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The aim of our work was to study a pharmacological activity of a selective arginase-2 and thrombin inhibitor from a phenolic
compounds group with a laboratory cypher KUD975 on a model of arterial pulmonary hypertension induced by hypoxia.
Materials and methods. To simulate pulmonary hypertension (PH), animals were placed in a normobaric hypoxic chamber
and subjected to 5 weeks of hypoxia with an oxygen content of 10% in the air. After 3 weeks of hypoxia, the animals were
administered with the test compound KUD975 (intragastrically, at a dose of 2 mg/kg once a day for 2 weeks). L-norvaline
(intragastrically, 20 mg/kg) was used as a reference drug. To assess the development and correction of PH, measurements
of cardiohemodynamics, analysis of blood gas composition, study of the number of circulating endothelial precursor cells
(EPCs), quantitative PCR assessing the expression of mRNA VEGF-R2, SGF-1 (stromal growth factor-1) and MCP-1 (monocyte
chemoattractant protein-1). Next, a histological examination of the lungs and heart was performed, the degree of pulmonary
edema and the concentration of cardiotrophin-1 and atrial natriuretic peptide were assessed.

Results. The administration of the studied phenolic compound with laboratory cypher KUD975, as well as the reference
drug L-norvaline, led to a decrease in the right ventricular systolic pressure against the background of modeling PH. The
present study shows a more than twice-fold decrease in the number of circulating (EPCs) in the animals group with modeling
a hypoxia-induced circulatory PH (171.3+12.1) in comparison with the group of intact animals (296.1+31.7; p=0.0018). The
recovery of EPCs was noted in the animals group administered with KUD-975 and L-norvaline, up to 247.5+34.2 (p=0.0009
compared with a pulmonary arterial hypertension (PAH) and 235.6+36.4 (p=0.008 compared to PAH), respectively. The
studied compounds had a protective effect by statistically significantly increasing the expression of VEGF-R2 mRNA and
decreasing the expression of SGF-1 mRNA, reducing the lung moisture coefficient and the concentrations of cardiotrophin-1
and atrial natriuretic peptide and preventing vascular remodeling caused by hypoxia.

Conclusion. When studying the pharmacological activity, it was shown that the phenolic compound with the laboratory
cypher KUD975 normalizes hemodynamic parameters, reduces the signs of remodeling of the heart and pulmonary vessels
and has a pronounced endothelial protective effect on the model of hypoxia-induced PH, and is superior to the activity of the
reference drug L-norvaline.

Keywords: pulmonary hypertension; endothelial dysfunction; nitric oxide; heterocyclic acids; endothelium; arginase-2;
thrombin

Abbreviations: PH — pulmonary hypertension; PAH — pulmonary arterial hypertension; CTPH — chronic thromboembolic
pulmonary hypertension; COPD — chronic obstructive pulmonary disease; RVAP — right ventricular average pressure; RVSP —
right ventricular systolic pressure; HR — heart rate; EPCs — endothelial precursor cells; SDF-1 — stroma-derived growth factor;
VEGF — vascular endothelial growth factor; MCP-1 — monocyte chemoattractant protein-1; RV — right ventricle; LV — left
ventricle; PaO, — oxygen partial pressure; PaCO, — carbon dioxide partial pressure; EC — endothelial cell; MP —interventricular
septum; ED — endothelial dysfunction.
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Lenb. M3yyeHne ¢apmaKoNOrMYeCcKOM aKTUBHOCTU CENEKTUBHOIO WMHIMOGUTOpa apruMHasbl-2 M TPOMOWHA M3 rpynnbl
coeanHeHN GpeHOoNbHOM Npupoabl ¢ NabopaTopHbiM Wndppom KYA975 Ha moaenn apTepuasibHOW IErOYHON TMNEPTEH3UM,
VHAYUMPOBAHHOM TMMNOKCUEN.

