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Abstract: damage to the blood-heart barrier (BHB) and endothelial dysfunction is a characteristic
feature of congestive (cardiopulmonary) chronic heart failure (CHF), the main cause of death in el-
derly people with CHF caused by new coronavirus variants (SARS-CoV-2), but the mechanism of this
phenomenon remains unclear. The aim of this project is to determine the mechanism of BHB damage
in coronary artery disease (CAD) with COVID-19, as well as the possibility of its correction with the
use of sulodexide. The endocardial endothelium (EE) is a barrier that prevents blood leakage from the
endocardium to the interstitium; however, this barrier is impaired during the course of COVID-19 in
patients with CAD. Previous studies have shown that one of the pathophysiological mechanisms is the
activation of matrix metalloproteinases (MMPs) in CAD with CHF. MMP-9 degrades connexins, which
leads to EE dysfunction. One study [Rubens P. et al. 2021] found a juxtacrine connection of EE with the
myocyte and mitochondria (Mito), but how this works is still an open question. Materials and methods.
We examined 65 patients with coronary artery disease diagnosed with COVID-19. Patients were divid-
ed into two groups: Group I (n=35) — patients who had been taking sulodexide at a dose of 500 LE x
2p/day for 6 months against the background of standard therapy of coronary artery disease; Group II
(n=30) — patients without sulodexide. Echocardiography and laser Doppler flowmetry were performed
at baseline and 6 months later. Echocardiography at the time of inclusion in the study revealed that 30
(50%) patients in group I and 14 (47%) patients in group Il had reduced left ventricular ejection fraction
(LV EF) values of 40 to 50%. After 6 months of treatment with sulodexide, a tendency to improve LV
systolic function and decrease in left ventricular myocardial mass index (LFMMI) was noted in patients
of group 1. There were no differences between the groups at the time of inclusion in the study in terms
of the level of the capillary flow reserve — occlusion test (CFRo) and the capillary flow reserve — nitro-
glycerin test (CFRn). A repeated study of CFR revealed a significant increase in CFRo and CFRn levels
only in group 1. In patients of group II, no significant changes in CFRo and CFRn were found. An inverse
relationship between the level of CFRo and C-reactive protein (CRP) was found in patients of group [
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(r=0.52, p<0.05). After 6 months of treatment, plasma CRP concentrations decreased significantly: from
17.7 [1.3; 50.1] to 5.7 [1.0; 12.0] mg/L in group I (p=0.01) and from 14.2 [1.2; 27.0] to 4.2 [1.0; 11.0]
mg/L in group II (p=0.01). No significant correlations between CRP level and CFRo after 6 months of
treatment were found. There were correlations of CFRo and CFRn with left ventricular systolic function,
as well as inverse relationships with the size of the left and right ventricles and systolic pressure in the
pulmonary artery. There was a tendency to improve systolic and diastolic left ventricular function in
the first group, where sulodexide was used, and no significant changes in echocardiography were noted
in the second group. At the initial examination of patients, the ratio of CFRo and CFRn had no signif-
icant differences. After 6 months of treatment, a significant increase in the ratio of CFRo and CFRn
was observed only in patients taking sulodexide, and no positive dynamics of this ratio was observed in
group I1. The results indicate that MMP-9 activation, endothelial damage, endothelial-myocyte (E-M)
uncoupling, and mitochondrial-myocyte uncoupling in heart failure in patients with CAD combined with
COVID-19 were detected to a significant extent; however, treatment with sulodexide successfully miti-
gated the destructive changes in the heart in CAD with CHF. The results obtained are directly relevant
to the range of cardiac manifestations and phenotypes arising from COVID-19 complications in people
with CAD. Conclusion. The obtained results confirm the improvement of microcirculation, as well as
a tendency to improve systolic function and left ventricular myocardial mass index after 6 months of
sulodexide treatment in patients with coronary artery disease with preserved and moderately reduced
left ventricular ejection fraction (LV EF) who have undergone COVID-19. The described effects of im-
proving endothelial function, as well as improving the state of the blood-brain barrier due to the use of
sulodexide, make it possible to recommend the use of this drug in the category of patients with CAD to
reduce the negative impact of COVID-19 on the cardiovascular system.

