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Introduction. The drugs affecting a mitochondrial dysfunction, oxidative stresses, apoptosis and inflammation of the vascular
wall, have a high potential for the prevention and treatment of atherosclerotic lesions. In this regard, the use of EPOR/CD131
heteroreceptor agonists which have a similar spectrum of pharmacological effects, is one of the promising strategies in the
treatment of cardiovascular diseases.

Materials and Methods. The study was carried out on 68 C57BI/6J male mice. Atherosclerosis was simulated in transgenic
animals with an endotheliospecific knockdown of the Polg gene by simulating a balloon injury and keeping on a Western diet.
Then, the studied drugs were injected once every 3 days at the dose of 20 pg/kg for 27 days. On the 28-th day, the animals
were euthanized and the area of atherosclerotic plaques was assessed. The gene expression associated with the processes
of inflammation, antioxidant protection, apoptosis, and angiogenesis was also determined in the aortic tissues. In addition,
the endothelium protective effect of peptides on primary cultures of endothelial cells of wild and transgenic Polg-D257A
mice was studied.

Results. No statistically significant effect of drugs on the area of lipid infiltration have been found. However, the studied
peptides have significantly reduced the expression of proinflammatory genes (iNos, Icam1, Vcam1, Sele, 116, Tnfa), the genes
associated with angiogenesis (Vegfa, Kdr, and Hif1a), the expression of proapoptic factors; they decreased the Bax/Bcl-2 ratio
by more than 1.5 times. In addition, when supplemented with H,0, in vitro, peptides dose-dependently increased endothe-
lial cell survival.

Conclusion. The erythropoietin-based peptides can be used to improve the functional state of the vascular wall against the
background of atherosclerotic lesions and have a depressing effect on pathobiological processes associated with a mito-
chondrial dysfunction. In addition, the studied peptides have a significant endothelial protective effect in the induction of
oxidative stress in vitro.
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BeepeHue. Mpenapatbl, BO34ENCTBYOWME HA MUTOXOHAPWANbHYIO ANCPYHKLMIO, OKCUAATUBHbBIN CTPECC, anonTo3 1 BOoCna-
JIeHWE COCyAUCTON CTEHKMU, 061a4at0T BbICOKMM MOTEHLMANIOM NPY NPOGUNAKTUKE U IEYEHUN aTEPOCKIEPOTUYECKMX Nopa-
eHui. B 3TOl CBA3M npMMeHeHune aroHUCToB retepopetientopa EPOR/CD131, KoTopble 06i1aaatoT nogobHbIM CNEKTPOM
dapmakronormyeckux sppeKkToB, ABNAAETCA OAHOM U3 NEPCMNEKTUBHbIX CTPATErMIA B JIeYEHUM KapAMOBACKYISAPHbIX 3aboneBa-
HUN.

Marepuanbl u metoabl. Miccnegosarue 6b110 NposBeaeHo Ha 68 camuax mbiweit C57BI/6). ATepockiepos moaennposanu Ha
TPAHCTEHHbIX }KMBOTHbIX C 3HAOTENMOCNEUNPUYHBIM HOKAAYHOM reHa Polg nytem mozennpoBaHuA 6aiNOHHON TpaBMbl 1
CoZlep}KaHmMA Ha 3anaZHoM AveTe. 3aTeM B TedeHue 27 AHel BBOAWUAN 3ydaemMble npenapathl 1 pas 8 3 aAHA B A03e 20 MKI/Kr.
Ha 28-i1 feHb *KMBOTHbIX 3BTAHA3MPOBaIN U OLEHWBA/IM MNJIOLWAAb aTEPOCKIEPOTUYECKUX BasileK. TakKe B TKAHAX aOpTbl
onpeaensnn 3KCNPeccuto reHoB, CBA3aHHbIX C NPOL,ECCaMmn BOCNANEHUA, aHTUOKCUMAAHTHOM 3aLUMTbl, anonTo3a, aHrMoreHe-
3a. Kpome TOro, 66110 N3yYEHO SHAOTENMONPOTEKTUBHOE AENCTBME NENTUAOB HA NEPBUYHBIX KY/IbTypax sHA0TENMOLMUTOB
OVKUX U TPAHCTeHHbIX Mbiwwel Polg-D257A.

