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Introduction

To study the effect of hypoxia on the activity of epithelial-mesenchymal transition (EMT) in epicardial
cells, which provides formation of a specialized microenvironment.

This study used a model of experimental myocardial infarction created by ligation of the anterior
descendent coronary artery. The activity of epicardial cells after a hypoxic exposure was studied
with the hypoxia marker, pimonidazole, bromodeoxyuridine, immunofluorescent staining of heart
cryosections, and in vitro mesothelial cell culture.

The undamaged heart maintained the quiescent condition of mesothelial cells and low levels of their
proliferation, extracellular matrix protein production, and of the EMT activity. Acute ischemic injury
induced moderate hypoxia in the epicardial/subepicardial region. This caused a global rearrangement
of this region due to the initiation of EMT in cells, changes in the cell composition, and accumulation
of extracellular matrix proteins. We found that the initiation of EMT in mesothelial cells may result
in the formation of smooth muscle cell precursors, fibroblasts, and a population of Sca-1+ cardiac
progenitor cells, which may both participate in construction of new blood vessels and serve
as a mesenchymal link for the paracrine support of microenvironmental cells. In in vitro experiments,
we showed that 72-h hypoxia facilitated activation of EMT regulatory genes, induced dissembling
of intercellular contacts, cell uncoupling, and increased cell plasticity.

The epicardium of an adult heart serves as a “reparative reserve” that can be reactivated by a hypoxic
exposure. This creates a basis for an approach to influence the epicardium to modulate its activity for
regulating reparative processes.
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The epicardium, an outerlayer of the heart wall closely

For several decades, chronic heart failure (CHF)
has held one of the leading positions in the list of
urgent medical and social problems. [1] Despite the
high prevalence of the disease (2% in Western Europe
and US, 7% in Russia), annual progressive increases in
the number of cases, and a number of recent large-scale
studies, the molecular and physiological mechanisms

of this disease are still not entirely understood.

Thus, there has been increased interest in studying
the mechanisms for maintaining cardiac cellular
homeostasis and regulating reparative regeneration to
find new target areas in the prevention and treatment of
CHEF [2-4].
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adjacent to the myocardium and formed by epicardial
mesothelial cells, collagen, and elastic fibers, is essential
for coordinating physiological/reparative processes
occurring in the heart [5]. During embryogenesis,
epicardial cells undergo epithelial-to-mesenchymal
transition (EMT), leading to the formation of
endocardial progenitor cells having a prominent
secretory capacity [6, 7], migratory properties, as
well as the ability to differentiate into smooth muscle
and endothelial cells of coronary vessels, perivascular
fibroblasts, primordial mesenchymal cells of future
heart valves and interstitial fibroblasts [8-11]. Meso-
thelial cell failure leads to serious defects in the
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development of the myocardium, coronary arteries,
cardiac conduction system and valves [12-16].

Although epicardial mesothelial cells gradually
lose their ability to proliferate during the second
half of pregnancy, transforming into a layer of resting
epicardial cells and remaining so in the postnatal period
[17], in acute ischemic myocardial damage, the fetal
gene expression program (Wtl, Raldh> and Tbx18)
is partially reactivated in the epicardial cells [18-20],
which launches the proliferation of epicardial cells that
undergo EMT and participate in the repair [21, 22].
This activation is regulated by transforming growth
factor-beta, platelet-derived growth factor, retinoic
acid, fibroblast growth factor, Hippo/Yap and Sonic
Hedgehog signaling pathways, as well as extracellular
matrix proteins [23-32], which implement cellular
response to injury in combination with hypoxia. While
several published works confirm the involvement of
hypoxia and hypoxia-induced factors (HIF) [33, 34]
in the regulation of EMT and embryonic epicardial cell
differentiation, the regulation mechanisms of postnatal
epicardial mesothelial cells remain little understood.

We hypothesized that the occurrence of hypoxia
in epicardium/subepicardium after transmural
myocardial infarction (MI) could constitute a stimulus
for the activation of epicardial cells associated with
the entry into EMT, switch to glycolytic metabolism,
alteration of the expression profile and proliferative
activity.

Objective

To study the effect of hypoxia on EMT activity in
the epicardial cells contributing to the formation of a
special microenvironment.