Martepuanbl U metogbl. [ MOLENMPOBAHUA NIETOYHON runepTeH3un (/1) KMBOTHbIX MOMELLAAN B HOPMODHAPUUYECKYHO
TMMOKCUYECKYID Kamepy M nogsepranvM 5 Hegenam rUNOKCMKM C copepaHuem Kucnopoga B Bosayxe 10%. lMocne
3-X HedeNlb FUMOKCUM MBOTHbIM BBOAWIM MUcCaedyemoe coeauHeHue KYIA975 (BHYTPUMKeNyAo4YHO B Ao3e 2 Mr/Kr
1 pa3 B cyT B TeyeHue 2 Hepgenb). B KayecTBe npenapata CpaBHEHWA UCMO/Mb30BaAM L-HOPBaNAWH (BHYTPUMKENYA0HHO
20 mr/kr). Ons oueHKkM passutva JIT U ee KOPPeKLuUW MPOBOAMAWM M3MEpPEHWe MOoKasaTesiel KapauoreMoAMHAMMUKM,
aHanM3 rasoBOr0 COCTaBa KPOBM, M3y4YeHME KOMMYECTBA ULUPKYAUPYIOWMX MpealecTBEHHUKOB 3HAO0TENNAbHbIX
knetok (M3K), konuuectseHHyto MLP ¢ oueHKkoi akcnpeccun mMPHK VEGF-R2, SDF-1 (ctpomanbHbiit dpakTop pocTta-1) u
MCP-1 (MOHOLMTaPHbI XeMOATTPAKTaHTHbIN 6e10K-1). anee NnpoBOAMAN FTMCTONOTMYECKOE UCCAeA0BaHME NIETKUX U cepaua,
OLEHMBANN CTENEHb OTEKA JIETKUX U KOHLEHTPALMIO KapAMoTpoduHa-1 1 npeacepAHOro HaTpUnypeTMyeckoro nenTuaa.
Pe3ynbratbl. BBeaeHWe uccieayemoro coeguHeHuns ¢eHonbHOM npupogdbl ¢ nabopaTopHbiM Wwndpom KYO975, Kak u
npenapata cpaBHeHWA L-HOpBasnMHa, NPUBENO K YMEHbLUEHWUIO CUCTONIMYECKOTO AABNEHUA B MOAOCTU MPABOro XKenygouKa
cepaLa Ha poHe mogenvpoBaHus /. B HacToALeM UccnefoBaHUM NOKA3aHO CHUMKEHME KOMYECTBA LMpKyanpyowmx N3K
b6onee 4yem B 2 pasa B rpynmne }KMBOTHbIX C MOAENNPOBAHUEM LIUPKYNATOPHOW NIErOYHOM TMNepPTEH3UU, NHAYLMPOBAHHOMN
QT (171,3+12,1), B cpaBHEHWW C TPYMNMNOM MHTAKTHbIX WBOTHbIX (296,1+31,7; p=0,0018). BocctaHoBneHne MIK 6bii10
OTMEYeHO B rpynne KMBOTHbIX, nosayyaswmnx KYA975 u L-HopsanuH, ao 247,5+34,2 (p=0,0009 B CpaBHEHMMU C IETOYHOM
apTepuanbHoli runepteHsunen (JIAT) n 235,6+36,4 (p=0,008 B cpaBHeHuM ¢ JIAT) COOTBETCTBEHHO. ccnesyemble coeanHeHns
OKasblBa/v NPOTEKTUBHOE AENCTBME, CTaTUCTUUYECKM 3HAYMMO NOBbIWas aKcnpeccnio MPHK VEGF-R2 1 cHUKas aKcnpeccuto
MPHK SDF-1, a TakKe CHWUMKana KOIPOULMEHT BNAXKHOCTM NIETKMX U KOHUEHTPaLMU KapauoTpoduHa-1 n npepcepaHoro
HaTypuitypeTuyeckoro nenTuaa U npefoTBpaLlasn CoCyAnCToe PEMOAENNPOBAHNE, BbI3BaHHOE TMMOKCUEN.

3akntoueHue. Npu n3ydyeHUM GapMaKoNOrMYEeCcKoM aKTUBHOCTM MOKa3aHO, YTO coeAnHeHWe ¢(eHONbHOW npupoabl C
nabopaTtopHbiM Wndpom KYA975 HOpmanusyeT moKasaTeNM reMoguHaMUKK, YMEHbLIAeT NPU3HAKM PemoaenmpoBaHus
CepaLa W NIeroYyHbIX CcocynoB M 0671afaeT BblpaKeHHbIM  3HAOTENMOMPOTEKTUBHLIM - AencTBMem Ha mogenu T,
WHAYLUMPOBAHHOM MMMNOKCUEN, U MPEBOCXOAUT aKTUBHOCTb NpenapaTta CpaBHeHUs L-HOpBaAuWH.

KnioueBble cnoBa: sieroyHas rmnepTeHsus; aHAOTeNMANbHAA AUCOYHKUMA; OKCUA, a30Ta; reTepoLUKANYecKMe KUCIOTbI;
SHAOTENNI; aprMHasa-2; TPOM6UH

Cnucok cokpaueHui: JII — neroyHan rmunepteHsus; JIAM — neroyHaa aptepuanbHas runepteHsun; XTI/IT — xpoHuyecKan
Tpomboambonuyeckaa neroyHaa runepteHsmna; XOBJT — XxpoHuWYeckas OBCTPyKTMBHAA 6onesHb nerkux; CAOMK —
CUCTO/INYECKOE [aB/IeHME B MOAOCTU MPaBoro Kenypoudka; CpAMNK — cpepHee AaBneHWe B MOMOCTU MPABOro KENYA0YKa;
OOMNX — gmactonmyeckoe AaBieHWE B MOJIOCTM MPaBOro Kenygouvka; YCC — uyacToTa cephedyHbix CoKpalleHui; MK —
npeawecTBEHHUKN 3HAOTENNANbHbIX KneTok; SDF—1 — cTpomanbHbIii dpakTop pocTta-1; VEGF — daktop pocta aHpoTenus
cocynos; MCP—1 — MOHOUMTAPHbI XeMOaTTPaKTaHTHbIN 6enok—1; MK — npasbili Kenygouek; /XK — neBbli XKenygoyek;
PaO, — napumnanbHoe fasneHune kucnopoaa; PaCO, — napupanbHoe AasieHve yraekucnoro rasa; 3K — aHgoTenvanbHas
Knetka; MIM — mexkenyaoukoBas neperopoaka; 3 — sHgoTenanbHaa AUchHyHKLUA.