Keywords: Coronary Artery Disease; COVID-19; Endothelium; Chronic Heart Failure; Sulodexide.

Introduction al. 2021; Karahan S. et al. 2022) and laser Doppler

SARS-CoV-2 has a negative impact on the mi-
crocirculation (MC), causing endothelial damage,
microthrombosis, and microvascular occlusion
(E. Cenko et al. 2021). Microvascular changes are
considered not only as a pathophysiological as-
pect of acute SARS-CoV-2 infection, but also as
a factor associated with an increased risk of devel-
oping long-term postinfectious consequences in
COVID-19 convalescents (Xu S.W. et al. 2023).
Patients with concomitant cardiovascular disease
are more susceptible to complications associat-
ed with COVID-19 and have higher concomitant
mortality (Mondini L. 2023). Coronary artery dis-
ease cooperates with SARS-CoV-2 infection on
the principle of mutual reinforcement (Rudyk Y.S.
2021). Microvascular changes, including endothe-
lial dysfunction and damage, are factors that con-
tribute to the mutual worsening of the course of
the 2 diseases. The methodology of non-invasive
study of MC, in particular in patients or those who
have recovered from COVID-19, involves the use
of nail (video) capillaroscopy (NC) (Natalello G. et

flowmetry (LDF) (Sabioni L. et al. 2021; 2023).
There are data on the targeted assessment of mi-
crovascular dysfunction in coronary vessels in pa-
tients with COVID-19 and survivors of COVID-19
(Malahfji M. et al. 2022; Caliskan M. et al. 2022;
Rola P. et al. 2022), which, however, are not read-
ily available in routine clinical settings. Consider-
ing that COVID-19 causes systemic endothelial
damage, we extrapolated the laser Doppler flowm-
etry (LDF) values of the background recording on
the left forearm (Fullerton A. et al. 2002), as well
as the ECHO values to assess the state of the BHB.
Patients with coronary artery disease (CAD)
have an increased risk of severe COVID-19 and
death. Oedema, myocardial inflammation, fibrosis,
and related complications are observed in patients
recovering from COVID- 19, as well as in patients
with post-COVID syndrome. Cardiac lesions are
present in 80% of patients, and prolonged myo-
cardial inflammation persists in 60% of cases with
an average time interval of 71 days in COVID-19,
even in asymptomatic patients (Jia-Fu Wei. et al.
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2020; Rudyk Y.S. 2021). The 45-day cumulative
risk of venous thromboembolism after discharge
was 0.2%. In another cohort, it was 4.8 per 1000.
The incidence of thrombosis (pulmonary embo-
lism, intracardiac thrombus, and ischemic stroke)
within 30 days was 2.5%. The risk of thrombotic
events in the post-COVID-19 period may correlate
with the severity of hyperinflammation (E. Cenko
et al. 2021). Acute myocardial injury (AMI) was
detected in 15.8% of 110 patients, half of whom
had high troponin T levels that were 5 times high-
er than normal. Patients with AMI were older and
more likely to require hospitalization in the inten-
sive care unit, mechanical ventilation, and treat-
ment with vasoactive drugs. Troponin T levels
were associated with disease severity, and 3 deaths
occurred in COVID-19 patients with AMI (Jia-Fu
Wei, 2020).