Material and methods
Animals

We used male CS7BL/6 mice (12 weeks old) and
Wistar rats (13 weeks old) kept in the laboratory
animal breeding nursery of the Russian National
Medical Research Center for Cardiology. The experi-
ments were approved by the ethics committee of
the Russian National Medical Research Center for
Cardiology and carried out in accordance with the
current regulations on animal testing and husbandry
[Declaration of Helsinki, 2000; Order of the Ministry
of Health of the USSR No. 755 «On measures on
further improvements of works involving the use of
experimental animals>» dated 08/12/1977; Good
Clinical Trial Practice in the Russian Federation
(approved by the Ministry of Health of the Russian
Federation on29/12/1998)].
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MI simulation and sample preparation

According to the previously described procedures,
experimental MI was simulated by ligating the left
anterior artery [35]. Experimental animals were
eliminated (euthanasia) on days 3, S, 7, and 14
following MI simulation, which corresponded to the
different periods of reparative regeneration. Each group,
including the control group undergoing placebo surgery,
included from 3 to S animals.

Estimation of the thickness of
epicardial /subepicardial area of the
distribution of the derived epicardial Wt1+ cells
and extracellular matrix proteins

Cryosections of the heart stained with hematoxylin
and eosin were used to investigate the distribution
of epicardial cells and subepicardial thickness.
Cryosections were fixed for 20 minutes in 96% ethyl
alcohol, washed in distilled water and stained with
hematoxylin for 5 minutes. After staining, the sections
were washed in running water, differentiated in 1%
hydrochloric acid in alcohol and again washed in
running water (10 times for S minutes). The sections
were then placed for 5 minutes in distilled water and
stained with 1% aqueous solution of eosin for 1 minute.
After staining, slides were rinsed with distilled water
dehydrated, and mounted in a xylene-based medium.

The of the
thickness was performed using the Image J software.

quantitative analysis subendocardial

Immunofluorescent staining of cryosections of the
heart wall was used to view extracellular matrix proteins,
Wtl+ epicardial cell, and their derivatives. Frozen
cryosections were fixed with 3.7 % paraformaldehyde (20
minutes) or ice-cold acetone (depending on antibody
specifications) and washed with phosphate-buffered
saline (PBS) for S minutes. To assess intracellular markers,
the sections were further treated with 0.1% Triton X100
solution (S minutes). Myocardial sections were blocked
with a solution containing 1% bovine serum albumin
(BSA), 10% serum of the second antibody donor in
PBS (30 minutes) to inhibit nonspecific binding of
antibodies. Then, cryosections were stained with anti-
Wtl+ and anti-fibulin activated epicardium marker
antibodies, anti-extracellular matrix protein (fibronectin,
collagen I, collagen III) antibodies, anti-fibroblast
marker (CD90, vimentin) antibodies, anti-progenitor
cell (SCA-1) antibodies, anti-endothelial cell (Pecam,
von Willebrand factor) antibodies, anti-smooth muscle
cell (SMA, calponin) antibodies for 1 hour, then washed
in PBS, and stained with antibodies conjugated with
Alexa Fluor 488/594. The cell nuclei were stained with
DAPI (4, 6 diamidino-2 phenylindole).
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Evaluation of proliferative cell activity
in the epicardial/subepicardial area
Bromodeoxyuridine (BrdU), a synthetic nucleoside
analog of thymidine, which enables the visualization
of proliferating cells in the myocardial sections stained
with antibodies, was used to evaluate the proliferative
activity of epicardial cells following ischemic damage.
BrdU was injected intraperitoneally (once a day, 100
mg/kg body weight, for S days before euthanasia).
The insertion of BrdU into the DNA of dividing cells
(its presence in the cell nuclei) was determined by
immunofluorescent staining with anti-BrdU antibodies
and anti-Alexa Fluor 488 secondary antibodies. Before
staining, sections were fixed in formalin. Nonspecific
antibody binding was inhibited with a solution con-
taining 1% of BSA and 10% of second antibody donor
serum in PBS (30 minutes). Additional sections were
treated with 2N hydrochloric acid for 30 minutes
(37°C) to denature DNA. The acid was neutralized with
0.1 M borate buffer (2 times for S minutes). Activated
epicardial cells were visualized using anti-fibulin-$S
antibodies and anti-Alexa Fluor 488 secondary anti-
bodies.

Evaluation of cell hypoxia
in the epicardial/subepicardial area

Pimonidazol, which is a part of the commercial
Hypoxyprobe™ Kit, was used to assess the hypoxic
status of myocardial cells. Pimonidazol was injected
intraperitoneally (60 mg/kg of body weight) into
Wistar rats two hours before euthanasia. Pimonidazol
was injected into intact animals and rats after MI
simulation (S and 14 days after surgery); the animals
were divided into groups of three individuals. After
the elimination of animals from the experiment,
hearts were removed from the chest cavity, washed
with PBS, then immersed in a cuvette with a freezing
medium and frozen in liquid nitrogen vapor. Serial 7
pm microns sections were made in every 250 ym on a
cryostat. Heart sections were fixed in formalin, washed
with PBS and incubated in 1% BSA solution with 10%
second antibody donor serum for 30 minutes. Anti-
pimonidazole antibodies diluted by 1:100 were applied
on the sections, which were incubated at 4°C for 8
hours. The sections were washed in the PBS solution 3
times for S minutes, then stained with anti-Alexa Fluor
594 secondary antibodies.