Pe3ynbTtatbl. Mbl He 0OHAPYKWUIM CTAaTUCTUYECKM 3HAYMMOTO BIMAHWUA MPEnapaTos Ha NioLWaab IMNUAHON MHOUABTPALLUN.
OpfHaKo vccnegyemble NenTuabl 3HaYMMO YMEHbLUWN SKCMPECCUI0 MPOBOCMANUTENbHbIX reHoB iNos, lcam1, Vcam1, Sele, 116,
Tnfa, reHOB, cBA3aHHbIX C aHrMoreHe3om Vegfa, Flt-1 n Hifla, skcnpeccutio NnpoanonTuyecknx paktopos u bonee yem B 1,5
pa3sa CHM3WUAKN cooTHoweHue Bax/Bcl-2. Kpome Toro, nenTuapbl A0303aBUCUMO YBEUYMIN BbIXKMBAEMOCTb SHAOTENMOLMUTOB
npu gob6asneHnn H,0, in vitro.

3akntoueHue. Vcnonblyembie NenTuabl Ha OCHOBE 3PUTPOMNO3TMHA CNOCO6HbI yyywaTh GYHKUMOHANIbHOE COCTOSHMUE CO-
CYLMUCTOM CTEHKM Ha GOHE aTepOCK/IePOTUYECKOTO MOPAXKEHNA M OKa3bIBAOT YrHETaloLEee BAMAHUE Ha MaTobuonormyeckme
NPOLECCHI, CBA3AHHbIE C MUTOXOHAPWUANbHOM AnchYHKUMEN. Kpome Toro, uccneayembie nenTuabl OKasbiBAtOT 3HAYMMbIN
3HAOTE/IMONPOTEKTUBHbIN 3GEKT NPU NHAYKLMU OKCUAATUBHOIO CTpecca in vitro.

KntoueBble c/10Ba: aTepOCKAEPO3, MPOU3BOAHbIE 3PUTPOMNOITUHA, MUTOXOHAPMANbHAA AUCOYHKLNA, OKCUAATUBHBIN CTpecc.

MpuHATa K neyatn 30.12.2019

INTRODUCTION

Atherosclerosis is a chronic disease of the walls of
vascularwalls. Itis characterized by asepticinflammation,
impaired perfusion of organs and tissues, a tendency to
thrombosis and a progressive dysfunction of vascular
walls in the process of aging. In 1912, at the meeting
of the Society of Russian Physicians in St. Petersburg, a
prominent Russian scientist N.N. Anitschkow together
with S.S. Khalatov presented the first results of his
revolutionary research concerning the identification
of the relationships between alimentary factors, blood
cholesterol levels and atherosclerosis. The prize for the
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most outstanding research in the field of atherosclerosis
is currently named after N.N. Anitschkow. Since the time
of these works, atherosclerosis has been considered
primarily as a disease caused by the accumulation of
cholesterol in the vascular walls [1]. This concept is still
the key to reducing a cardiovascular risk. However, it
is now generally accepted that dyslipidemia is the only
cause of atherosclerosis in familial hypercholesterolemia
only. In other cases, atherosclerosis is the result of the
combined effect of a number of pathogenetic factors;
among them there is an endothelial dysfunction [2],
hemodynamic overload [3-5], migration of smooth
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muscle cells [6], chronic sterile vascular inflammation
and a number of other processes.

Inthe pathobiology of atherosclerosis, a special place
is given to the disruption of a mitochondrial function
[7]. Mitochondria are the main generator of reactive
oxygen species (ROS) in the cell. For example, it is known
that passing along the redox gradient of the electron
transport chain, 1-3% of electrons prematurely react
with oxygen in complexes | and Ill to form superoxide
and other types of ROS [8]. Under various pathological
conditions, including hypoxia and inflammation, their
number may increase. In addition, mitochondria play
not only a metabolic role in vascular cells, but also an
important regulatory and signaling one [8].

