOCY ANCTOi OOCTUXKEHUST KONNEKTBA Ha KaXaoM UCTOpUYeckoM oTpeske. B nsganum
_—— YNOMAHYTbI HE TOJIbKO BblAakOLLMECAa Xnupypru, 3ase3bl MI/IpOBOIZ BEJTUYUHbI, HO U
» < S
>

g g . psifoBble npogeccopa, AOLEHTbI, aCCUCTEHTbI, Bpaun-OpAUHATOPbI, MHOTHE 13
@Iil‘@rm‘y = KOTOPbIX CBsi3anu ¢ kadeapon 1 KNMHUKOW BClo CBOKO TpyAoByto Buorpaduto. MNpu
N3NOXEHUW MaTepuana Hapsiay C TPaauLUMOHHBIMU CTOYHUKaMK MHADopMaLnm
1cnorb3oBaHbl aBToGUorpaduyeckne JOKYMEHTbI, AAHHbIE U3 CEMEeHbIX apXMBOB,
NPOU3BOACTBEHHbBIE XapaKTePUCTUKMN HEPEOKO C COXpaHeHMeM aBTOPCKOro CTUMS.

370 No3BonseT nonHee oLwyTUTL aTMocdepy B obLecTBe 1 pabodem
KOMMeKTUBE B pasHble roabl CYLLECTBOBAHUS KMMHWKL. TeKCToBasi MHGopMaLys
conpoBoXaeHa boraTbiM UNNOCTPATUBHBIM MaTepuanom, MHorve dgoTorpadgum
ony6rn1KoBaHbI BNepBble.

M3paHve npefHa3HauyeHo Ansi XMPYpros, CTYAEHTOB CTapLUKX KypCoB
BpayebHbIX hakynbTETOB, CNELMAIMCTOB MO UCTOPUU MEANLMHDI.

TpéxToMHas UNNIOCTPMPOBaHHANA
NeTonnCb OHOIO U3 CTapenLInx
1 Hanbonee aBTOPUTETHbIX
MeOMLMHCKMX By30B Poccun —
Cubupckoro (TOMCK?FO) rocyAapcTBeHHoro AOCTP P OB A CrERTAS

MEAMLIMHCKOTO YHUBEPCUTETA SBMNAETCH NO CyTU NEPBON CEPLE3HON NOMbITKON AETOMHCH
ocBeTuTb Bonee Yem 140-NETHIOK UCTOPMIO 3TOTO NPOCMABMEHHOTO
yHuBepcuTeTa.OcobeHHOCTBI0 N3aaHnsa ABNSETCs ero GorateiLnii UNMICTPATUBHBI
maTtepuarn, BkrovaroLmin 6onee YeTblpéx Thicsy dpoTorpadcuii (B TOM Yucne paHee
NpaKTU4Yeckn HeN3BECTHbIX), 1 HUKOTAA He NybrnmkoBaBLUKECsS [0 STOrO KpaiiHe
NoBOoNbITHbIE N MHTEPECHbIE haKTbl O XKMU3HWU YHUBEPCUTETA, €ro CTYAEHTOB U
npodeccopos, BOCNOMUHAHWSA 1 paccKa3sbl BbIMyCKHUKOB U NpenojaBaTenen By3a.
[ns camoro LMPOKOro Kpyra
yuTatenei, MHTepecyoLLMXcs
NCTOPUEN POCCUMCKUX YHUBEP-

ﬁmnm CUTETOB, OTEYECTBEHHOTO BbIC-
TOMCKOR (1878-1930)
. LUIEro MeauuUmMHcKoro obpaso-

BaHNA N HAyKn, pasBUuTnem
KNMNHUYECKUX U Hay4YHO-MeaOun-

AEAHE"HK LIMHCKVMX LUKOJS1, 30PaBOOXPaHEHNS,
nHHTpHH nH“TpHEBHq nctopuei Tomcka, Cnubupu,
Poccum...

fIB/IOKOB

Ton 1

B kHure npeacraeneHbl 6uorpacdums n 063op Hay4HoOW,
negarorny4eckon u o6LLecTBEHHOM AEATENbHOCT
BblAAOLLErocs y4eHoro, TepanesTa, KNHULUMCTa, akagemvka
AMH CCCP, l'epos Coumanuctnyeckoro Tpyaa, naypeara
CranuHckou npemuv Omutpus Omutpuesnya HAbnokosa
(1896-1993).

[ns Bpayen, CTYAEHTOB, BCEX MHTEPECYHOLLMXCSA UCTOPUEN
MeOVLMHbI.
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