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ABSTRACT

Background. In the pathogenesis of ischemic cardiomyopathy (ICMP), angiopoiesis
remains unexplored.

The aim of the study. To describe the vasculature of the heart and the imbalance
of angiogenesis mediators in the coronary circulation in association with the num-
ber of endothelial progenitor cells (EPC) and desquamated endothelial cells (DEC)
in the blood of patients with coronary heart disease (CHD), suffering and not suf-
fering from ICMP.

Materials and methods. Fifty-two patients with CHD (30 patients with ICMP,
22 patients without ICMP), 15 healthy donors were examined. The content of EPC
(CD147CD34*VEGFR2") in the blood from the cubital vein and DEC (CD45-CD146%)
in the blood from the coronary sinus and the cubital vein was determined by flow
cytometry. The concentrations of VEGF-A (vascular endothelial growth factor A), PDGF
(platelet-derived growth factor), and SDF-1 (stromal cell-derived factor 1) in blood
plasma were recorded using immunofluorescence assay; the angiopoietin-2, MMP-9
(matrix metallopeptidase 9) were recorded using enzyme immunoassay. In myocar-
dial biopsies the specific area of vessels and the expression of aSMA (smooth muscle
alpha-actin) were determined by morphometric andimmunohistochemical methods.
Results. In the peripheral blood of patients with CHD, regardless of the presence
of ICMP, the DEC content exceeded the physiological level, and the VEGF-A, PDGF,
angiopoietin-2, and MMP-9 corresponded to the norm. In CHD patients without
cardiomyopathy, there was an excess of SDF-1 and EPC in the blood from the cubital
vein, and in ICMP, their physiological significance was noted. In the coronary blood
flow in patients with CHD without cardiomyopathy, an increase in the concentration
of PDGF was found, which was not determined in patients with ICMP, who had an in-
creased content of DEC, angiopoietin-2 and MMP-9. The specific area of the vessels
in the patients of the two groups was comparable; the expression of aSMA in ICMP
was 6.2 times lower than in patients with CHD without cardiomyopathy.
Conclusion. The development of ICMP is accompanied by impaired maturation
of vessels in the myocardium, associated with the absence of a compensatory reac-
tion of activation of cellular and humoral factors of angiogenesis.

Key words: angiogenesis, growth factors, endothelial progenitor cells, myocardium,
coronary heart disease
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PE3IOME

AkmyanbHocme. [Ipu uwemuyeckol kapouomuonamuu (MKMI) aHzuozeHe3
ocmaémcs Heusy4eHHbIM.

Leno uccnedoesanusa. Oxapakmepu3o8ame cocyoucmyto cems cepoyad u ouc-
6anaHc meduamopos aHzuo2eHe3d 8 KOPOHAPHOM KpOBOMOKe 8 adccoyuayuu
C YUCIEHHOCMbIO SHOOMEIUA/bHBIX NPO2eHUMOpPHbIX Knemok (3l1K) u deckea-
MUPOBAHHbIX 3HOOMeUAbHbIX K1emok ([]9K) 8 kposu y 60/1bHbIX uwemuyeckou
6one3Hblo cepoua (MbC), cmpadaroujux u He cmpaoarowux uwemuyeckol Kapou-
omuonamued.

Memoosl. O6cnedosatsi 52 6os1bHbix UBEC (30 nayueHmos ¢ MKMIT, 22 nauyuesnma
6e3 VIKMI) u 15 30opossix 00HOpPo8. B kposu u3 KybumaseHoU 8eHbl onpedensanu
cooepxxaHue Il1K (CD14*CD34*VEGFR2%), u3 KopoHapHo20 cuHyca u Kybumarsis-
Holi seHbl — []3K (CD45-CD146%) memodom npomoyHol yumodgpiyopumempuu. B
njasme Kpogu pe2ucmpuposasu KOHUeHmpayuro ¢akmopa pocma 3Hoomesnus
cocyoos A (VEGF-A, vascular endothelial growth factor A), pakmopa pocma mpom-
6oyumos (PDGF, platelet-derived growth factor), cmpomaneHo20 K1lemo4YyHo20
¢akmopa 1 (SDF-1, stromal cell-derived factor 1) c nomowbto ummyHogyopec-
UeHmMHo20 aHanusd; aH2uono3MuHa-2, MampukcHoU mMemasaonpomeuHasel 9
(MMP-9, matrix metallopeptidase 9) — memodom ummyHogepMmeHMHO20 aHAu3a.
B 6uonmamax muokapdoa onpedenanu yoenbHyto naouads cocyoo8 U IKCnpeccuto
aSMA (smooth muscle alpha-actin) mopghomempuyeckum u UMMYHO2UCMOXUMU-
YyecKuM Memooamu.