INTRODUCTION

Pulmonary hypertension (PH) is a progressive and
often fatal cardiopulmonary disease characterized by an
increased pulmonary artery pressure, structural changes
in the pulmonary circulation, and the development of
vascular complications [1].

Tom 11, Beinyck 4, 2023

PH, in general, consists of a mixed group of
disorders, all of which ultimately lead to an increased
pulmonary arterial pressure (AP). PH is clinically
classified by the 6" World Symposium on Pulmonary
Hypertension (WSPH, 2018) as Group 1 PH depending on
the underlying etiology. Other clinical subgroups include
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Group 2 PH, which develops due to the underlying
heart failure (reduced or preserved ejection fraction), a
valvular heart disease, or congenital heart defects [2].
Group 3 PH occurs due to lung diseases or hypoxia.
Group 4 PH develops due to the pulmonary artery
obstruction, which alsoincludes chronicthromboembolic
PH (CTEPH) [3]. CTEPH is characterized by a chronic
organization of thrombi in the pulmonary arterioles,
followed by fibrosis and vascular stenosis [4].
Group 5 PH is a complex cohort, often due to the
multifactorial etiology [3].

Pulmonary arterial hypertension (PAH) is a
particularly challenging form of PH because it involves a
progressive hyperproliferative process that, if untreated,
leads to the right ventricular failure and death [5, 6].
The pathophysiology of PAH is complex and variable,
with multiple molecular mechanisms and underlying
disorders involved in pathogenesis. However, the most
common pathological features, regardless of the initial
etiological factor, are a dysfunction of pulmonary
artery endothelial cells, proliferation and migration of
pulmonary artery smooth muscle cells, and a fibroblast
activity dysregulation [5, 7].

Hypoxia-induced PH is a potentially severe and
fatal lung disease. It is known that chronic hypoxia
leads to a pulmonary vascular remodeling, PH and the
right ventricular (RV) hypertrophy with a subsequent
risk of developing the right ventricular failure. Chronic
lung diseases such as a chronic obstructive pulmonary
disease (COPD), cystic fibrosis and bronchopulmonary
dysplasia can lead to diffuse chronic alveolar hypoxia [8].
The development of PH is associated with a significant
morbidity and mortality in these patients [9, 10].

Despite this, there are currently a few treatments for
PH, and prevention strategies remain largely unknown.

THE AIM of our work was to study a pharmacological
activity of a selective arginase-2 and thrombin inhibitor
from a phenolic compounds group with a laboratory
cypher KUD975 on a model of arterial pulmonary
hypertension induced by hypoxia.

MATERIALS AND METHODS

Experimental animals

All experimental studies were carried out in
accordance with the Rules of Good Laboratory Practice,
approved by Order No. 708n of the Ministry of Health
of Russia dated August 23, 2010, in strict compliance
with the European Convention for the Protection of
Vertebrate Animals Used for Experiments or Other
Scientific Purposes (Directive 2010/63/EU). Experimental
studies were approved by the Bioethical Commission
of Belgorod State National Research University
(protocol No. 11/9 dated February 12, 2022). The
vivisection was carried out in accordance with the
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ethical principles for the treatment of laboratory
animals as set out in the European Convention for the
Protection of Vertebrate Animals Used for Experimental
and Other Scientific Purposes (CETS No. 123).

C57BIl/6) mice (n=40) obtained from the
Experimental Biological Clinic of Belgorod State National
Research University were used as the main test system.
After completing the 14-day quarantine regime, the
mice were stratified by weight and placed in separate
conventional cages in accordance with their belonging
to the experimental group. Before and during the study,
the animals were kept in rooms with artificial lighting
(12 h day:12 h night) at the temperature of 21-23°C, the
humidity of 38-50% and had a free access to food and
water.

Study design

To simulate PH, the animals were placed in a
normobaric hypoxic chamber (the authors’ development)
with the air gas composition control. The experimental
mice were subjected to 3 weeks of hypoxia with 10%
oxygen in the air. The normobaric hypoxic chamber was
opened for 1 h once every 3 days to replace bedding,
water bottles, and food. Wild-type (C57BL/6) mice of
both sexes (10-12 weeks of age) were used, and the
animals were evenly randomized by sex (females and
males per group in a 50/50 ratio) and weight (weight per
group in the range of 24+2 g). The animals of the control
group were kept in a normobaric hypoxic chamber
under the normoxia conditions. After 3 weeks of keeping
the animals in a hypoxic chamber, they received various
medicinal compounds for another 2 weeks under the
same environmental conditions. Thus, the animals of
the experimental groups were kept in a hypoxic chamber
for 5 weeks [11].