Isolation of mouse epicardial
cells and hypoxia simulation

To obtain epicardial cells, hearts of mice (2-3
days old) were removed from the chest cavities and
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washed in heparinized Krebs—Ringer solution, than
transferred into S ml of trypsin solution (for 6 hearts)
and incubated three times for S minutes at 37°C in a
Hybaid incubator shaker. After that, the hearts were
removed. S ml of an enzyme inactivation medium
(IMDM medium containing 20% fetal bovine serum
(FBS)) was added to the resulting cells suspension and
centrifuged at 300g for 10 minutes. After resuspending
the sediment in the IMDM medium for epicardial cells,
containing 1% FBS, 10 uM SB431542 inhibitor and
antibiotics, it was transferred to gelatin-coated plates.
The medium was changed every two days. Epicardial
cell clones obtained using cloning cylinders and having
confirmed morphology and immunophenotype were
used for the experiments. A New Brunswick Scientific™
incubator was used to simulate hypoxia. Epicardial cell
culture with 21% and 3% oxygen was carried out for 24
and 72 hours.

Evaluation of morphology
and tight junctions in epicardial cells
cultured with 21 % and 3 % oxygen

The morphology of cells was determined using phase-
contrast microscopy. Tight junctions in epicardial cells
cultured with 21% and 3% oxygen were examined using
immunocytochemistry. Cells were permeabilized with
0.1% Triton X-100 solution (S minutes) and stained
with anti-ZO-1 marker antibodies for 1 hour. The
cells were then washed and stained with antibodies
conjugated with Alexa Fluor 488 (1:800, at 37°C for 60
minutes). The cell nuclei were stained with DAPI.

Microscopy and image analysis

Cells and myocardial cryosections were analyzed
using an Axiovert 200 M fluorescence microscope and
AxioVision 4.7 software.

Sample preparation
and real-time polymerase chain reaction

Ribonucleic acids were isolated from the cells using
a Qiagen kit. The reverse transcription reaction was
performed using a Maxima First Strand cDNA Synthesis
Kit reagents. The real-time polymerase chain reaction
was performed in a Step One Plus Real-Time PCR
System amplifier under the standard protocol using the
following primers: SNAI1 (for: ACATCCGAAGCCACA-
CG; rev: GTCAGCAAAAGCACGGIIG), SNAL (for:
ACACATTAGAACTCACACTGGG; rev: TGGAGAAG-
GITTIGGAGCAG), Wtl (for: AGCACGGTCACTITC-
GACG; rev: GITTGAAGGAATGGITGGGGAA), Ly6a
(Sca-1) (for: GAGGCAGCAGTITATTGTGGAT; rev: CGT-
TGACCTITAGTACCCAGGA).
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The data obtained were analyzed using the Statistica
8.0 suite. The data are expressed as mean and standard
deviation (M+SD). The comparisons were made using
the Mann-Whitney U-test and Wilcoxon test. The
differences were statistically significant with p<0.0S.

Results

A key pathophysiological component of MI, hypoxia
activates the HIF signaling pathway [36] and launches
a wide range of cellular responses, including regulation
of gene expression and post-translational modification
of proteins. Animal heart sections obtained after MI
simulation were examined to study the effect of tissue
hypoxia on the activity of epicardial cells. Comparative
histological analysis of intact rat heart sections and
post-MI heart sections showed significant differences
in the organization of the epicardial microenvironment.
Epicardium of the intact heart is a thin layer composed
of 2—4 layers of cells (Figure 1, A - D), which is located
on the basal membrane consisting of extracellular
matrix proteins. In acute ischemic damage to the
heart, the thickness of the epicardial area, which is
structurally divided into two parts (epicardium with
high cell density and less compact subepicardium)
increases 8—12 fold (Figure 1, E). After M], a significant
amount of extracellular matrix proteins, collagen I, III
and fibronectin are visualized in the subepicardium
(Figure 1, F-H), which may be due to the EMT
activation in the epicardial cells and the formation
of the mesenchymal derivatives actively producing
extracellular matrix proteins.

Staining of heart sections with anti-Wtl+ activated
epicardium marker antibodies showed that cells
expressing this transcription factor are formed in the
epicardium and subepicardium after MI. Most of such
cells are formed on days 714 after MI (Figure 2). Wt1+
cells were not detected in the intact heart epicardium
(Figure 2, A), which suggests that their appearance is an
important indicator of the epicardial activation.