Pesynemamel. B nepugepuyeckoli kposu y 6onbHbix MBC eHe 3asucumocmu
om Hanuyusa MKMI1 codepxaHue []3K npesbiwano ¢usuonozuyeckull yposeHs,
a cooepxxaHue VEGF-A, PDGF, aHeuonoamuHa-2 u MMP-9 coomeemcmeosaso
Hopme. Y 6onbHbix VIBC 6e3 kapouomuonamuu 8 Kposu U3 KybumasnbHoU 8eHbl
ommeuyasncsa uzbbimok SDF-1u 3lK, a npu IKMIT - ux ¢pusuonozudeckoe 3HayeHue.
B kopoHapHom kposomoke y 60s1bHbix IBC 6e3 kapouomuonamuu ycmaHo8 1eHo
noselweHue koHYeHmMpauyuu PDGF, ye2o He onpedensnocs y nayueHmos ¢ IKMIT,
y Komopebix 6b1s10 ygenuyeHo cooepxxarue []9K, aHzuonosmuxa-2 u MMP-9. Yoes-
Has niowadb cocydos y 60s1bHbIX 08YX 2pynn bblsia conocmasumod, Kkcnpeccus
aSMA npu VIKMI1 6sin1a 8 6,2 pasa Huxe, 4em y 6osbHbix IBC 6e3 kapouomuonamuu.
3aknioyeHue. Paszsumue VIKMI1 conpogoxdaemca HapyweHUem co3pesaHus
cocy0os 8 MUOKapoe, C8A3AHHbIM C OMCYymMcmaueM KOMNeHcamopHoU peakyuu
akmueayuu K/1lemouYHbIX U 2yMOPasibHbIX hakmopos aHauozeHesd.

Knioueesle cnoea: aHzuozeHes, (hakmopsl pocma, 3HOOMenuaabHble NPo2eHuU-
MOpHbIe K/lemKu, MUOKApO, uuwemudeckds 6one3Hb cepoud

OnauntunposBanma: Yymakosa C.I1., Ypasosa O.M., LUnnynuH B.M., Cyxogono W1.B., Ctenb-
MaweHko A, Oenncenko O.A., Angpees CJ1., AémuH M.C,, YypuHa E.I. Mpoaykuna megu-
aTOPOB aHrMoreHesa 1 CTPyKTypa COCYAUCTON CTEHKM B cepALe Npu Uemmnyeckom Kap-
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INTRODUCTION

Ischemic cardiomyopathy (ICMP) is a severe disease
that has no specific pharmacotherapy to date and is char-
acterised by disease progression in some patients even af-
ter surgical correction of the coronary bed and left ventric-
ular cavity [1, 2]. This demonstrates the insufficiently stud-
ied pathogenesis of ICMP, in which the role of chronic in-
flammation, cardiomyocyte apoptosis, disorders of Ca?*
homeostasis and myocardial contractile function, synthe-
sis of different types of collagens, and microvascular dys-
function have been actively discussed to date [2-4]. There-
with, the interest of scientists is focused on the vasomo-
tor form of endothelial dysfunction [5, 6]. Angiogenic form
of endothelial dysfunction in ICMP, including impaired an-
giogenesis, balance of reparative and destructive process-
es in vessels [7], however, has not been studied.

Both forms of chronic coronary heart disease (CHD)
are accompanied by damage to the vascular intima, since
the morphological substrate of CHD, either complicated
or uncomplicated by ICMP, is atherosclerosis of the coro-
nary arteries. On the one hand, plaque macrophages sup-
port chronic inflammation, prolong vascular alteration
and endothelial desquamation with the help of matrix
metalloproteinases (MMP) [1, 8, 9], but they also contrib-
ute to atheroma vascularisation, which increases the risk
of plaque haemorrhage with its subsequent destabilisa-
tion [5, 10]. On the other hand, induction of angiogenesis
is necessary for formation of collateral blood flow and re-
pair of damaged vessels, which has protective and adap-
tive value in CHD and ICMP. Angiogenesis is performed
by endothelial progenitor cells (EPC), most of which have
a monocytic immunophenotype and reparative potential
in relation to endothelium as a result of paracrine secre-
tion of angiogenesis factors [11].