Compounds under study

In this work, the pharmacological activity of a
phenolic compound with laboratory code KUD975
2-((1-hydroxynaphthalene-2-yl)thio)acetyl)-D-proline
methyl ester) was studied. The compound was
synthesized by a group of scientists under the leadership
of Doctor of Sciences (Chemistry) Konstantin V.
Kudryavtsev (Pirogov Russian National Research Medical
University). The structural formula of the compound
under study shown in Figure 1.

The arginase inhibitor L-norvaline
Clearsynth, India) was used as a reference drug.

KUD975 was administered intragastrically at a dose
of 2 mg/kg once a day for 2 weeks. L-norvaline was used
as a reference drug at a dose of 20 mg/kg intragastrically.

Thus, the following experimental groups were
formed:

1. Control (1% starch solution intragastrically);

2. Hypoxia-induced PAH;

(C.H

5 11
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3. PAH+KUD975 at a dose of 2 mg/kg for 14 days;

4. PAH+L-norvaline at a dose of 20 mg/kg for
14 days.

The calculation of dosage and dosing regimens of the
studied compounds and reference drugs are based on
their effectiveness in the experimental studies conducted
previously in the field of pharmacological correction
of the endothelium-associated pathology [12-15].

The doses were recalculated using interspecies
coefficients, and the design of the experimental studies
was carried outin accordance with the recommendations
for preclinical studies®2.

Pressure measurement in right ventricle heart

cavity, analysis of blood gas composition

A pressure measurement in the RV heart cavity
and a gas composition of the venous blood were
measured in mice under anesthesia (2—2.5% isoflurane
in 100% oxygen) after 5 weeks from the start of the
experiment. To do this, a small skin incision was made
on the neck of the mice and the right external jugular
vein was isolated, then catheterized with a polyethylene
(PE 10) catheter. Next, the catheter was passed into the
right ventricle (RV) of the heart cavity. In each animal, the
BR in the pancreatic cavity was recorded continuously
with a sampling frequency of 1 kHz for at least 30 sec
using a piezoelectric pressure sensor and an MP-150
polygraph (BIOPAC Systems, Inc. USA). The correct
anatomical position of the catheter tip was monitored by
continuously monitoring the pressure signal waveform.
A systolic pressure in the right ventricular cavity (RVSP),
a mean pressure in the right ventricular cavity (mean RVSP),
a diastolic pressure in the right ventricular cavity (RVDP),
aheartrate (HR), dP/dt max, dP/dt min were determined.
Hemodynamic parameters were determined using the
Biopac MP-150 hardware complex (BIOPAC Systems,
Inc. USA) and the AcgKnowledge 3.8.1 computer
program (USA). After measuring hemodynamic
parameters, the animal was removed from the
experiment by the ethyl ether overdose, and the blood
was drawn to analyze the gas composition (partial
pressure of oxygen and carbon dioxide) [11].

Study of the number of circulating

endothelial progenitor cells

To measure the level of circulating endothelial
progenitor cells (EPCs), the cell culture and staining
method described in the study by Pan Y et al, was

* Guidelines to experimental (preclinical) study of new pharmacological
substances. Khabrieva RU, editor. Scientific Center for Examination
of Medical Products Applications; 2" ed., revised. Moscow: Shiko
Publishing House, 2005. 826 p. Russian

2 Guidelines for conducting preclinical studies of drugs: in 2 parts.
Scientific Center for Examination of Medical Products Applications.
Mironov AN et al, editors. Moscow: “Grif and K”, 2012. Part 1. 940 p.
Russian
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used [16]. Mononuclear cells were isolated from
peripheral blood by centrifugation (Eppendorf 5430R
centrifuge, Germany) in a Histopaque-1083 solution
(solution containing polysucrose and sodium diatrizoate
adjusted to the density of 1.083 g/ml) according to
the manufacturer’s instructions (Sigma Chemical,
USA). The isolated mononuclear cells were seeded in a
triplicate on 96-well plates coated with 1% gelatin in the
endothelial cell basal medium (Thermo Scientific, USA)
supplemented with 2% fetal bovine serum, penicillin
(100 U/ml) and streptomycin (100 pg/ml). After 2 days
of culture, the adherent cells were thoroughly washed
with the medium and co-stained with Dil AcLDL (Thermo
Scientific, USA).

Quantitative PCR

To investigate the studied drugs effect on the
molecular mechanisms of the PH development, a
real-time polymerase chain reaction to determine the
expression of mRNA VEGF-R2, SDF-1 (stromal growth
factor-1) and MCP-1 (monocyte chemoattractant
protein-1) was performed. To carry out a quantitative
real-time PCR, a part of the lung was homogenized and
incubatedfor 10 minat37°Cinthe “Extract RNA” solution.
After lysing the sample in the reagent, it was subjected
to the chloroform purification, the supernatant sample
was collected and washed with isopropyl alcohol and
70% ethyl alcohol. The concentration of the resulting
RNA was measured on an IMPLEN NanoPhotometer®
NP80 Spectrophotometer (IMPLEN, Germany) and
adjusted to the concentration of 300 ng/ul by adding
deionized water (CJSC Evrogen, Russia). A reverse
transcription was performed using the MMLVRTSK021
kit in accordance with the protocol of the manufacturer
(CJSC Evrogen, Russia). The gene expression level was
assessed relative to the values of the reference gene
Gapdh. The expression at a specific point was calculated
using the formula [8]:

Gene Expression=[(Ct(Gapdh)/Ct (Gene of Interest)]

Methods of histological examination

For a histological examination, organs (the heart and
lungs) were removed and fixed in 10% neutral formalin.
Then the material was poured into paraffin in a standard
mode in a carousel-type machine “STP-120” (Microm
International GMbH, Germany). The examination of
histological preparations was performed under an Axio
Scope Al microscope (Carl Zeiss Microimaging GMbH,
Germany); morphometry was performed using the
Image J 1.54d program.

The thickness of the pulmonary artery wall was
determined, the pulmonary vessels near the alveoli
were assessed, and the diameters of 20 vessels were
determined on a slide. Five sections from each animal
were evaluated. At the same time, the number of
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thrombosed vessels in the field of view was assessed
(microscope magnification x400). Approximately 20
peribronchial pulmonary artery vessels were assessed
on each hematoxylin and eosin-stained slide (microscope
magnification x400). The degree of occlusion was
determined as the ratio between the outer and inner
(i.e., luminal) circumferences of each vessel. The degree
of cardiac RV myocardial hypertrophy was determined
using the image analysis Software MCID 7.0 Image
Research. For this purpose, a horizontal section was
made through the mouse heart at the level of the
ventricles, the resulting sections were scanned using a
drawing tool; the left and right ventricles were manually
divided with a thin line in the same way for all sections.
Then, a pixel-by-pixel analysis of the RV and LV areas
with the interventricular septum (IVS) was carried out.
The results are presented as the ratio of RV/(LV+IVS).

Determination of pulmonary edema degree

When removing the animals from the experiment,
the lungs were sampled and divided into separate lobes.
Then the weight of the lung lobe was determined before
and after drying in a thermostat at 70°C for 72 h. The
results were expressed as the ratio of the lungs weight
before and after drying.

Biochemical markers

Cardiotrophin-1  (CT-1) and atrial natriuretic
peptide (ANP) were measured in serum using ELISA kits
(ELM-Cardiotrophin-1/EIA-ANP-1, RayBiotech, Norcross,
USA) according to the manufacturer’s instructions.

Statistical analysis

The data were tested for a normal distribution using
the Shapiro—Wilk test. The normally distributed data
were compared using an ordinary one-way analysis
of variance (ANOVA) with Tukey post hoc test. The
non-normally distributed data were compared with
the Kruskal-Wallis test and Dunn’s post hoc test. The
differences were determined at a significance level of
p <0,05. The experimental data are presented as M+SD
values. The statistical analysis was performed using
GraphPad Prism 9.2.0 Software.

RESULTS

Modeling PH in a hypoxic chamber led to a
statistically significant increase in RVSP by almost twice,
RVDP — by more than twice, a maximum contraction
speed (dP/dt max) and a minimum contraction speed
(dP/dt min) and did not lead to a statistically significant
heart rate change (Table 1). The administration of the
test compound with a laboratory code KUD975, as well
as the reference drug L-norvaline, led to a statistically
significant decrease in all studied parameters, and the
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indicator dP/dt max in the groups of the animals with
the administration of the study drugs was as close
to those values in the group of the intact animals as
possible (Table 1).

To characterize the state of the vascular
endothelium, the number of circulating EPCs which
statistically significantly decreased in the animals with
circulatory PH induced by hypoxia, was assessed (Fig. 1).

This study shows a more than 2-fold decrease in
the number of circulating EPCs in the group of animals
with modeling of circulatory PH induced by hypoxia
(171.3+12.1) in comparison with the group of intact
animals (296.1+31.7; p=0.0018). In the groups of animals
that had been administered the test compounds,
the number of circulating EPCs increased statistically
significantly (Fig. 2).

When analyzing the results of the blood gas
composition study, a similar picture was found — a
statistically significant decrease in the partial oxygen
pressure (Pa0?) against the background of a statistically
significant increase in the partial carbon dioxide pressure
(PaC0O?) in the group of animals with PH. The compounds
KUD975 and L-norvaline statistically significantly (in
comparison with the PAH group) and comparable
restored the values of the blood gas composition in the
animals of the experimental groups (Fig. 3).

It was established that the levels of VEGF-R2
mRNA expression in the lungs were statistically
significantly reduced, and the levels of SDF-1 were
statistically significantly increased in PAH. When using
the compound KUD975 and L-norvaline, a statistically
significant increase in the expression of VEGF-R2 mRNA
and a decrease in the expression of SDF-1 mRNA were
established.

Herewith, the degree of increase in the VEGF-R2
mRNA expression in the group of animals receiving
KUD975 was statistically significantly higher than that
in the group of the animals receiving L-norvaline. At the
same time, the studied compounds did not affect the
expression of MCP-1 mRNA when modeling hypoxia-
induced PH (Fig. 4).