Experimental tests were performed using
pimonidazole [37], which was administered intra-
peritoneally both to control specimens and rats after
MI simulation, to assess epicardial cell activation
and epicardial/subepicardial hypoxia. Pimonidazol
is metabolized by cells in the state of hypoxia; its
metabolites can be identified using specific antibodies
(Figure 3) [38,39].

Histological analysis showed that specific staining
for pimonidazole metabolites, which is present on-
ly in samples taken from animals with MI, is loca-
lized mainly in the myocardium and only in single
epicardial cells. As shown in Figure 3, the area of
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Figure 1. Representative images of histological

and immunofluorescent staining of intact heart
sections (A-D) and in 7 days (G-H) after myocardial
infarction simulation. Photos of heart tissue
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A, G - hematoxylin and eosin staining; staining

with anti-collagen I antibodies (B, F - green), anti-collagen 111
antibodies (C, G - green); anti-fibronectin antibodies

(D, H - red). Cell nuclei are stained with DAPI (blue).

Yellow arrows show the epicardial line. The yellow dotted line
separates the epicardial / subepicardial area from the muscle tissue.

positive staining for pimonidazole metabolites travels
from the epicardium deeper into the heart wall on
day 14 after MI compared with day S. Given that
pimonidazole allows registering metabolic activity
of cells subjected to high-degree hypoxia (O, <1%),
it can be assumed that severe hypoxia develops in the
event of transmural MI in only a small part of cells,
while the overwhelming majority exists in the area of
moderate oxygen deficiency.

The in vitro experiments were carried out by the
simulation of moderate hypoxia (O, 3%) to confirm
that hypoxia is engaged in the regulation of epicardial
activity (Figure 4). It was shown that 24-hour hypoxic
epicardial cell culture was not accompanied by the
increased expression of EMT regulator genes (SNAII,
SNAI2, Wtl). A longer (72 hours) culture in a hypoxic
environment showed changes in the morphology of epi-
cardial cells, which was manifested by a loss of cubical
form, ZO1+ intercellular contact destruction, and
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Figure 2. Diagrams of quantitative evaluation of epicardial cells
expressing Wt1+ and Sca-1+ in the intact heart at different
time points after MI (days 3, 7, and 14): the number of cells

in the field of view in the epicardial/subepicardial area
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adopting a fibroblast-like phenotype. Those changes
were combined with the increased expression of EMT
and Ly6a regulator genes (Sca-1), indicating the signs
of epithelial-to-mesenchymal transition.

Given the increased EMT gene expression, greater
number of Wtl+ cells and significant subepicardial
thickening after ischemic damage, we studied the
proliferative activity of epicardial cells. Epicardial
activation is known to be accompanied by the in-
creased proliferation activity of epicardial cells du-
ring embryogenesis [40]. BrdU was used to as-
sess the level of epicardial cell proliferation and
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Figure 3. Representative images of the vessels and
pimonidazole metabolite distribution in the rat’s intact
myocardium sections (A) and after myocardial infarction
(shown by arrows) on days S (B) and 14 (C)

Images of immunofluorescent staining of blood
vessels (von Willebrand factor - green), pimonidazole,
and metabolites (red) in the heart wall are presented.

Figure 4. Changes in the intercellular junctions
and expression profile in the epicardial
cells after exposure to hypoxia
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Representative images of immunofluorescence staining of
epicardial cells for the tight intercellular junction marker

(ZO1 - green) after the culture under normoxia (A) and hypoxia
(B) are presented; C — a diagram of the assessment of the regulator
gene expression of epithelial-to-mesenchymal transition in the
epicardial cells after culture under normoxia (red columns)

and hypoxia (O2 3%; purple columns). The level of gene
expression in cells cultured under normoxia is taken equal to one.
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visualize the proliferating cells. It was found that the
number of proliferating cells increases 8-fold in the
epicardial /subepicardial S days after MI compared to
their numbers in the intact heart (5+2 cells and 40+12
cells in the field of view, respectively). The number of
proliferating cells continued to increase to reach 102+16
BrdU+ cells within the field of view, which corresponds
to the changes in the subepicardial thickness after MI.
We showed that the newly formed post-MI subepicardial
microenvironment includes not only the extracellular
matrix proteins (collagen and fibronectin), but also
various types of cells. A significant accumulation of the
activated epicardial cells and their derivatives (Wtl+
cells with smooth muscle cell markers and fibroblasts)
was found in this area (Figure S).