In this regard, studying the output of such media-
tors of angiogenesis as vascular endothelial growth fac-
tor (VEGF) A, platelet-derived growth factor (PDGF), stro-
mal cell-derived factor (SDF) 1, angiopoietin (Ang) 2
and MMP-9 in the heart [11, 12] can establish the mecha-
nisms of angiogenesis and angiopoietic endothelial dys-
function in CHD both complicated and uncomplicated
by ICMP. At the same time, comparison of the number
of EPCs of monocytic immunophenotype and desqua-
mated endothelial cells (DEC) in blood, as well as deter-
mination of the specific volume of vessels and expres-
sion of alpha-smooth muscle actin (aSMA), which is syn-
thesized by vascular smooth muscle cells [13], will ena-
ble to determine the correlation of angiogenesis factors
with the degree of coronary endothelial damage in ICMP
relative to CHD without cardiomyopathy.

THE AIM OF THE STUDY

To reveal features of vascular network formation
in the heart and imbalance of angiogenesis mediators in cor-
onary blood flow in association with the number of endothe-
lial progenitor and desquamated cells in blood from pa-
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tients affected by coronary heart disease with and without
ischemic cardiomyopathy.

METHODS

A single-stage controlled (case-control) single-center
observational study was conducted from February 2020
to May 2022. The study included 52 CHD patients with ten-
sion angina ll-1V functional class and circulatory insufficien-
cy, mainly II-lll functional class according to NYHA (New
York Heart Association), who had a history of myocardial
infarction and were hospitalised at the Research Institute
of Cardiology of Tomsk National Research Medical Cen-
tre of the Russian Academy of Sciences for the purpose
of coronary bypass surgery. Patients with CHD were cat-
egorised into two groups: 30 patients with ICMP (27 men
and 3 women; mean age - 61.0[56.0; 64.0] years) and 22 pa-
tients without cardiomyopathy (18 men and 4 women;
mean age - 64.0 [59.5; 67.0] years). According to the crite-
ria of G.M. Felker et al. (2002), the signs of ICMP were low
left ventricular ejection fraction (less than 40 %), haemo-
dynamically significant stenosis of two or more epicardi-
al vessels or the trunk of the left descending artery [14].
CHD patients without cardiomyopathy had similar coro-
nary vessel changes but had preserved left ventricular ejec-
tion fraction (more than 40 %). The control group consist-
ed of 15 practically healthy donors (13 men and 2 women;
mean age - 57.63 + 8.12 years) without any cardiovascu-
lar diseases and relevant complaints.

CHD patients both with and without ICMP were com-
parable in terms of age, sex, body mass index, duration
of CHD, functional class of angina and circulatory insuffi-
ciency, as well as frequency of prescription of statins. Howe-
ver, they were statistically significantly different in terms
of left ventricular parameters: ICMP patients compared
to CHD patients without cardiomyopathy had higher myo-
cardial mass (233.0[221.7;266.2] g vs. 184.0[140.5; 214.5] g;
p <0.001) but lower ejection fraction (30.00 [22.00; 36.00] %
vs.59.50[50.25;67.00] %; p < 0.001), as a decrease in the lat-
ter less than 40 % was a criterion for ICMP diagnosis and pa-
tient grouping. The pattern of comorbidity in the patient
cohorts was also comparable, except for a higher inci-
dence of type 2 diabetes mellitus in CHD patients with-
out ICMP (31.82 % vs. 6.67 %; p = 0.046) and chronic cer-
ebral circulatory disorders in patients with ICMP (90.0 %
vs. 59.1 %; p = 0.023).

All CHD patients underwent coronary artery bypass sur-
gery with similar anaesthetic management (diazepam, ket-
amine, fentanyl, promedol, pipecuronium). At the preoper-
ative stage, patients of both groups were treated according
to the generally accepted principles of CHD therapy (pro-
longed-acting nitrates and on demand - calcium channel
blockers, $1-adrenoblockers, statins, antiaggregants). The-
rapy was similar in the CHD patient groups, except for more
frequent use of calcium channel blockers in CHD patients
without cardiomyopathy, compared with ICMP patients
(63.6 % vs.0%;p <0.001). More frequent prescription of an-
ticoagulants in CHD patients without cardiomyopathy may



be associated with a greater intensity of atherogenesis and
involvement of lower limb vessels than in ICMP.