It is also important that a mitochondrial dysfunction
in other cells, including neurons and cardiomyocytes,
leads to a decrease in their resistance to ischemia,
which is expressed in an increase in deaths against
the background of cerebral strokes, coronary artery
occlusions, infarctions of kidneys and other organs.
In connection with the indicated information, the
pathogenetic cascade combining a mitochondrial
dysfunction and atherosclerosis, is becoming a relevant
target for pharmacological effects.

Agonists of the heterodimeric erythropoietin receptor
EPOR/CD131 can be considered as a promising therapeutic
approach for influencing the mitochondrial link in case of
damage to the vascular wall. The first drug from this group
was the 11l-amino acid peptide pHBSP (pyroglutamate
helix B surface peptide), discovered by a research group
guided by Michael Brines, in 2008 [9]. Previously, this
peptide was demonstrated to have a pronounced
endothelium protective effect in modeling an L-NAME-
induced endothelial dysfunction in rats [10, 11]. However,
in this study, a side effect in the form of a prothrombotic
action has also been identified. In this regard, an attempt
to modernize this molecule by adding tripeptide motifs
with an antiplatelet effect was made. As a result, two
fundamentally new compounds combining cytoprotective
[12] and antiplatelet effects (the unpublished data of the
authers’ own), were obtained. Here, the reports on the
results of studying the antiatherosclerotic activity of these
compounds are presented.

THE AIM of the study was to evaluate the anti-
atherosclerotic and endothelium protective properties
of short peptide derivatives of erythropoietin.

MATERIALS AND METHODS

Animals and diet

C57BI/6J mice were used as the main test system. The
animals were donated to the Center for Collective Use of
the Institute of Gene Biology, the Russian Academy of
Sciences, and were kept in the preclinical research center
of the Research Institute of Pharmacology of Living
Systems. After passing a 14-day quarantine regime, the
mice were stratified by weight and placed in separate
conventional cages in accordance with their belonging
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to the experimental group. Before and during the study,
the animals were kept in the rooms with artificial lighting
(12h/12h mode) at the temperature of 21-23° C, the
humidity of 38-50%; they had a free access to food and
water. The number of the conclusion of the independent
ethical committee is 06-09/02-1 dated 12/16/2019.

The study included 16 wild-type males and 52 males
(25-30 g) with the Polg-D257A/Cdh5-CRE genotype
against the background of C57BI/6). The genotype is
associated with an endothelial-specific knockdown of
the Polg gene encoding the polymerase gamma enzyme.
Disturbances in the work of this enzyme lead to the
development of a mitochondrial dysfunction [13, 14].
This line was created at the Genome editing center of the
IGB RAS to study the effects of the oxidative stress and
mitochondrial dysfunction. The line is characterized by
the presence of a mutant form of the Polg gene under the
control of the CAG promoter and a stop cassette flanked
by LoxP sites (the unpublished data); the basic structure
is described in the article [15]. After cross-breeding with
Cdh5-CRE mice, endothelial-specific removal of the stop
cassette and overexpression of the mutant Polg form in
the endothelium occur. 2 weeks before the operation, the
animals were put on a Western diet with 2% cholesterol.

The carried out work met the requirements of the
Law of the Russian Federation “On the Protection of
Animals from Cruelty” dated June 24, 1998, the rules of
laboratory practice when conducting preclinical studies
in the Russian Federation (GOST 3 51000.3-96 and GOST
R 53434-2009), European Community directives (86/609
EU), the rules of the International Recommendations
of the European Convention for the Protection of
Vertebrate Animals used in experimental research
(1997) and the Rules of laboratory practice adopted in
the Russian Federation (order of the Ministry of Health
of the Russian Federation No. 708 dated 29.08.2010).

Surgical procedures

The operation was performed on a heated table
under a preparative microscope with anesthesia
(zolazepam (Virbac (Russia)) 2.5 mg/100 g + Xylazine
(Biogel (Belarus)) 2 mg/100 g intraperitoneally); after
performing a median laparotomy, the animals were
isolated at the level between the bifurcation and the
discharge of the renal arteries.