Numerous studies have focused on CAD with
CHF, but only a few have determined the function
of the BHB (Rubens P. et al. 2021). The endotheli-
um, whether it is located in the endocardium, coro-
nary or capillary vessels, is the main barrier against
BHB dysfunction (Brutsaert, D.L. 1998; 2003;
Smiljic, S. et al. 2017). As for the tight junction
proteins, such as connexin-37 between endotheli-
um and endothelium, connexin-43 between endo-
thelium and myocyte, myocyte and other myocyte,
and mitochondria (mito)-myocyte, they are prima-
ry connexins (Dbouk, H.A. et al. 2009; Boengler,
K. etal. 2017). In this context, researchers have be-
gun to explore that it is important to determine the
mechanism of leakage of BHB if they are involved
in various diseases, including viral infections, in-
cluding COVID-19, which infect vital organs such
as the heart (Rubens, P. et al. 2021; Adeghate, E.A.
etal. 2021; Bader, F. et al. 2021; Liu, J. et al. 2021;
Mehra, M.R. et al. 2020; Shchendrygina, A. et al.
2021; Abbasi, J. 2021).

Indeed, remodeling by its nature involves
the synthesis and degradation of the extracellu-
lar matrix (ECM). Thus, matrix metalloprotein-
ases (MMPs) play a significant role in vascular
leakage and interstitial edema (Bauer, A.T. et al.
2010, Rosenberg, G.A. et al. 2007). The basement
membrane between the endothelium and muscles
contains ECM, encompassing latent MMPs and
tissue inhibitor of metalloproteinases (TIMP)/
nitric oxide; NO in the form of a triple complex.
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However, oxidative stress during IHD activates
MMPs and inactivates TIMP through peroxynitrite
and nitration of tyrosine/arginine (Hunt, M.J. et al.
2007). Disruption of the endothelial-myocyte (E-
M), myocyte-myocyte (M-M), and mitochondria
(mito)-myocyte junctions are signs of heart failure
(Zima, A.V. et al. 2013; Pabbidi, M.R. et al. 2013;
Rodriguez, W.E. et al. 2008).

In our study, we investigated the mechanism of
myocardial damage in patients with IHD combined
with COVID-19. According to Rubens P. et al.
2021, connexin-43, which connects myocytes and
mitochondria (mito)-cardiomyocytes, and connex-
in-37 connects endothelial-cardiomyocytes. The
role of MMPs in the degradation of connexins lead-
ing to cardiac dysfunction remains unclear when
E-M, M-M, and mito-cardiomyocyte junctions
are disrupted. We expanded on the hypothesis of
Rubens P. et al. 2021, suggesting that stimulation of
AT?2 receptors by SARS-CoV-2 also contributes to
leukocyte-dependent release of MMPs (including
matrix metalloproteinase I and others), leading to
disruption of the spatial configuration of the C-ter-
minal tail and N-terminal domain of connexin-43
and connexin-37. COVID-19 through AT2 recep-
tors also activates leukocyte-dependent release of
MMP9Y, causing dysfunction of connexin proteins
through the expression of A2A and A2B receptors,
which are associated with Gas and mediate adeny-
lyl cyclase activation, leading to increased levels
of cyclic adenosine monophosphate (CAMP) — one
of the intracellular secretory stimulators. Elevated
cAMP levels lead to the release of a large amount
of isotonic fluid with low protein content and high
concentrations of sodium, potassium, chloride, and
bicarbonate into the interstitium. The presence of
increased cAMP leads to the inactivation of con-
nexins (by disrupting the spatial conformation
of connexins 37 and 43) and dysfunction of E-M
and M-M gap junctions. Loss of bicarbonate and
potassium leads to the development of metabolic
acidosis and hypokalemia (Haskoé G. et al. 2016).
Adenosine receptors Al and A3 are associated
with Gai, which inhibits adenylyl cyclase activity.
In addition, A1 receptors are associated with Goo,
which mediates adenosine inhibition of calcium
conductivity. Meanwhile, A2B and A3 receptors
are associated with Gaq and stimulate phospho-
lipase activity. The extracellular concentration of
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adenosine near normal cells is approximately 300
nM. However, in response to cell damage (e.g., in
inflamed or ischemic tissues), the concentration
of adenosine quickly increases to 600-1200 nM.
Thus, in response to stress or injury, adenosine
mostly exhibits cytoprotective action, protecting
tissues from damage in cases of hypoxia, ischemia,
or seizures. Activation of A2A receptors elicits a
wide range of responses that can generally be clas-
sified as anti-inflammatory (Haské G. et al. 2004).