We also found an accumulation of Wtl+ cells co-
expressing Sca-1 cardiac progenitor cells marker [41,
42] in the subepicardial area (see Figure 2, B, C; see
Figure S, G), which may indicate the origin of these
epicardial cells by entering EMT. The intact sube-
picardial area contains single Sca-1+ cells in the field
of view; their quantity increased significantly after IM
(1243 cells in the field of view on day 3, 2245 cells in
the field of view on day 7).

Discussion

These data indicate that low oxygen tension
(hypoxia) in the heart is an important factor in post-
MI remodeling of the epicardial microenvironment.
Resting mesothelium cells, a low level of proliferation
and the ability to produce extracellular matrix proteins
are maintained in the intact heart along with EMT
activity. Conversely, acute ischemic damage causes
global epicardial remodeling and changes in the cellular
composition. In the in vitro experiments, we showed
that 72-hour hypoxia promotes the EMT regulator gene
activation, causing intercellular junction disassembly,
cell disintegration and increased cell flexibility. We found
that the mesothelium cells entering EMT may result in
the formation of the smooth muscle cell and fibroblast
precursors, as well as the population of Sca-1+ cardiac
progenitor cells that may participate in the construction
of new vessels and serve as a mesenchymal link for
the paracrine support of the microenvironment cells
(43, 44]. The surprising accumulation of extracellular
matrix proteins in the epicardial/subepicardial space
creates unique conditions for the derived epicardial
cells, providing isolation from the underlying tissue
and inflammatory cells. However, epicardial cells
are not subjected to severe hypoxic stress during the
development of transmural MI. It can be assumed that
pericardial fluid, a plasma ultrafiltrate that comprises
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Figure 5. Representative images of immunofluorescent
staining of the rat heart sections on day 7

after myocardial infarction simulation with anti-
epicardial mesothelial cell marker antibodies and anti-
vascular pronunciation cell marker antibodies

Fibulin Wtl
BrdU 1

Callonin

Wwtl
Vimentin

A - staining with an anti-fibulin marker of activated epicardial cells
antibodies (red) and BrdU (green, nuclear staining); B - staining with
anti-Wt1 antibodies (green) and anti-Pecam antibodies (endothelial
cells, red); C - staining with anti-Wt1 antibodies (red) and anti-
calponin antibodies (green); D - staining with anti-Wt1 antibodies
(red) and anti-SMA antibodies (green); E - staining with anti-Wt1
antibodies (red) and anti-CD90 antibodies (green); F - staining with
anti-Wt1 antibodies (red) and anti-vimentin antibodies (green);

G - staining with anti-Wt1 antibodies (red) and anti-Sca-1 antibodies
(green). The arrows show the colocalization of stain signals.

many different protein factors along with dissolved
oxygen, produces a certain tissue-protecting effect
on the epicardium. It was shown earlier that patients
with cardiac tamponade had lower oxygen pressure in
the pericardial fluid than in the venous bed, ranging
between S to 24 mm Hg at an average of 14 mmHg [45].
In another study, oxygen pressure in the pericardial fluid
and venous bed did not differ in dogs with pericardial
exudate and was about 35 mm Hg [46]. These values
were higher than in the hypoxic conditions (7 mm
Hg in O, 1%). Given that the blood is supplied to
the pericardium (as opposed to the epicardium and
myocardium) by the pericardiacophrenic artery and
pericardial branches of the thoracic aorta, these data
suggest that a relatively high concentration of oxygen
remains in the pericardial fluid during MI. By preventing
the development of severe hypoxic conditions, the
diffusion of oxygen from the pericardial fluid into the
epicardium /subepicardium may protect this area from
damage and help to maintain the regenerative potential
of epicardial cells. The formation of a zone of moderate

ISSN 0022-9040. Kardiologiia. 2021;61(6). DOI: 10.18087/cardio.2021.6.n1476



CMr@ COXPAHUTb CAMY »XU3Hb

(BanarnNEPAO3NH) venar 10w
' L]
)

®OPCUTA® — EAUHCTBEHHbIN
XU3HECNACAIOL N NPEMAPAT
ONA NALUEHTOB C XCHHOB

BE3 TUTPALIUU '3#

CHmKaeT puck

CC cmeptn

M rocnuTanusauunmn
no nosopy CH™3

|

B PEKOMELALIMH

110 XCH

6e3 BKnoyeH B XKHBJIM*
TMTpauyun’ n OHNC?