Two clips were placed on the exposed vessel, the
arterial wall was incised between them, and the initial
section of the balloon catheter was inserted (Fig. 1).
Then the proximal clip was removed and the catheter
was advanced cranially by 10 mm.

After that, water was pumped into the catheter
balloon for 40 seconds, inflating it to a diameter of 1.5
mm at the pressure of 10 bar. Finally, the catheter was
removed, three stitches were applied to the incision in the
aorta, and the wound was sutured. After the operation,
the animals were placed in individual cages with sterilized
paper bedding and watched until their awakening.
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To alleviate the postoperative pain syndrome,
within 3 days from the moment of the operation, the
animals received Metamizole sodium (Pharmstandard-
Leksredstva (Russia)) with drinking water ad libitum at
the concentration of 50 mg of the substance per 100 ml
of water [16, 17].

Experiment design and drug administration

The animals with the Polg-D257ACdh5-CRE geno-
type were divided into 5 equal groups:

1) Intact — the animals without pathology modeling
and without drug administration (n=12);

2) Control — the animals with pathology modeling (bal-
loon injury + Western diet with a high cholesterol content),
which, starting from the 1st day, were injected with water
subcutaneously in the volume of 0.1 ml/10 g (n=12);

3) P-aB — the animals with pathology modeling,
which, starting from the 1st day, were injected with the
P-aB peptide (Pharmapark LLC) subcutaneously at the
dose of 20 mcg /kg one time per 3 days for 27 days (total
dose 180 mcg /kg) (n =12);

4) P-aB1 — the animals with pathology modeling,
which, starting from the 1st day, were injected with the
P-aB1 peptide (Farmapark LLC) subcutaneously at the
dose of 20 mcg/kg once every 3 days for 27 days (total
dose 180 mcg /kg) (n=12);

5) P-aB3 — the animals with pathology modeling,
which, starting from the 1st day, were injected with the
P-aB3 peptide (Farmapark LLC) subcutaneously at the
dose of 20 mcg/kg once every 3 days for 27 days (total
dose 180 mcg/kg) (n=12) (Table 1).

Measuring the atherosclerotic plaque area

Macroscopic examination of atherosclerotic aor-
tic plaques was performed in four animals from each
group. Briefly, on day 28 after the balloon trauma sim-
ulation, the animals were euthanized with an anesthe-
sia overdose (Zolazepam (Virbac (Russia)) 10 mg/100 g
intraperitoneally) and the abdominal aorta was carefully
removed from the bifurcation to the diaphragm level.

Then the preparations were longitudinally dissect-
ed, spread out on a foam substrate, washed with a 50%
ethanol solution and immersed in an Oil Red O solu-
tion for 15 minutes. After that, the preparations were
washed with distilled water, and digital photographs
were taken. The ratio of the area of the atherosclerotic
plaque (colored red) to the intact tissue was calculated
using the imageJ program.

Quantitative polymerase chain reaction

After euthanasia, the aortic tissue in the area of the
balloon injury was sampled from the other animals, ho-
mogenized and incubated for 10 minutes at 37°C in the
“Extract RNA” solution. After lysing the sample in the
reagent, it was subjected to chloroform cleansing, the
supernatant sample was collected and washed with iso-
propyl alcohol and 70% ethyl alcohol. The concentration
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of the obtained RNA was measured using an IMPLEN
NanoPhotometer spectrophotometer and adjusted to
the concentration of 300 ng/ul.

A reverse transcription was performed using the
MMLVRTSK021 set according to the manufacturer’s
protocol (Evrogen). The mixture was carefully mixed
and heated for 2 minutes at 70°C to melt the secondary
structures of RNA and then anneal the OligoDT primer.
Then the samples were transferred to ice. The entire
reaction mixture was incubated for 60 min at 40°C in a
T100™ ThermalCycler (Bio-Rad).