The exclusion criteria of patients from the study
were as follows: age older than 70 years; presence of al-
lergic disease in the exacerbation stage, autoimmune dis-
eases, anaemia, tumour process, syphilis, HIV infection,
viral hepatitis; presence of acute infectious diseases less
than 3 weeks before surgery; prescription of erythropoie-
tin orimmunosuppressive therapy; patient’s refusal to par-
ticipate in the study.

The studies were conducted in accordance with the ethi-
cal principles outlined in the World Medical Association
Declaration of Helsinki (1975) and with the permission
of the local Ethical Committee of the Siberian State Medi-
cal University of the Ministry of Health of Russia (Protocol
No. 7981 dated December 16, 2019). Informed consent
for participation in the study was obtained from all indi-
viduals examined.

The study material included blood samples from the cu-
bital vein (peripheral blood) and blood from the coro-
nary sinus (sinus blood) stabilized with heparin (25 1U/ml),
as well as biopsy specimens of the auricle of the right atri-
um. Peripheral blood was collected in a volume of 5 ml
from the cubital vein in the morning on an empty stomach
in both healthy donors and CHD patients of both study
groups on the day of surgery immediately before induc-
tion into anaesthesia. Peripheral blood was used for immu-
nophenotyping of EPCs and DECs, its plasma was used to es-
timate the concentration of the studied mediators. Blood
from the coronary sinus in the volume of 5 ml was obtained
only in CHD patients: intraoperatively, by transmyocardi-
al puncture after surgical access to the heart, but before
connection of the artificial circulation device and the main
stage of the surgery. DEC content was determined in blood
from the coronary sinus, blood plasma from the coronary si-
nus was used to study the concentration of the studied me-
diators. Myocardial biopsies of the right atrial auricle in vol-
ume not more than 10 mm?3 were obtained intraoperative-
ly at the stage of its cannulation for connection of the ar-
tificial circulation device, but before the commencement
of extracorporeal perfusion. Myocardial biopsy specimens
were used to determine specific vessel area by morpho-
metric method and a-SMA expression by immunohisto-
chemical method.

DEC absolute amount and EPC relative content in blood
were determined by flow cytofluorimetry in venous blood
obtained from the cubital vein in healthy donors and in CHD
patients of both groups (peripheral blood). In patients, DEC
content was also assessed in blood from the coronary si-
nus. Whole blood was lysed by adding FACS Lysing solu-
tion (BD Biosciences, USA), then cells were washed three
times with 20-fold volume of Cell-WASH-solution BD buff-
er (Becton Dickinson, USA). Mouse Anti-Human CD14-FITC,
CD34-PE, VEGFR2(KDR; CD309)-Alexa Fluor 647, CD45-
FITC and CD146-Alexa Fluor 647 monoclonal antibod-
ies were used to detect EPCs with CD14*CD34"VEGFR2*
immunophenotype and DECs with CD45CD146" immu-
nophenotype, according to the manufacturer’s instruc-
tions (BD Biosciences, USA). Fluorescence intensity meas-
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urements were performed using an Accuri C6 flow cytome-
ter (BD Biosciences, USA), and the data were analyzed using
BD Cell Quest for Mac OS° X software application (BD Bio-
sciences, USA). DEC fraction among all blood cells analysed
was correlated with the total number of leukocytes ex-
pressing CD45* (CD45 - total leukocyte antigen), expressed
in x10°/I. The total number of leukocytes in blood was as-
sessed by flow cytofluorimetry using a XS-1000i haemato-
logical analyzer (Sysmix Corporation, Japan).

Peripheral blood plasma from CHD patients of both
study groups and healthy donors, as well as blood plas-
ma from the coronary sinus of CHD patients of both
groups was aliquoted and stored at -80 °C for no more
than 12 months. The concentration of VEGF-A, PDGF, SDF-1
was measured using a commercial multiplex assay test sys-
tem ‘Magnetic Luminex Assay Kit for VEGFA, VEGFB, PDGF,
SDF1, SCF, FGF1, GM-CSF, MSR1’ (Cloud-Clone Corp., USA)
and an automated analyzer Bio-Plex Protein Assay System
(Bio-Rad, USA). The concentration of Ang-2 and MMP-9 pro-
teinase in plasma was measured by enzyme-linked immu-
nosorbent assay using commercial kits ‘RayBio Human AN-
GPT2 ELISA Kit' (RayBiotech, USA) and ‘Human MMP9 ELI-
SA’ (ThermoFisher Scientific, USA) according to the manu-
facturers’ instructions.