KPATKASI MHCTPYKLIAA N0 MEAVLIHCKOMY NPUMEHEHWIO NEKAPCTBEHHOTO MPEMNAPATA OOPCUTA®: PETUCTPALIMOHHDIA HOMEP: 11-002506 TOPTOBOE HA3BAHME: QOPCITA (FORKIGA)”. HA3BAHME: L]AHAF"MHJHOXVIH JIEKAPCTBEHHAA ®OPMA: Tabnerky, nokpwb\? neHouHoit obonoukoi. MOKASAHUA K
TPUMEHEHMIO: CAXAPHbIA AMABET 2 TWIIA y 8300Citix nalieHTOB B A0NONHEHHe K AVIETe i QU3ALECKiN YIDXHEAAN 1A YTYULLIEHNS [IMKEMUMECKOTO KORTDOA B KaseCTBe: MDHDTepﬂ"VM KOAa NUMeHeHMe Merampwua HEBO3MOXHO BEALY ™, Tepanim ¢ (8 T0M Yucre, B KOMOMHaLIK C
4(/1N1-4) (8 Tow wicne, aroHC 1y (BToMuMCTe, 8 AT, XU TpENZpaTaNH
TIpK OTCYTC 4ect Ha AaHHOiA Tepaniw; C 7] i Tepanin ¢ np ™ mwnwepanmw (axapHbiii AAGeT 2 TNa y B3POCIbIX NALMEHTOB C YCTAHOBMEHHbIM AMATHO30M CepAeuHo~ -COCYAMCTOr0 3360neBaHUA wwsyw [ ﬁonee@ampamu CEPRHHO-COCYANCTOTO PACK (Bo3pact
yMy)«umN 2 5507 UK = 60 NeT y KEHLLIUH U HANMUME He MeHee 0aHoro $aKTOPa PUCKa: AUCTUTIHZRMHS, TnepTeH3s, Kypenue) TatourocTh. CEPAEYHAR HEAOCTATOYHOCTb (1I-IV Knaccno Y B3poCbIX
ANA CHUKEHNA P p) mepTH M 1o noBopy cep, He[J0CTaTOYHOCTH. HPOIMBOI'IOKASAHM nosmmewaﬂ wmwsvmyanwaﬂ uysnswenwoubmmﬁomy KOMIOHEHTY NPENapara; CaxapHsiii Auabet 1-ro Tuna; 4eCKMit xeloauwmx, [ nouek npi pacdeHoii CKO (pCKO) crabunsro
Meree 45 Mn{MH/1,73 W, BKNI0YGR HapyLIeHIte GYHKUYK NOYeK TAXENOM CTeNey! 1 TEPMUMHANbHYIO CTaAuio NOYEUHOI HEZIOCTaTOUHOCTH, NPY NPUMEHeHK No if wabet 2 Tunay; Hap) NI0UEK TAENOIA CTeNeHH 1 TepMYHaNbHAA CTaMA NoueuHoil HenocTatouHocTy (pCKO < 30 Mﬂ/MV\H/ 3 M), npu npwmeueumw 110 I0KA3aHMID «CePIEHHaR HEOCTATOUHOCTo» (B
eI Cop: IHMEHEHIA B KIAHHHCCKUX He neac ' KTO3H, AEOULUNTRRKTE3H I ot Bo3pact 10 18,1 (Gesonachoc ). COCTOPOXHOC TATOMHOCT TRKENO! CTemeH, QKL
MOUEBbYRNMTENbHOT CHCTeMS, NOBbILLEHHOR 3Hauetite remaTokpura. IPUMEHEHME B NEPUOA BEPEMEHNO(TVI W TPYRHOrO BCKAPMIIMBAHWA B ceasy C Tew, 4To npiMexetite AANarAQro3ita 6 nepros GepemeHocTit He 3y4eK0, IDRNEPRT MNOTHBONOKESZH B NepHO GepewennocT. B cnyuae aaroc T Tepanua [I0mHa BbiTb npexpalieHa.
'Hew3BeCTHO, NPOHHK3ET M PHCK AN nepuo no W 03bl: By NPUEM3 ML, He P CaxapHbiit auaber 2 Twna. 11033 npenapata
Dopcura coctagnser 10 Mr oMK Pas BTk Kom6uHupoBaKHan Tepanu: pemmeuﬂyemax foxa npenapam (Dopaura coctaBer 10 Mr 0auH pa3 8 CyTkH B (8 TOM UiChe, B Komby JNN-4 (8 Tom mcne, ATOHACTOM 1
— 3KCEHaTI0M TPOTOHTUPOBHHOTO ACHCTBR, B KOMOAHALAM C METGOMIKOM; TDENADaTAMIA WHCYTHA (B TOM YCTE, B KOMBHHALAM C ORHIM WM ABYMA npenaparam AnA ipunieHeHiA). C LENbI0 CHIKEHWA PHCKa TTOTTAKEAA T COBMECTHOM Ha3HaJeky npenapata GOpCHTa C penapatamie WHCYTHH WA NDENapaTam, TOBLILZOLANA CEKpELIND
WHCYTUHa (Hanpumep, ¢ q ), MoXeT CHILKeHWe A03bl NPENapaToB MHCYRHHA Mk ﬂpenapams HDBMWMWMX CeKPeUMIo MHCYHa. (Tapmﬁan Tepania ¢ A03a npenapata Qopcra cocTagnAeT 10 MF OfMH Pa3 B CYTKH, 4032 METGOPMIKA — S00 MT 0K Pa B CyTk. B cyuae HeagekeaTHoro
TUAKEMIU|ECKOTO KOHTPONA 03y METQOPMAHA CneayeT yBenuunTy. (/12 y B3poc e TOr0 PUCK3, ly CepALUHOI HeAOCTATOHOCTH: PCira coctasnaer 10 Mr oauH pas B cyTkw. Ceppeunas
P 10mr YTKM. HOBO'IHOEHEM(IBME Kparkuii 0630p npoguna Sesonachocri. BKnmwuewxmnenosamx (N2 6onee 1. nonyuan T 1 NePEHOCHMOCTH apaee