To stop the reaction, the mixture was heated at 70°C
for 10 minutes. The resulting DNA was diluted to the con-
centration of 1 ng/ul. The level of the gene expression
was assessed relative to the values of the reference Gap-
dh gene. The calculation of the expression at the specific
point was made according to the following formula: Gene
expression = [(Ct (Gapdh)/Ct (Gene of interest)] (Table 2).

In vitro study of cytoprotective activity

In 8 intact mice (4 animals with the Polg-D257A/
Cdh5-CRE genotype and 4 wild-type animals) after eutha-
nasia under sterile conditions, the inferior vena cava was
isolated and washed with a DPBS solution (Thermo FS)
until the blood was completely removed. Then the vein
was dissected to expose the inner surface and placed in a
0.2% collagenase solution in DPBS with the addition of 0.9
mM CaCl,, 0.493 mM MgCl,, 5.56 mM glucose, 0.327 mM
sodium pyruvate, penicillin and streptomycin (Lonza), ex-
posing the intima to enzymatic dissociation. To increase
the efficiency of the endothelial cell separation, the inner
layer was scraped off with sterile forceps. The collagenase
solution containing the cells was collected in a 5 ml tube,
the resulting endothelial cells were cultured in DMEM-F12
medium (Lonza) supplemented with 20 mM HEPES buffer
(Lonza), 5 U/ml heparin, 200 pug/ml ECGF (Sigma-Aldrich),
10% fetal calf serum (Thermoscientific) at 37°Cin a humid
atmosphere containing 5% CO, [18].

Cell viability was measured by a quantitative colori-
metric MTT analysis, which provides sensitive measure-
ments of cellular metabolic statuses, in particular a mito-
chondrial status, which can reflect early redox changes.
Briefly, exponentially growing cells were seeded in a 96-
well plate at the density of 4x104 cells per well. Then
the cells were treated with the studied peptides (P-aB,
P-aB1, P-aB3 (LLC “Pharmapark”)) in 3 concentrations —
5, 30, 50 pg/ml for 2 hours. After pretreatment, 200 uM
H,0, was added for 24 hours to the culture medium. The
negative control cells were treated with H,O, only, and
the positive control cells were not treated with anything
at all. After the incubation for 24 hours, 10 pl of MTT
assay set reagent was added to each well and the cells
were incubated for an additional hour. The absorption of
each reaction product was measured using a microplate
reader at the wavelength of 450 nm. The results are ex-
pressed as a percentage of MTT uptake in control cells,
which was assumed to be 100% (Fig. 2).
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Figure 1 — Schematic image and dimensions of the balloon catheter

Figure 2 — Primary monolayer of mouse endothelial cells (a 40x magnification)

Table 1 — Amino acid sequence of the tested compounds

Laboratory cipher

Amino acid sequence

P-aB QEQLERALNSS

P-aB1 RGDQEQLERALNSS

P-aB3 KGDQEQLERALNSS

Table 2 - Primers used for quantitative PCR
Product
Gene F-primer R- primer length GenBank
(b.p.)