Although randomized clinical trials are need-
ed to verify potential treatment methods including
Sulodexide (S), when the pharmacokinetics and
pharmacodynamics of Sulodexide will be fully un-
derstood, to determine an effective and safe thera-
peutic regimen for patient treatment, we decided to
study the potential mechanism(s) in patients with
the anticipation of any benefits, if any, regarding
reprofiling S in the treatment of viral infections
such as COVID-19 (Alejandro Gonzalez-Ochoa
et al. 2020; Sam Schulman, Job Harenberg 2021).
Sulodexide is a highly purified mixture of gly-
cosaminoglycan consisting of fast-acting heparin
and dermatan sulfate, which has a positive impact
on the fibrinolytic system, platelets, endotheli-
al cells, and inflammation (Sadykov D.V. 2008).
The endothelial protection of sulodexide includes
an influence on the glycocalyx and endothelial
cells. The glycocalyx is a thin layer consisting of
proteoglycans, glycosaminoglycans, and glyco-
proteins that covers the endothelium of all blood
vessels and performs several important physiolog-
ical functions (Shen D. et al. 2019 Dogné S, 2018)
and its disruption can worsen endothelial function
(Lasierra-Cirujeda et. all 2010). Endothelial gly-
cocalyx is damaged in acute respiratory distress
syndrome induced by endotoxemia in mice. Pro-
tection against endothelial damage by accelerating
glycocalyx synthesis weakens glycocalyx damage,
reduces the level of IL-6, and improves survival
in animal models (Lauver DA. et al. 2006). Sulo-
dexide inhibits disruption of glycocalyx permea-
bility and oxidative stress in experimental isch-
emia-reperfusion injury (Femiano F. et al. 2008).
In cultured endothelial cells, sulodexide restores
the glycocalyx barrier (Bilinska M. et al. 2009). In
a model of balloon-induced injury to the carotid
artery in rats, intraperitoneal injections of sulodex-
ide restore the endothelial glycocalyx, increase the
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level of endothelial nitric oxide synthase, attenu-
ate endothelial hyperplasia, and suppress platelet
aggregation, decrease the expression of CD31 and
intercellular adhesion molecule-1 (ICAM-1), nor-
malize the level of osteopontin and vascular cell
adhesion molecule-1 (VCAM-1), and prevent in-
flammatory infiltration of the vessel wall CD68
(Li T. et al. 2017). In patients with diabetes with
reduced endothelial glycocalyx thickness, oral ad-
ministration of sulodexide has been shown to re-
store glycocalyx thickness (Broekhuisen LN. et al.
2014). In cultured endothelial cells exposed to high
glucose concentrations, sulodexide suppresses the
inflammatory phenotype by reducing levels of reac-
tive oxygen species (ROS), monocyte chemoattrac-
tant protein-1 (MCP-1), and interleukin-6 (IL-6),
as well as increasing the rate of wound layer cell re-
pair (Ciszewicz M, et al. 2009). Similar studies on
experimental aging human endothelial cells have
shown that sulodexide reduces age-related chang-
es (Suminska-Jasinska K. et al. 2011). Sulodexide
improves endothelial dysfunction in streptozoto-
cin-induced diabetic rats, while in cultured human
umbilical vein endothelial cells, sulodexide opposes
inflammation and endothelial dysfunction induced
by patient serum with progressive chronic venous
diseases, metabolic stress (methylglyoxal), or ra-
diation. In these studies, the cytoprotective effects
of sulodexide led to a decrease in ROS production,
reduced synthesis and release of pro-inflammatory
cytokines such as IL-1, IL-6, IL-18, tumor necrosis
factor-alpha (TNF-a), MCP-1, ICAM-1, and DNA
damage (Urbanek T. et al. 2016; De Felice F. 2019).
Sulodexide also prevents apoptosis of endothelial
cells undergoing oxygen-glucose deprivation. This
protective effect appears to be mediated by a reduc-
tion in oxidative stress (Gabryel B. et al. 2016).