The degree of pulmonary edema in the experimental
groups was assessed by the ratio of the weight of fluid
and dry lungs. Simulating pulmonary hypertension with
hypoxia increased the fluid-to-dry lung weight ratio by
33%. The degree of pulmonary edema was statistically
significantly reduced with the use of the compound
KUD975 and L-norvaline. The value of this indicator in
the experimental groups was lower than in the group
of animals with PH. The value of the lungs humidity
coefficient in the group of animals using KUD975 was as
close as possible to the target values set in the group of
intact animals (Fig. 5).

When studying the concentration of cytokines

Volume Xi, Issue 4, 2023



Hay4HO-npakTu4eckuin xypHan

OAPMALMA N
OAPMAKOJOTUA

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2023-11-4-312-323

CT-1 and ANP in the blood plasma, it was found out
that the level of both factors increased statistically
significantly when PH was modeled using hypoxia. Thus,
in the group of PH animals without treatment (PAH), the
concentrations of CT-1 and ANP increased by more than
5 times (Fig. 6). The use of the compounds KUD975 and
L-norvaline led to a statistically significant decrease in
the concentrations of CT-1 and ANP in the blood plasma.

A histological picture of the lungs in the group
of animals with circulatory PH induced by hypoxia is
presented in Figure 7.

When analyzing the thickness of the pulmonary
artery (PA) wall, it was found out that against the
background of modeling circulatory PH using hypoxia,
the studied indicator increased more than twice from
0.742+0.049 to 1.728+0.24 pm.

The administration of KUD975 and L-norvaline led
to a statistically significant (compared to the PAH group)
decrease in the thickness of the PA wall. There were no
statistically significant differences in the effectiveness
of reducing this indicator between the groups receiving
KUD975 and L-norvaline. When assessing the number
of thrombosed vessels in the field of view, it was found
out that this indicator in the lungs of animals receiving
KUD975 and L-norvaline was statistically significantly
lower than in the group of animals with PH without
treatment (Fig. 7).

When assessing the effectiveness of correcting
the morphological manifestations of PH in the heart, it
was shown that KUD975 and L-norvaline in the studied
doses had a pronounced pharmacological activity,
statistically significantly reducing the cross-sectional
area of cardiomyocytes. The reduction in RV hypertrophy
was also confirmed by a histological examination,
demonstrating a decrease in the hypoxia-induced
increase in the RV/(LV+S) ratio with both KUD975 and
L-norvaline treatment (Fig. 8).

DISCUSSION

It is now clear that the development of new arginase
inhibitors represents a promising strategy for the
treatment of diseases associated with the nitroxidergic
system. Given the different expression of arginase-1 and
arginase-2 in tissues and their different physiological
actions, alarge number of specificand selective inhibitors
of these two isoforms of the enzyme are available today.
For example, endothelial cells express both isoforms of
arginases, butitis not known exactly what the role of each
of these isoforms is in the development of endothelial
dysfunction (ED). A considerable controversy remains
regarding the role of arginase expression in various
conditions such as atherosclerosis and other forms of
vascular inflammation. For example, hyperglycemia
in diabetes causes ED through the activation of p38
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mitogen-activated protein kinase (MAPK). That causes
Argl upregulation in coronary arteries and increased
Arg2 expression in mesenteric arteries [17, 18].

The studies have shown that arginase blockade can
prevent the reduction of angiogenesis by increasing
the NO-induced VEGF expression, initiate a vascular
repair in the experimental ischemic retinopathy (a NOS
function normalization and a reduction of a superoxide
production) [19], promote wound healing in mice, and
prevent morphofunctional changes in the cardiovascular
system against the background of preeclampsia [20].

Thus, there is a substantial evidence for the
therapeutic potential of arginase inhibition against
endothelium-associated pathology interrelated with
a low bioavailability of NO. Therefore, this enzyme is
very attractive from the point of view of research and
development of new compounds — drug candidates for
the treatment of endothelium-associated pathology.
On the other hand, we know the effectiveness of a
multidirectional approach to the pharmacological
correction of ED, when two or more compounds,
different in their mechanism of action and point of
application, are used for therapeutic effects [21, 22].

The combination effect of one compound on 2
different targets, representing two different parts of the
ED pathogenesis, seems promising for the development
of new drug candidates. Thrombin was chosen as a
second target, which, in addition to arginase-2,
is interesting for the inhibition in the conditions
accompanied by ED. The interaction of platelets
with vessel walls plays an important role in acute
cardiovascular diseases [23].