Trp53 (p53) CGACTACAGTTAGGGGGCAC CCATGGCAGTCATCCAGTCT 95 NM_001127233.1
Bcl2 TCACCCCTGGTGGACAACAT TTCCACAAAGGCATCCCAGC 102 NM_009741.5
Bax CCCGAGCTGATCAGAACCAT GAGGCCTTCCCAGCCAC 96 NM_007527.3
Pon2 CTTCCACACTGCCACCTGAT TCCTGGGAATTTTAGACCCACA 105 NM_000305.3
Sod2 GGCTGGCTTGGCTTCAATAAG AGCGGAATAAGGCCTGTTGTT 95 NM_013671.3
Vegfa (VEGF-A) GGGCCTCCGAAACCATGAA TGCAGCCTGGGACCACTTG 95 NM_001025250.3
Kdr(VEGFR) TGCAGGAAACTACACGGTCA CGATCTGGGGTGGGACATTC 95 NM_001363216.1
Nos2 (iNOS) GCTCTAGTGAAGCAAAGCCCA GGGATTCTGGAACATTCTGTGC 103 NM_001313921.1
lcam1 CTCCGGACTTTCGATCTTCCA CCTTCCAGGGAGCAAAACAAC 98 NM_010493.3
Veam1 TACTGTTTGCAGTCTCTCAAGC CGTAGTGCTGCAAGTGAGGG 101 NM_011693.3
Sele (E-selectin) GGGAAGAAGACTGTCCTAGCC AGGGGAGCTGGCTTCCTAAG 96 XM_006496715.3
Hifla AGAACAACTTGAGCTGGCGT TGGAGGTGAACTAGGCTCTGT 103 NM_001092957.1
Caspl (Caspase-1) TGTATTCACGCCCTGTTGGA CCCTCAGGATCTTGTCAGCC 100 NM_009807.2
Casp3 (Caspase-3) GCTTGGAACGGTACGCTAAG CTTGCTCCCATGTATGGTCTT 105 NM_001284409.1
16 GACTGGGGATGTCTGTAGCTC TGGATGGAAGTCTCTTGCAG 103 NM_001314054.1
Tnfa (TNFa) ACTGAACTTCGGGGTGATCG ACTTGGTGGTTTGTGAGTGTG 105 NM_001278601.1
Gapdh GGGTCCCAGCTTAGGTTCATC CCCAATACGGCCAAATCCGT 100 NM_001289726.1
104 Volume VI, Issue 2, 2020
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Statistical processing

The data obtained were checked for a normal
distribution using the Shapiro-Wilk test. The data with
the normal distribution were compared with each other
using One-way ANOVA with Tukey’s HSD post hoc test.
The data with the abnormal distribution were compared
using the Kruskal-Wallis test and the post-hoc analysis
according to Dunn’s method.

RESULTS

Macroscopic assessment of plaque

Macroscopic analysis revealed that by the 28th day
after the balloon injury modeling, the lipid deposits
characteristic of atherosclerosis were visualized in all
aortic preparations stained with Oil Red O.

At the same time, the degree of damage varied
greatly within the groups, which made it difficult to in-
terpret the results obtained. As a result, no significant
differences between the control group and the groups
using the tested drugs have been found, although a cer-
tain tendency to reduce the area was observed in the
group using P-aB1 (Fig.3).

Quantitative PCR

Using a molecular biological analysis of plaque tis-
sues, it was found out that the studied peptides signifi-
cantly reduce the expression of pro-apoptotic factors
Bax, caspase-1 and caspase-3, and also slightly increase
the expression of antiapoptic factor Bcl-2. As the heat
map in Fig. 2 shows, the greatest effect was demonstrat-
ed by preparation P-aB1 (Fig.4A).

For an integral assessment of the pro-apoptotic ori-
entation of tissues, the ratio of Bax expression to Bcl-2
was calculated. The average calculated Bax/Bcl-2 ratio
was 0.67 in the group of the intact animals, 1.81 in the
control group, 1.19 in the group treated with P-aB, 0.96
in the group treated with P-aB1 and 1.09 in the group
treated with P-aB3 (Fig. 4B).

Along with the anti-apoptotic effect, the studied
drugs decreased the expression of the genes for inflam-
matory marker Nos2, and molecules of intercellular ad-
hesion Icam1, Vcam1, and E-selectin, which had been
increased against the background of trauma. The most
pronounced effect was obtained in the group treated
with the P-aB1 compound (Fig. 5).

Inaddition, the studied drugs reduced the expression
of factors VEGF-A, VEGFR, and HIF-1a associated with
angiogenesis (Fig. 6).

Finally, against the background of modeling athero-
sclerosis in Polg-D257A/Cdh5-CRE mice, it was found
out that an increase in the expression of the genes of
the antioxidant enzymes Pon2, Sod2 occurs. At the same
time, in comparison with the control, the expression of
the antioxidant system genes was reduced against the
background of the use of the tested peptides. As well as
in assessing the effect of peptides on pro-inflammatory
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and pro-angiogenic genes, the most pronounced effect
was obtained in the group treated with the P-aB1 com-
pound (Fig. 7).