It is known that Sulodexide (S) exhibits anti-
thrombotic effects on platelet aggregation, plasma
coagulation, and fibrinolysis. It inhibits platelet
aggregation in response to cathepsin G, thrombin,
and tissue factor. It counteracts plasma coagulation
factors Xa and Ila, thus showing an antithrombin
effect similar in vitro to enoxaparin (Rajtar G et al.
1993; Adiguzel C, Igbal O, Hoppensteadt D. et al.
2009; Cosmi B.et al. 2003). Thrombolytic activity
was first demonstrated upon the addition of sulo-
dexide to clots formed 6 hours prior (Barbanti M,
et al. 1992)
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When administered orally, sulodexide reduc-
es the level of plasminogen activator inhibitor-1
(PAI-1) and increases the level of tissue plasmino-
gen activator (tPA) (Mauro M. et al. 1992; Crepal-
di G. et al. 1990). The antithrombotic activity of
sulodexide when administered orally has been con-
firmed in clinical studies showing its effectiveness
in preventing recurrent venous thromboembolic
events (Errichi BM. et al. 2004; Andreozzi GM. et
al. 2015).

Sulodexide exhibits anti-inflammatory action:
The anti-inflammatory effects of sulodexide have
been demonstrated in several in vitro studies, an-
imal models, and in humans. Sulodexide acts on
the regulatory inflammatory response, reducing
such inflammatory mediators as interleukins (IL)
IL-6, IL-8, IL-1b, IL-2, IL-10, IL-13, interferon B,
macrophage inflammatory protein-13 (MIP-1p),
transforming growth factor-f1 (TGF-B1), vascular
endothelial growth factor (VEGF), monocyte che-
moattractant protein-1 (MCP-1), tumor necrosis
factor-o (TNF-a), granulocyte colony-stimulating
factor, and granulocyte-macrophage colony-stim-
ulating factor. Sulodexide reduces oxidative stress
by decreasing reactive oxygen species (ROS) and
increasing superoxide dismutase (SOD) activity, as
well as reducing matrix metalloproteinase-9 acti-
vity, which can cause tissue damage (Mattana P et
al. 2012; Mannello F. et al. 2014; Munari ACF. et
al. 2015).

Sulodexide is safe: It is noteworthy that sulo-
dexide does not have serious side effects. Long-
term treatment (two years) did not show a higher
incidence of bleeding than placebo. Additionally,
a meta-analysis showed lower cardiovascular and
overall mortality compared to comparator drugs:
Direct oral anticoagulants, vitamin K antago-
nists, aspirin, and placebo (Bikdeli B. et al. 2020;
Pompilio G. et al. 2020).

Sulodexide, when used in the early stages of
COVID-19, was associated with limiting disease
progression, reducing the need for oxygen sup-
port and hospitalization (Frati AC, et al. 2021). It
is known that Sulodexide inhibits MMP activity,
endothelial hyperpermeability, and thus prevents
glycocalyx damage (Munari ACF. et al. 2015).
The mechanisms of action of Sulodexide or its de-
rivatives are still being developed as they are not
fully understood (Salma Charfeddine et al. 2022).
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MMPs play a crucial role in tissue damage that oc-
curs during remodeling (Arthur Melkumyants et
al. 2022).

Aim: to determine the possibility of correcting
the damage to the blood-heart barrier (BHB) as a
consequence of the impact of the SARS-CoV-2 vi-
rus on the cardiovascular system using sulodexide
by assessing intracardiac hemodynamics and mi-
crocirculation in patients with coronary artery dis-
ease with concomitant COVID-19.