0fibegyHeHHsix faHbIX 13 KpaTKOCPOUHbix (10 24 Hegens) nnatie MCCNEAI0BaHMI, B KOTODBY) 8 03¢ 10 mr 1 2295 nauenTos Buccnenosanan D) yaucTbix ucxogos npu CI12 (DECLARE) 8574 nauperta nonyuan 10mru

soaelicTens 4 ). B 0BLLelt CTOXHOCTI KCTO3LIA Tagmna 30623 auseHTo-ner. B nccreposann oA YAUCTX O BLWIEHTOB C CepiedHOit HEAOCTATOUHOCTH0 CO i ppakyeit (DAPA-HF) 2368 10Mru 2368 Bo3eicTauA 18 Mecalies).

Monynauna Bknio4ana nauvenTos ¢ C/12 u Ges Hero, i naunertos ¢ pCKO = 30 ma/mmn{1,73 M. Tlpogunb 6e30nacHoCTH AGNATAMGAO3Ha B UCCTEA0BIHAAX BbIN B LURAOM CHOIM N0 U3y4aeMbIM MOKA3AHUAM. TAXeNyIo rMOTMKeMAID W AuaBeTIecKui KeTOaL03 OTMEYaTH TONbKO Y NLIMHTOB C CaxapHbiv AuabeTom. Hinke npeacTasnentl HP, oTMeuaslumec B NaLe60-KOKTDOAMpYeMbIX
KIAHAYLCKUX UCCNe10BaHWAX U NV NOCTPETUCTPALMOHHOM NPYMEHEHIA. Hi 03 W3 HIX He 33BUCeNa oT 03l Npenapata. HP KnaccuouumpoBabl Mo YacTore W KACey CHCTeM 1 OpraHoB. Yactora HPnpeﬂﬂamenaBswue(neuymmew DAL 04 YACTO (>1/10} ua(m[ 15100, <1/10), Hewacto (=1/1000, <1;100), peako (=1/10000, <1/1000), ouenb peako (<1 10000) u HeyTouHeHHO
YacToTel JaHHbIM). [) abonesaHis: uaco Gananut 0 WHOeKUMA Telf; Hewac ; 04eHb PEKO i O TIPOMEXHOCTH (FaHTPS )
CTOPOH 06MeHa BEULECTE W NATaHAA: 04Hs 4acTD — (npw T HCYAHOM); Hevac  Ka12; PEAKo — AMabeTheckii npmm H CTOPOHS! HEBHOI! CHCTEMBE YacT0 H TpaKTa: HewacTo
— 3a110p, YAOCTb 80 PTy. HapyULIeHIA CO CTOOHSI KO 1 NOKOXHBX TKAHEIE: YaCTO — Cil; 0MeHb PEIKD — GHTHOHEBPOTHECKH OTeK. HapyLIeHA co CTOPOHbI KOCTHO-MbILUENHOTE HCTEN) 1 COBUHITETHOM TKaHH: YaCTO — B0 B e, HapyLIeiua Co CTOPOHb 04eK i MOYEBHBORALLIK yTel YaCTO — A3y pHA, TOAMYPWA; HEYaCTO — HKTYDYA. NlabOpaTOpHbIE i HHCTPYMEHTATbHbIE AaHHbE
YACTO — [WCTATIIEMIAR, MOBBILIEHHE 3HAYEHHR eMATOKPHTa, CHIDKEHWE TIONEYHOTO KTDEHCA KDEATHHIHA Ha HajaTbHOM Tane TepaTHM; HEUACTO — OBBILLEHAE KOHLIGHTYAUUAH MOYEBUHbI B KDOBH, MOBLILUEHHE KOHLIEHTALIAM KDEATUHHA B KDOBH Ha HAMATbHOM STane Tepan