Thrombin is a powerful platelet activator, having
a pronounced effect on the endothelium. Endothelial
cells (ECs) have an antithrombotic activity by releasing
nitric oxide (NO) and prostacyclin, which are potent
vasodilators and inhibitors of the platelet activity. The
blood clotting enzyme thrombin, produced on the
surface of damaged endothelium, induces blood clotting
and has many functional effects on the endothelium
itself. Thrombin acts on ECs by stimulating the synthesis
and release of various agents, such as inflammatory
mediators, vasoactive substances and growth factors.
It causes adhesion of leukocytes to the endothelium,
triggering the expression of adhesion molecules on the
cell surface, and causes a disruption of the endothelial
permeability. It is known that the effect of thrombin on EC
is mediated by its receptor. To date, different responses
of EC to thrombin have been shown. In general, capillary
endothelial cells appear to be particularly sensitive to this
enzyme. Thrombin-induced ED in the microvasculature
can have pathological consequences and contribute to
a target organ damage in the endothelium-associated
pathology [24, 25].
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Figure 1 — Structural formula of compound under study with laboratory cypher KUD975 —
2-((1-hydroxynaphthalene-2-yl)thio)acetyl)-D-proline methyl ester
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Figure 2 — Effect of compounds under study on the number of circulating endothelial cell precursors (EPCs)

in animals’ blood in experimental groups with pulmonary hypertension against the background of hypoxia
Note (here and in Fig. 3—6): intact — group of intact animals; PAH — hypoxia-induced pulmonary arterial hypertension; KUD975 — administration
of the compound KUD975 at a dose of 2 mg/kg against the background of PH simulation; L-norvaline — administration of L-norvaline
at a dose of 20 mg/kg against the background of PH modeling; * — p <0.05 compared to intact, ** — p <0.05 compared to PAH.
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Figure 3 — Effect of KUD975 and L-norvaline on partial pressure of oxygen and carbon dioxide

in experimental groups with pulmonary hypertension against the background of hypoxia
Note: PaO? — partial pressure of oxygen; PaCO? — partial pressure of carbon dioxide; PAH — hypoxia-induced pulmonary arterial hypertension.
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Figure 4 — Effect of KUD975 and L-norvaline on the expression of mMRNA molecular targets

for the development of pulmonary hypertension against the background of hypoxia
Note: VEGF-R2 — vascular endothelial growth factor receptor 2; SDF-1 — stromal cell factor 1; MCP-1 — monocyte chemoattractant protein-1.
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Figure 5 — Quantitative assessment of pulmonary edema formation by assessing ratio of humidity
and dried lungs mass in groups of animals receiving KUD975 and L-norvaline against the background

of modeling pulmonary hypertension with hypoxia
Note: * — p <0.05 compared to intact; ** — p <0.05 compared to PAH.

Table 1 - Indicators of cardiohemodynamics in animals’ groups with pulmonary hypertension modeling
and its correction with the help of studied compounds

Indicators Control PAH PAH+KUD975 PAH+L-norvaline
RVSP 28.8+4.84 51.8419.23* 32.547.51** 33.144.9%*
RVDP 2.527+0.32 5.70610.78* 3.918+0.5** 4.019+0.59**
dP/dt max 104.5£17.2 68.8+15.5* 88.4+10.9** 87.6+11.2**
dP/dt min 99.4+11.5 74.949.25* 86+7.53** 82.5+7.81**

HR 365.6+19.4 336.8424.37 344.2+31.6 350.7+26.5

Note: PAH is a group of animals with hypoxia-induced pulmonary hypertension; RVSP — systolic pressure in the cavity of the right ventricle of
the heart; RVDP — diastolic pressure in the cavity of the right ventricle of the heart; HR — heart rate; dP/dt max — maximum rate of increase
in intraventricular pressure; dP/dt min — minimum rate of increase in intraventricular pressure. * — p <0.05 compared with the group of intact
animals; ** — p <0.05 compared with the group of animals with experimental pulmonary arterial hypertension without treatment (PAH group).

Tom 11, Beinyck 4, 2023 319



RESEARCH ARTICLE Scientific and Practical Journal

ISSN 2307-9266 e-ISSN 2413-2241 PHARMACY &

PHARMACOLOGY

Concentration, ng/ml

Vascular occlusion, %

Pulmonary artery wall, mkM

3 6
10- cr1 | p=0.000534 , ANP
* p=0.00000409 !
A -
- £
0) 41
— < p<0.000001
6 g -
_=_ 'E L p<0.000001
4= = r 1
5 2 <0.000001
p<0.000001 o =
N VYT + : == ==
== © e
0 T . . . 0 r r r —
Intact PAH KUD975  L-norvaline Intact PAH KUD975  L-norvaline
Figure 6 — Effect of KUD975 and L-norvaline on plasma concentrations of cytokines cardiotrophin-1
and atrial natriuretic peptide
Note: CT-1 — cardiotrophin-1; ANP — atrial natriuretic peptide.
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Figure 7 — Effect of KUD975 and L-norvaline on histological lungs structure when modeling circulatory

pulmonary hypertension with hypoxia
Note: PA wall thickness — pulmonary artery wall thickness; A — micrograph of pulmonary artery wall (x400); B — lung microphotograph,
perivascular fibrosis, stained with hematoxylin+eosin (x400); * — p <0.05 compared to intact; ** — p <0.05 compared to PAH.
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Figure 8 — Effect of KUD975 and L-norvaline on histological structure of right ventricle of animals’ hearts
in experimental groups