Materials and methods

A prospective study was conducted on 65 pa-
tients with coronary artery disease (CAD) and lab-
oratory-confirmed COVID-19 (verified by a pos-
itive PCR test for SARS-CoV-2 RNA), with the
U07.1 code according to ICD-10. CAD was con-
firmed based on the criteria of the European Soci-
ety of Cardiology: previous myocardial infarction,
interventional procedures on coronary arteries
(stenting or coronary artery bypass grafting), and
a positive stress test (exercise stress test or dobu-
tamine stress echocardiography). The study was
conducted upon admission of patients to the hos-
pital and 6 months after discharge at the Kyiv City
Clinical Hospital No. 18 and Medbud, a subsidi-
ary of Kyivmiskbud (Kyiv) from December 2019
to December 2022.

Inclusion criteria: age 50-80 years, existing
CAD, positive COVID-19 test, heart failure with
preserved or slightly reduced ejection fraction
(phenotypes B and C, according to the European
Society of Cardiology, 2020). Exclusion criteria:
acute myocardial infarction, acute bleeding, ter-
minal oncology, severe anemia, pregnancy, lack of
informed consent. An allergic reaction was a crite-
rion for discontinuation from the study.

Patients were divided into two groups: Group |
(n=35) — patients with CAD combined with
COVID-19 who, in addition to standard medical
therapy for chronic heart failure (CHF), received
sulodexide at a dose of 500 LU twice daily for 6
months after discharge from the hospital; Group II
(comparison group, n=30) — patients who received
standard medical therapy without additional sulo-
dexide.

The study was approved by the local Ethics
Committee of Bogomolets National Medical Uni-
versity (protocol No. 631 dated 07.12.2022). All
patients provided informed consent before partic-
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ipating in the study. The clinical characteristics of
the patients are presented in Table 1.

The investigated groups were similar in age,
gender, extent of lung tissue involvement, oxygen
saturation level, presence of hypertension, diabetes
mellitus, obesity, and severity of heart failure. The
degree of blood pressure elevation did not differ
significantly between the groups: stage 1 hyperten-
sion was diagnosed in 12 (34%) patients in Group I
and 10 (30%) patients in Group II, stage 2 hyper-
tension in 10 (29%) and 8 (27%) patients, stage 3
hypertension in 13 (37%) and 12 (40%) patients,
respectively.

The treatment prescribed to the patients did not
differ significantly; ACE inhibitors were received
by 22 (63%) patients in Group I and 20 (67%) pa-
tients in Group II, angiotensin receptor blockers by
13 (37%) and 10 (33%) patients, beta-blockers by
31 (88%) and 24 (80%) patients, antiplatelet agents
and statins by 35 (100%) and 30 (100%) patients,
respectively. After discharge from the hospital, all
patients received antithrombotic agents (new an-
ticoagulants or aspirin) for 30 days as part of the
treatment for COVID-19 and prevention of throm-
boembolic complications.

All patients underwent transthoracic echo-
cardiography (TTE) using an ultrasound system
(HDI11XE, Philips, USA; multiphase transducer
S4-2 [2-4 MHz]). Cardiac remodeling parameters,
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systolic and diastolic left ventricular (LV) func-
tion were assessed according to ASE guidelines.
LA — left atrium (anterior-posterior dimension,
cm); EDV — left ventricular end-diastolic volume,
ml; ESV — left ventricular end-systolic volume,
ml; LVEF — left ventricular ejection fraction; Left
ventricular myocardial mass index, g\m2; RVWT,
right ventricular wall thickness (diastolic), ms;
RVD, right ventricle diameter (anteroposterior
dimension, cm); SBP, systolic pulmonary artery
pressure, mm Hg. The state of microvascular
blood flow and mechanisms of its regulation were
assessed using laser Doppler flowmetry (LDF),
LAKK-02 hardware complex, London, UK, ac-
cording to European guidelines. The following pa-
rameters were determined: baseline microvascular
blood flow (perfusion index [PL, p.u.] p.u. — perfu-
sion units.) — the average value of microcirculation
and functional tests — capillary flow reserve (CFR)
[endothelium-dependent and endothelium-inde-
pendent mechanisms of microcirculatory regula-
tion] (occlusion test [CFR,%]; nitroglycerin ionto-
phoresis [CFRn,%]).