Ccvinka TPyKUMI: Vi peura ® (rabnetit, it i, 5 mr, 10 wir). Peruc NIN-002596 ot 21.08.2014
YCHOB — XpOHIIECK2R CEpEutas HEADCTATOHHOCTS COCHIKCHHOI! ODaKLMEl BI6pOCa; CC — CepaeuHO-CoryRUCTl; CH — Ceppeuha HEAOCTATOUHOCTS
*Brniovan ible obpaetia no npuumie CH. * C pHcka cep CYAMCTON CMEpTH 1 CHepTi O Btex PG B Fpynne Aanaru¢no3inKa o cpasrenwio € nnaijebo B uccnegosaniy DAPA HF.
. MHCTpYKUUA No fIekapC Qopcura® (Tabnetky, nokpbiTsle i, 10 mr). Peri ‘yaoctosepenite Ne NN 002596 o 21.08.2014.
2. Knuiueckie TatouH0CTb 2020. hitp: idelines/2020/Clinic_r rekom HSN.pdf (nara obpauenwa 04.05.2021)
3. McMurray JIV et al., N Engl J Med. 2019381(21] 1995-2008.
4. lepese K013HeHHO HeOBOMSX H BaXHEHLIX TeKaPCTBEHHbIX TDENaPaTOR AT MEMUMHCKOTO ANICHEHI.
5. Mepeverb NexapcTs A1 ofecneyerina OTARAbHbIX FPaKAaH.
Marepuan npe T08 Tepen Ha3HayeHmem 03HaKOMBTECh, NoKany¥icTa, C NONHOI MHCTPYKLMeN no TIeKap 0 npenap:
000« 123112, Mocksa, 1 iickuit npoesa, 4,21, cTp.1., 30 37ax Bustec-uenTp «OKO». Ten.: +7 (495) 799-56-99, dakc: +7 (495) 799-56-98 www.astrazeneca.ru
FOR- RU 1024& [lara 0popetua: 05.05.2021. [lara ucteuenuta: 04.05.2023. AStrazeneca



§ ORIGINAL ARTICLES

hypoxia (2-3%) in the epicardial area contributes to
the remodeling of the epicardial microenvironment.
The results of numerous studies show that hypoxia can
control the cellular microenvironment by activating the
HIF (hypoxia-induced factor) signaling pathway [47].
In normoxic conditions, prolyl hydroxylase enzymes 1,
2,and 3 (PHD1/2/3) and Von Hippel-Lindau protein
have a complex effect on HIF-1 and HIF-2 factors,
causing their proteasomal degradation [48]. Under
hypoxic conditions, HIF-1 and HIF-2 also stabilize and
co-ordinate cellular responses to hypoxia by activating
gene expression programs for cellular adaptation to
oxygen deficiency [48]. This is achieved due to HIF-
mediated EMT by the increased secretion of TGFb
and activation SNAIL1, SNAIL2, TWIST, SIP1 and
ZEB1 transcription factors. This mechanism of EMT
activity regulation was demonstrated in different cell
lines following exposure to hypoxia or constitutive
HIF expression. EMT induced by HIF may comprise
a mechanism for the formation of an epicardial cellular
niche by forming the original stem /progenitor cell Sca-
1+, which mainly utilizes cytoplasmic glycolysis and
resists hypoxic stress. However, hypoxia promotes the
activation of the epicardial cell pool, with the formation
of epicardial precursor cells providing cellular
heterogeneity of the microenvironment. This may be
necessary to provide various cells in the damaged area
for the rapid scarring and the de novo blood vessel
formation [49], as well as multidirectional repair

paracrine signals. The follistatin-like protein (Fstl-1)

secreted by the epicardial cells is a perfect example of
such regulation [50]. Although Fstl-1 production is
maintained in embryonic hearts at a high level, it almost
completely disappears in the adult heart. However, the
activated myocardial cells begin to re-produce this
protein in response to acute ischemic damage [51],
which increases the survival of cardiomyocytes in the
ischemic area, stimulating their entry into the cell cycle,
activating arteriogenesis, as well as providing other
cardioprotective effects.

Conclusion

The epicardium of the adult heart is shown to serve
as a cell depot capable of reactivating its own repair
potential under the influence of hypoxia. This provides
the basis for the development of approaches to targeting
the epicardium aimed at modulating its activity for the
regulation of repair processes.
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