The myocardial samples obtained were fixed in 10 %
neutral buffered formalin, paraffinized and histological
sections 4-5 um thick were made using an automatic rota-
ry microtome HM 355 S (Thermo Scientific, USA). Sections
were stained with hematoxylin and eosin [15], enclosed
in BioMount mounting medium (BioOptica, Italy). Immuno-
histochemical staining was performed on 4 um thick paraf-
fin sections for which deparaffinization, antigen demasking,
and blocking of non-specific binding with 3 % bovine se-
rum albumin in phosphate-buffered saline (PBS) were per-
formed. Following this, slices were incubated with prima-
ry antibodies to aSMA (Spring BioScience, USA) for 60 min
in a humid chamber followed by 3-fold washing in PBS,
then incubated with secondary HRP-labelled antibodies
for 45 min followed by 3-fold washing in PBS. In the last
step, DAB-chromagen substrate (HRP-DAB (horseradish
peroxidase — diaminobenzidine) imaging system; DAKO,
USA) was added and stained with haematoxylin. All sections
were enclosed in BioMount mounting medium (BioOptica,
Italy). The preparations were studied in transmitted light
using an Axioskop 40 microscope (Carl Zeiss, Germany);
images were digitized using a Canon G 10 camera (Canon,
Japan). Tissue markers were counted at x400 magnifica-
tion in 10 randomly selected fields of view corresponding
to 1 mm? of tissue [16]. Specific vessel area and aSMA ex-
pression as percentage of the studied tissue area were esti-
mated using the AxioVision graphic image processing pro-
gram (Carl Zeiss, Image)).

Statistical analysis of the data was performed us-
ing Statistica 10.0 program (StatSoft Inc., USA). In statisti-
cal description of the results, median, 25th and 75th per-
centiles were calculated for quantitative traits; for qualita-
tive traits, sample fraction was estimated. In order to com-
paratively analyze sample data, Mann - Whitney (for inde-
pendent samples) and Wilcoxon (for dependent samples)



criteria were applied, using Benjamini — Hochberg correc-
tion for multiple comparisons. Chi-square test with Yeats’
correction for continuity was applied to compare the fre-
quencies of occurrence of the trait in the groups. The re-
sults of statistical analysis were considered statistically sig-
nificant at p < 0.05.

RESULTS

The DEC content in peripheral blood of CHD pa-
tients, whether ICMP was present or not, was higher
than that of healthy donors and did not differ between pa-
tient groups in both blood from the cubital vein (Table 1)
and blood from the coronary sinus (Table 2). At the same
time, EPC abundance in peripheral blood was elevated

TABLE 1

in CHD patients without cardiomyopathy (Table 1). In pa-
tients with ICMP, on the contrary, this parameter of total
blood flow varied within physiological values (Table 1),
while DEC abundance in sinus blood was 2.5 times higher
than in peripheral blood, which was not observed in CHD
patients without cardiomyopathy (Tables 1, 2).

The content of VEGF-A and PDGF growth fac-
tors in peripheral blood of CHD patients correspond-
ed to the values in healthy donors irrespective of ICMP
presence and did not differ between the patient groups
(Table 1), but the coronary blood flow analysis revealed
significant differences (Table 2). For instance, in CHD pa-
tients without cardiomyopathy, PDGF levels were high-
er in sinus blood than in peripheral blood (Tables 1, 2).
Meanwhile, VEGF-A content in blood from the coronary
sinus prevailed over its level in blood from the cubital

CONTENT OF ENDOTHELIAL PROGENITOR AND DESQUAMATED CELLS AS WELL AS MEDIATORS OF ANGIOGENESIS
IN BLOOD FROM THE CUBITAL VEIN IN CHD PATIENTS AFFECTED AND NOT AFFECTED BY ICMP, Me [Q1; Q3]

Indicators

CHD without ICMP

EPC content
VEGFR2*CD34tCD14%, %

0.74 [0.46; 1.23]
p, <0.001

DECs number
CD45-CD146%, x10 >/l

7.25 [6.80; 7.47]
p, =0.038

4.50 [3.00; 8.00]

VEGF-A, pg/ml 2 on1a
60.00 [50.00; 80.00]

SDF-1, pg/ml o002

PDGF, pg/ml 3.10[2.10; 7.05]

p, = 1.000

445.0[137.5;552.5]

Angiopoetin-2, pg/ml P, = 1000

11.95 [7.00; 13.40]

MMP-9, pg/ml P, = 0.460

Group of examined individuals

CHD with ICMP Healthy donors

0.31[0.15; 0.64]
p, = 0.260
p=0.038

0.19[0.13;0.32]