Repeated examination of patients was per-
formed after 6 months of treatment for all pa-
tients included in the study. The concentration of
C-reactive protein (CRP) was measured by en-
zyme-linked immunosorbent assay (ELISA) using
Biomerica reagents (USA). The results of the study

Table. 1. Clinical characteristics of patients

Clinical data 1 group, n=35 2 group, n=30 p

Age, years 62 (55-69) 60 (49-67) 0,083
Males 24 (69%) 22 (73%) 0,062
Proportion of lung damage

CT Imaging -1 16 (46) 11 (37) 0,173
CT-2 14 (40) 16 (53) 0,081
CT-3 5(14) 3(10) 0,182
The level of saturation 92+12 93+8 0,094
Arterial hypertension, % 35 (100%) 30 (100%) 0,072
Myocardial infarction has been suffered. 15(43) 9 (30%) 0,067
Diabetes mellitus 12(34) 8(27) 0,239
body mass index 28,9 (25,1-31,8) | 28,2 (24,9-333,9) 0,175
CHEF, NYHA.

phenotype B, NYHA 2 FC (functional class) 23 (65%) 20 (67%) 0,064
phenotype C, NYHA 3 FC 12 (35%) 10 (33%) 0,261
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were entered into an electronic database for statis-
tical processing using the Statistica v. 14.0.0.15
program. In the case of a normal Gaussian distri-
bution, quantitative indicators are presented in the
form of M (mean) + SD (standard deviation), in
the case of a distribution other than normal — in
the form of median (Me) and interquartile range
[Q25; Q75]. Variables were compared using Fisher
or Mann-Whitney tests. Correlation analysis was
used to study the relationship between two vari-
ables using the Spearman or Pearson correlation
coefficient. The statistical significance of diffe-
rences between qualitative indicators was assessed
using the 2 criterion. The results were considered
reliable if the probability of error was <0.05, which
meets the criteria accepted in biomedical research.

Results

Echocardiography at the time of enrollment in
the study revealed that 30 (50%) patients in group I
and 14 (47%) patients in group II had reduced LV
EF values of 40 to 50%. After 6 months of treat-
ment with sulodexide, a tendency to improve LV
systolic function and decrease in LV MMI was not-
ed in patients of group I. There were no significant
differences between the groups at the time of en-
rollment in the study in terms of CFRo and CFRn
levels. A repeated study of CFRo activity revealed
a significant increase in CFRo and CFRn levels
only in group I. In patients of group I, no signifi-
cant changes in the levels of CFRo and CFRn were
found (Table 2).

During the inclusion of patients in the study, an
inverse relationship of moderate strength between
plasma CRP and CFRo in patients of group I was
found (r=0.52, p<0.05).

After 6 months of treatment, plasma concen-
trations of CRP significantly decreased: from 17.7
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(1.3; 50.1) to 5.7 (1.0; 12.0) mg/l in Group I
(p=0.01) and from 14.2 (1.2; 27.0) to 4.2 (1.0;
11.0) mg/l in Group II (p=0.01). There were no
significant correlations between the level of CRP
and CFRo after 6 months of treatment. Moderate
correlations were observed between CFRo and
CFRn with left ventricular systolic function, as
well as inverse correlations with the sizes of the
left and right ventricles and systolic pressure in the
pulmonary artery. There was a tendency towards
improvement in the systolic and diastolic function
of the left ventricle in the first group, where sulo-
dexide was used, while no significant changes in
intracardiac hemodynamics were observed in the
second group.

One of the most important indicators that al-
lows us to judge the activity of the L-arginine
NO system in improving endothelium-dependent
vasodilation and its impact on microcirculation
system remodeling is the ratio of CFRo to CFRn
(CFRo / CFRn). Upon initial examination of pa-
tients, the CFRo / CFRn ratio did not show signif-
icant differences. After 6 months of treatment, a
significant increase in the CFRo/CFRn ratio was
observed only in patients taking sulodexide, while
there was no positive dynamics of this ratio in
Group II (Figure 1).