In vitro study of cytoprotective activity

When carrying out the MTT test on primary cul-
tures of endothelial cells, it was found out that even
without the addition of H,0,, endothelial cells express-
ing Polg-D257A are characterized by a lower signal in-
tensity in comparison with the wild type. During the
incubation with H,0,, most of Polg-D257A endothelial
cells lost their signal intensity almost five times from
80.60 (95% CI 77.29-84.94) to 15.79 (95% Cl 11.97-
25.42) (Fig. 8).

The studied drugs, dose-dependently increased the
cell survival under the conditions of the oxidative stress
induced by the addition of H,0,. Moreover, the figure
shows that modified peptides (P-aB1 and P-aB3) had
a more pronounced effect compared to the base com-
pound (P-aB) when added in equivalent doses.

DISCUSSION

Peptide agonists of the EPOR/CD131 heterorecep-
tor are activators of erythropoietin-associated cytopro-
tection cascades. Compounds P-aB1 and P-aB3, along
with primary anti-apoptotic properties, also have an
antiplatelet activity, which is achieved through the intro-
duction of the KGD and RGD tripeptide motifs. In this
study, as an experimental model for studying the anti-
atherosclerotic activity of P-aB1 and P-aB3, transgenic
mice were used; they had a mitochondrial dysfunction
against the background of the tissue-specific knockdown
of the Polg gene encoding gamma polymerase.

Polymerase gamma is an enzyme that plays a key
role in mitochondrial DNA replication. This enzyme
demonstrates a high accuracy of work and, at the same
time, has its own 3’->5’ exonuclease activity, due to
whichitis possible to correct polymerization errors. The
inclusion of “wrong” nucleotides without subsequent
correction leads to the accumulation of mitochondrial
mutations and a mitochondrial dysfunction [19].
As a result, there is an increase in the production of
active radicals and damage to the cell. Homozygous
animals with a systemic Polg knockout do not survive,
therefore, in this experiment an endotheliospecific
gene knockdown was used [20]. This model reflects one
of the key links in the pathogenesis of atherosclerosis
— an oxidative stress against the background of a
mitochondrial dysfunction. Nevertheless, in any animal
model of atherosclerosis, individual differences in
timing and a degree of plaque formation are so great
that very large groups of animals are needed to test
drugs [21-23]. In this regard, a decision to standardize
the process of atherogenesis through the induction of
atherosclerosis by a balloon trauma and a Western diet
was made.
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Figure 3 — Area of lipid deposits
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Figure 4 — Influence of the studied drugs on the relative expression of apoptosis markers

Note: A) Fig. A shows that against the background of the balloon damage modeling, the expression of the programmed cell death markers
p53 and Bax increases significantly, and the expression of the anti-apoptotic marker Bcl-2 decreases. In almost all cases, the studied drugs return
the expression of p53, Bax and Bcl to the level of the values in the intact group; B) Fig. B reflects the Bax/Bcl-2 ratio. The ratio characterizes the
Pro-apoptic orientation of the cell: the higher it is, the more pronounced the activation of cascades of the programmed cell death. Fig. B shows
that the P-aB1 peptide significantly reduces the Bax/Bcl-2 ratio.

+ is arithmetic mean; the statistical significance of the intergroup differences was detected using the Kruskal-Wallis test and the post-hoc
analysis according to Dunne’s method.
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Figure 5 — The expression level of genes Nos2 (iNOS), Icam1, Vcam1 and Sele (E-selectin)

Figure 6 — Expression level of Vegfa (Vegf-A), Kdr (VEGFR-1), and HIF1alpha (HIF-1a)

Figure 7 — Expression level of genes PON2, SOD2

Figure 8 — Influence of H,0, and tested peptides on the survival of endothelial cells with the Polg-D257A

genotype
Note: T — relative to intact wild-type endothelial cells; * — p <0.0001 when compared with the group treated only with H.0

,0,; #—p=0.0783
when compared with the group treated with supplemented P-aB 30 pg/ml
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In this model, atherosclerosis is associated with a
traumatic effect on the vessel against the background
of damage to endothelial cells due to a mitochondrial
dysfunction. To confirm the in vivo effects, an in vitro
study of the effectiveness of the selected peptides on
a primary culture of endothelial cells Polg-°*’* was also
carried out. To enhance the oxidative stress, the cells in
the presence of 200 uM H_0, were incubated.