7.26 [5.43;17.94]
p, =0.037
p=0597

5.12[3.73;5.84]

6.00 [3.00; 9.50]
p,=0.216
p=0.502

3.80[1.00; 6.50]

49,00 [37.00; 56.00]
p =0.174
p=0.115

30.00 [5.00; 45.00]

4.85[1.20;9.10]
p, = 1.000
p=0.870

2.68[1.65;7.10]

540.0 [403.0; 670.0]
p,=0.612
p=0.884

388.0[317.0; 460.0]

13.65 [6.50; 19.60]
p, = 0.848
p=0.588

13.20 [9.60; 19.00]

Note. p, —level of statistical significance of the differences in indicators compared with the content of cytokines/cells in healthy donors; p — level of statistical significance of the differences in indicators compared
with the content of cytokines/cells in CHD patients without cardiomyopathy; statistically significant differences are marked in bold.
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TABLE 2

DESQUAMATED ENDOTHELIAL CELLS AND MEDIATORS OF ANGIOGENESIS IN BLOOD FROM THE CORONARY SINUS
IN ASSOCIATION WITH SPECIFIC VESSEL AREA CHARACTERIZATION AND ASMA EXPRESSION IN MYOCARDIUM FROM CHD
PATIENTS BOTH AFFECTED AND NOT AFFECTED BY ICMP, Me [Q1; Q3]

Indicators

CHD without ICMP

DECs number
CD45-CD146%, x10 /I

10.17 [6.80; 18.83]
p,=0.128

7.80[3.25;9.75]

Group of examined individuals

CHD with ICMP

17.98[10.27; 22.97]
p, =0.036
p=0.156

6.89 [3.25; 15.60]

VEGF-A, pg/ml _ p,=0.007

p,=0.041 p=0918

40.30 [26.00; 62.00] 46.80 [32.50; 64.00]

SDF-1, pg/ml = 0.086 p,=0.286

Py =9 p=0623

_ 7.86[2.92;8.77]

PDGF, pg/ml 7.60 [3'17)0(,)3694] p,=0.674

Py =9 p=0736

Angiopoietin-2, pg/ml

MMP-9, pg/ml

Vessel specific area, %

aSMA expression, %

767.0 [494.0; 988.0]
p,=0.128

5.92[5.07;17.42]
p,=0.972

8.10[7.60; 11.30]

1111.5 [845.0; 1235.0]
p, <0.001
p =0.002

16.64 [6.63; 29.12]
p, = 0.649
p=0.038

6.60 [4.60; 8.90]
p=0815

5.70[5.60; 6.70]

1.30 [0.60; 2.80]
p =0.007

Note. p, - level of statistical significance of the differences in indicators compared with the content of cytokines/cells in peripheral blood; p — level of statistical significance of the differences in indicators compared
with the content of cytokines/cells in CHD patients without cardiomyopathy; statistically significant differences are marked in bold.

vein in CHD patients of both groups without differences
between patient cohorts (Tables 1, 2). SDF-1 concentra-
tions in peripheral blood exceeded the norm only in CHD
patients without cardiomyopathy (Table 1); however, re-
gardless of the ICMP occurrence, the level of this medi-
ator corresponded to that in sinus blood, and no differ-
ences between the patient groups were revealed in both
blood samples (Tables 1, 2).

The content of Ang-2 and MMP-9 in peripheral blood
of CHD patients affected and not affected by ICMP was reg-
istered at the level of parameters of healthy donors
and did not reveal any differences between patient groups
(Table 1). Meanwhile, the concentration of both mediators
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in blood from the coronary sinus was higher in patients
with ICMP than in CHD patients without cardiomyopathy
(Table 2). Furthermore, the concentration of Ang-2 in sinus
blood prevailed over that in peripheral blood only in pa-
tients with ICMP, and the content of MMP-9 correspond-
ed to its content in peripheral blood independently from
the ICMP occurrence (Tables 1, 2).

The study of histological preparations of myocar-
dium revealed that the vessel specific area in CHD pa-
tients of both study groups was determined at a compa-
rable level, but aSMA expression in patients with ICMP
was 6.2 times lower than in CHD patients without cardio-
myopathy (Table 2).