In this study, the concept of privileged structures
was used to search for the compounds of a phenolic
nature that have an endothelial protective effect. To
conduct a virtual search for targets, several online
services available on a non-commercial basis, were
used. The physicochemical properties of the studied low
molecular weight organic compounds were calculated
using the following computational algorithms:
OpenBabel, Molinspiration online service, online
service of the “virtual laboratory of computational
chemistry” VCCL. The phenolic compound with the
laboratory code KUD975 investigated in this study is an
inhibitor of arginase-2 and thrombin — the participation
of these enzymes in the pathogenesis of the vascular
endothelium dysfunction is currently beyond doubt.
The inhibition of arginase-2, first of all, makes it
possible to switch parts of the L-arginine-eNOS-NO
metabolic pathway to the effective generation of NO
and normalization of endothelium-dependent reactions
in response to acetylcholine and vascular homeostasis in
general [26, 27]. At the same time, the inhibition
of thrombin leads to a slowdown in the release of
thromboxane A2 by platelets, causing a powerful
vasoconstriction, which is prevented by the simultaneous
thrombin-induced release of prostacyclin and NO from
ECs. Therefore, the inhibition of the thrombin production
is an effective therapeutic strategy to correct a thrombin-
induced activation of platelet-vascular wall interactions
in ED [24].

It was previously shown that phenolic compounds
prevent morphological changes in the cardiovascular
system when modeling preeclampsia [28]. In the present
study, it was shown that in a model of circulatory PH
caused by hypoxia, the administration of the lead
compound under study with the laboratory cypher
KUD975, as well as the reference drug L-norvaline,
led to a statistically significant decrease in RVSP and
speed parameters of cardiohemodynamics. Against the
background of PH modeling, the number of circulating
EPCs in the experimental groups were studied. More
and more studies demonstrate that circulating EPCs
are involved in vascular homeostasis [29]. This study
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shows a more than 2-fold decrease in the number of
circulating EPCs in the groups of animals with modeling
circulatory PH and a statistically significant increase in
the number of EPCs in the groups of animals that had
been administered with the test compounds, which
indicates the endothelial protective effect of KUD975.

To study the effect of the investigated compounds
on the factors involved in the delivery of circulating
EPCs to the endothelium of the affected vessels, the
MRNA expression of factors necessary for the delivery
of EPCs to the affected vascular walls, were studied:
a vascular endothelial growth factor (VEGF), the first
subtype of its receptors (VEGF-R1) and stromal cell
factor-1 (SDF-1). As inflammatory processes are involved
in the pathophysiology of PAH, the levels of monocyte
chemoattractant protein-1 (MCP-1), a major marker of
inflammation in inflammatory processes associated with
PAH, were also measured [30]. It was found out that the
levels of VEGF-R2 mRNA expression in the lungs were
statistically significantly reduced, and the levels of SDF-1
were statistically significantly increased in PAH. When
using the compounds KUD975 and L-norvaline in the
model of hypoxia-induced PH, a statistically significant
increase in the expression of VEGF-R2 mRNA and a
decrease in the expression of SDF-1 mRNA were found
out. Moreover, the degree of increase in VEGF-R2 mRNA
expression in the group of animals receiving KUD975
was statistically significantly higher than that in the
group of animals receiving L-norvaline.

To further assess the state of the cardiovascular
system against the background of PH modeling,
the content of CT-1 and ANP in the blood plasma
was measured. The first cytokine is associated with
myocardial hypertrophy and cardiovascular pathology,
and the second is a hormone secreted by the atria in
response to a high BP — its effect is to reduce preload
on the heart, thereby lowering BP [31]. The decrease in
the concentrations of CT-1 and ANP under the influence
of the studied compounds indicates a decrease in the
manifestations of vascular remodeling caused by PH and
is consistent with the data obtained from the histological
examination.
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The development of PAH and its correction by the
studied compounds was confirmed by histological
studies. Thus, in the animals with a PH, a progressive
pulmonary vascular remodeling, including a significant
increase in wall thickness, occlusion and muscularization
of intraacinar vessels, as well as an increase in wall
thickness and wall / lumen ratio of preacinar pulmonary
vessels compared with controls was observed. In the
animals’ hearts with PH, RV hypertrophy, including an
increase in the cross-sectional area of cardiomyocytes
and the ratio of the RV and LV areas of the heart was
found out. The administration of KUD975 and L-norvaline
made it possible to reduce signs of pulmonary vascular
remodeling by reducing the thickness of the PA wall
and the occlusion degree of intraacinar pulmonary

vessels compared to the animals with PH induced and
hypoxia.

CONCLUSION

Thus, when studying the pharmacological activity, it
was shown that a compound of the phenolic nature with
the laboratory cypher KUD975 normalizes hemodynamic
parameters, reduces the signs of remodeling of the
heart and pulmonary vessels and has a pronounced
endothelial protective effect on the model of PH
induced by hypoxia, and surpasses the activity of the
reference drug L-norvaline in terms of the effectiveness
of increasing the number of circulating EPCs, increasing
the expression of VEGF-R2 mRNA and reducing the
concentration of CT-1.
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