The studied peptides have demonstrated a pro-
nounced endothelioprotective effect in the oxidative
stimulus the in vitro model. It has also been found out
that the drugs have a pronounced reducing effect on the
expression of pro-apoptotic markers. These results are
consistent with the concept of the basic mechanism of
the action of the erythropoietin derivatives. When the
cytoprotective heteroreceptor EPOR/CD131 is activated,
Jak/STAT-mediated signal transmission to the nucleus
occurs, leading to “survival” signaling by reducing the
expression of Pro-apoptotic genes [24, 25]. Similar ef-
fects of erythropoietin receptors stimulation have pre-
viously been shown in modeling of atherosclerosis [26].

In addition, it has also been found out that the ex-
pression of the genes of the antioxidant system PON2
and SOD2 decreased in the treated animals compared to
the control. The observed effect is associated with the
fact that a strong oxidative and toxic stress develops in
the vessels of the control group animals, stimulating an
increase in the expression of genes of the antioxidant
system. At the same time, against the background of the
treatment, pathological phenomena in the cells were re-
duced, and the stimulating activity against the PON2 and
SOD2 genes also decreased.

It has also been found out the peptide agonists
EPOR/CD131 have a pronounced anti-inflammatory
activity, reducing the expression of pro-inflammatory
cytokines and intercellular adhesion molecules. Inflam-
mation is an active factor in the development of athero-
sclerosis and it contributes to the destabilization of ath-
erosclerotic plaques [27]. VCAM-1, ICAM-1, IL-6, TNF-a
molecules play a special role in regulating inflammatory
cascades and vascular infiltration by immune cells [28-

30]. In general, the anti-inflammatory effect of erythro-
poietin and its derivatives is a widely studied phenome-
non [31, 32]. Therefore, our data fit into the general idea
of the pharmacodynamics of EPOR/CD131 agonists.

Further on, a decision to evaluate the effect of the
studied peptides on the expression of genes encoding
angiogenic factors was made. Angiogenic factors play an
important role in the atherosclerosis progression, and
erythropoietin is known to be able to stimulate angio-
genesis [33]. In atherosclerosis areas, specific local con-
ditions (relative anoxia, inflammation, oxidative stress-
es) increase the expression of classical and nonclassical
angiogenic factors that promote the proliferation of
pre-existing vasa vasorum [34]. Neovascularization in-
creases the local flow of nutrients and O, and thus may
contribute to the progression and remodeling of plaques
[35]. The obtained results demonstrated that, in contrast
to erythropoietin, peptide agonists EPOR/CD131 exhib-
it antiangiogenic effects, at least against atherosclerotic
plaques.

CONCLUSION

Previously, the following hypothesis had been for-
mulated and confirmed: by adding the tripeptide mo-
tifs KGD and RGD, cytoprotective peptide derivatives of
erythropoietin can acquire antiplatelet properties. In the
course of this study two innovative peptides and a base
compound were demonstrated. In this study, it has been
demonstrated that two innovative peptides and a basic
compound P-aB (pHBSP) protect endothelial cells in vi-
tro; they also reduce pro-apoptotic, pro-inflammatory,
and angiogenic activation of vascular wall cells in the
model of atherosclerosis combined with a mitochondrial
dysfunction. Such a pharmacological activity of the stud-
ied drugs seems to be very promising in combination
with the information on the presence of an antiplatelet
activity in them. Thus, the observed effects complement
the information on the cardiovascular activity of innova-
tive peptides P-aB1 and P-aB3, as well as new prospects
in the development of peptides combining atheropro-
tective and antiplatelet properties.
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