DISCUSSION

The obtained data demonstrates significant differen-
ces in the mediator profile of blood from the coronary si-
nus in CHD patients affected and not affected by ICMP,
which does not correspond to the nature of the imbalance
of angiogenesis factors in peripheral blood (Tables 1, 2),
indicating the involvement of different mechanisms of an-
giogenesis regulation in the affected heart and at the sys-
temic level. Specifically, in patients with ICMP, DEC content
in blood from the coronary sinus was higher than in periph-
eral blood (Tables 1, 2), and EPC level in blood from the cu-
bital vein remained normal (Table 2). In contrast, in CHD pa-
tients without cardiomyopathy, DEC abundance in blood
samples was comparable (Tables 1, 2) with high levels
of EPCs in the systemic bloodstream (Table 2). This indi-
cates anincreased attraction of EPCs with reparative poten-
tial from bone marrow into blood in CHD patients without
cardiomyopathy, which is a compensatory reaction during
atherogenesis and, obviously, provides reparative angio-
genesis adequate to endothelial destruction in the heart.
In ICMP patients this compensatory reaction, apparently,
is not realized: physiological level of EPC in blood is insuf-
ficient for coronary vessels repair in conditions of athero-
sclerosis, therefore angiogenesis is not effective, and en-
dothelial destruction prevails, which proves the presence
of angiopoietic endothelial dysfunction in ICMP. Signifi-
cantly, no increased destruction of coronary endothelium
was revealed by measurement of DEC content in blood from
the cubital vein in ICMP (Table 1).

HIF-1 (hypoxia-inducible factor 1) is a central regu-
lator of angiogenesis as it enhances gene transcription
of several pro-angiogenic proteins (SDF-1, VEGF, PDGFB,
Ang-1, Ang-2) and their receptors [17], thereby preventing
myocardial ischaemic damage [18]. Insufficient coronary
vascular repair in ICMP may be associated with an imbal-
ance of angiogenesis mediators that ensure EPC mobiliza-
tion from the bone marrow, their homing and proliferation/
differentiation/secretory activity in coronary vessels. Among
the studied mediators of angiogenesis in the peripheral
blood of CHD patients without cardiomyopathy manifesting
EPC excess, only SDF-1 concentration was elevated, while
in patients with ICMP both indices (EPC and SDF-1 content)
were in compliance with the norm (Table 1). Accumula-
tion of SDF-1 in plasma stimulates mobilization of CXCR4*
cells from the bone marrow, including haematopoietic
stem cells and EPCs, which express CXCR4 as a receptor
for SDF-1. The interaction between SDF-1 and CXCR4 also
stimulates the recruitment and retention of stem cells in is-
chaemic areas [12, 19].

The content of another angiogenesis activator
VEGF-A in blood from the coronary sinus exceeded
that in peripheral blood among CHD patients of both
groups (Tables 1, 2), apparently reflecting the induction
of angiogenesis under ischaemic conditions. VEGF-A binds
to VEGFR1 and VEGFR2, stimulating proliferation and dif-
ferentiation of EPCs into endothelial cells, formation of tu-
bular structures and increased permeability of the vascu-
lar wall, and inhibits cardiomyocyte apoptosis [12, 20-22].
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Since hypoxia increases the expression of VEGFR1 [21],
which is a trap receptor for VEGF-A and can inhibit angi-
ogenesis [22] and activate MMP-9 secretion from vascu-
lar myocytes [23], the interaction of VEGF-A with VEGFR1
may be enhanced in ICMP patients considering widespread
myocardial ischaemia, explaining the lack of increase
in its blood concentration. In addition to the proangio-
genic VEGF-Axxxa family, there is also a family of VEGF-
Axxxb isoforms that inhibit angiogenesis [23]. The synthe-
sis of the latter increases under the action of transform-
ing growth factor (TGF) B [23], which is actively secret-
ed in the myocardium of ICMP patients [24]. Additional-
ly, VEGF-A has proatherogenic properties (accumulates
triacylglycerols, inhibits lipoprotein lipase), in contrast
to VEGF-B, which is characterised by hypolipidemic ef-
fects [22].

Along with that, the increase of PDGF concentra-
tion in sinus blood relative to peripheral blood in CHD
patients without cardiomyopathy (Tables 1, 2) indi-
cates stabilization of newly formed vessels in the heart
with VEGF-A participation, which probably does not oc-
cur in ICMP patients. PDGF is known to promote not
only differentiation, mobilization of EPCs from bone
marrow and their migration [25], but also vascular mat-
uration since, unlike VEGF, it attracts pericytes [26],
vascular smooth muscle cells and stimulates endothe-
lial-mesenchymal transition [27]. It is being activated
in the vascular wall and represents the process of loss
of EPC endothelial phenotype and their transdifferenti-
ation into smooth muscle cells, but in dilated cardiomy-
opathy itis also accompanied by the transition of EPCs
into myofibroblasts [28]. PDGF addition to smooth mus-
cle cell culture in vitro increases their survival through
activation of a signalling pathway involving Notch3,
and stimulation of Notch1 signalling maintains their
contractile phenotype [13]. This explains the higher ex-
pression of aSMA in the myocardium of CHD patients
without cardiomyopathy compared with ICMP patients
(Table 2). The aSMA protein is synthesized by vascu-
lar smooth muscle cells, which are the most numerous
in the vascular wall, providing sustenance of vascular
tone [13, 28]. Considering that the specific vascular area
in CHD patients both without and with ICMP was com-
parable, and aSMA expression was lower in patients
with ICMP (Table 2), therefore, it can be concluded that
vascular volume is not altered in ICMP, but the struc-
ture of the vascular wall is obviously disturbed. Spe-
cifically, in ICMP, newly formed vessels are immature,
and existing vessels are likely to lose tone, exacerbat-
ing ischaemia and causing myocardial contractile dys-
function and progression of heart failure.

Ang-2 is a negative regulator of angiogenesis since
it blocks the binding of proangiogenic Ang-1 to their
common receptor Tie-2, destabilises early vessels,
and increases their permeability [29]. Ang-2 in con-
ditions of VEGF-A excess, however, can be a Tie-2 ag-
onist and activate angiogenesis, and in the absence
of VEGF-A excess, Ang-2 accumulation is associat-
ed with vascular regression [23]. Therefore, increased



Ang-2 concentration in sinus blood in patients with ICMP
compared with CHD patients without cardiomyopa-
thy, while the level of VEGF-A in coronary blood flow
was comparable between them (Table 2), can be con-
sidered as a sign of impaired angiogenesis in ICMP.
Ang-2 and MMP-9 are considered as markers of cardi-
ovascular disease, atherosclerosis and endothelial dys-
function [6]. MMP-9 degrades extracellular matrix com-
ponents, including fibronectin [24, 301, which is part
of the basolateral membrane of blood vessels [31].
This can either promote angiogenesis or vascular damage
[6, 30]. Considering that in ICMP patients the content
of MMP-9 and DEC in sinus blood was higher than in pe-
ripheral blood, while in CHD patients without cardiomy-
opathy it was the same (Tables 1, 2), the hypersecretion
of MMP-9 in myocardium probably indicates its angiode-
structive effect.

The results of the study may be limited by the clin-
ical status of patients, provided that the data obtained
are valid for CHD patients with haemodynamically sig-
nificant multivessel lesions of the main coronary arter-
ies. Consequently, these patterns may not yet be evident
in patients in the early stages of ICMP formation, which re-
quires further studies. The results were obtained for indi-
viduals of Caucasoid origin living predominantly in the Si-
berian Federal District.

CONCLUSION

To date, studies of ICMP mechanisms consider the im-
balance of different types of collagen, cardiomyocyte ap-
optosis, impaired Ca?* homeostasis and myocardial con-
tractile function, vasomotor dysfunction of microvessels
as its pathogenetic factors. However, the mechanisms
of angiogenesis in ICMP patients have not been stud-
ied before. The present study has revealed that in CHD,
complicated and uncomplicated by ICMP, two different
variants of its pathogenesis are realized: with and with-
out impaired angiogenesis. The progression of CHD
without cardiomyopathy is accompanied by a com-
pensatory increase in the mobilization of EPCs from
the bone marrow in response to atherogenesis by excess
SDF-1in the blood. EPCs are actively recruited to the heart
by VEGF-A and PDGF. Mature vessels containing suffi-
cient smooth muscle cells (expressing aSMA) are formed
in the myocardium as a result of PDGF secretion; there-
fore, activation of angiogenesis limits the progression
of ischaemia and endothelial desquamation remains
moderate. ICMP formation is associated with the ab-
sence of increased EPC mobilization, which are attracted
to the myocardium by the action of VEGF-A alone, where,
without the involvement of PDGF, immature vessels
are formed that are easily degraded by Ang-2 and MMP-9.
Such angiogenesis is obviously inadequate to the degree
of vascular damage and forms a vicious circle of myocar-
dial ischaemia in ICMP. The obtained knowledge about
the mechanisms of dysregulation of angiogenesis in ICMP
defines targets for its angiogenic therapy, the develop-
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ment of which will enable to slow down the progression
of this severe disease.
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