Discussion

Clinical studies have shown that severe cas-
es of COVID-19 lead to significant inflammation
and necrosis of cardiomyocytes in the myocardi-
um. The changes triggered by the SARS-CoV-2
virus intervention contribute to significant fibrotic
changes (Bader F. et al 2021).

It is known that worsening endothelial function
is associated with suppression of the L-arginine
NO system, increased concentration of pro-inflam-

Table 2. Dynamics of echocardiography and LVEF in patients with coronary artery disease with
concomitant COVID-19

Data M, Q25-75| 1 group initially 16%;0‘?1‘;": P |2 group initially %i‘(ﬁthe: P
LV ER% 49 (40;56)| 53 (42; 60) * | 0,051 48 (41; 62) 49 (45, 65) | 0,063
LV MMI, g\ 137(93; 160) | 130 (89; 155)* | 0,054| 140 (76;161)| 138 (71; 160) | 0,071
PL p.u. 411(2,53;7,58) | 3,88 (2,28, 7,00) | 0,081 | 4,57 (2,14;9,24) | 4:45 (2,32; 9,00) | 0,085
CFRo% 136 (88;189) | 160 (127;245)| 0,003 | 146 (80;250)| 164 (75; 304) | 0,059
CFRn%. 185 (130;216) | 199 (155;287)| 0,001 | 193 (124;242)| 202 (85; 460) | 0,063
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Ratio CFRo/CFRn
0,84

0,82

0,8
0,78
0,76
0,74
0,72

0,7

0,68
CFRo \CFRn

First groupe 1 gr 6 month

M Second groupe 2 2 gr. 6 month.

Group 1: patients with coronary artery disease
with concomitant COVID-19 who were administered
sulodexide.

Group 2 in patients with coronary artery disease
with concomitant COVID-19 who were prescribed
standard therapy without sulodexide.

Figure 1: Correlation of endothelium-dependent and
endothelium-independent vasodilation in patients
with coronary artery disease with concomitant
COVID-19.

matory cytokines (IL-6, IL-8, IL-1b, IL-2, IL-10,
IL-13, TNF-alpha, etc.), increased concentration
of MMP-9 and a deficiency of TIMP-1, increased
adenylyl cyclase activity, leading to edema and
degradation of the intercellular matrix, develop-
ment of pronounced dilation of the left ventricular
cavity, and rapid progression of systolic heart fail-
ure. Decreased MMP activity indicates a decrease
in the degree of fibrosis. This study demonstrated
that additional administration of sulodexide in the
comprehensive treatment of patients with ischemic
heart disease and preserved or moderately reduced
left ventricular ejection fraction who had recovered
from COVID-19 led to improvement in endotheli-
al function (enhanced activation of the L-arginine
NO system, reduction in pro-inflammatory cyto-
kines, as well as plasma concentrations of MMP-9
and TIMP-1).

According to A. Gonzalez-Ochoa et al. 2020,
sulodexide may help restore the integrity of the
glycocalyx in venous and arterial endothelium,
which can reduce or limit the response to inflam-
matory molecules. It has an antithrombotic effect,
which may help reduce the frequency of thrombo-
embolic complications, which can be beneficial
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for these patients. We hypothesize that sulodex-
ide, administered in the early symptomatic stages
of COVID-19, will improve clinical outcomes,
reduce hospitalizations, and decrease morbidity
and mortality in patients with IHD. According to
S. Charfeddine et al. 2021, sulodexide in patients
with long-term COVID-19 may be an effective
means of relieving chest pain, palpitations, fatigue,
and neurocognitive disorders associated with en-
dothelial dysfunction. The study by Zudina A.M.,
2021 convincingly demonstrated the importance
of sulodexide in reducing inflammation, anticoag-
ulant effects, and improving endothelial function
(Kryvoschekov E.P. 2022). Sulodexide significant-
ly (by 40%) reduced the number of circulating en-
dothelial cells, potentially indicating its antiviral
endothelial-protective properties. It also prevent-
ed excessive platelet activation and the formation
of erythrocyte sludge according to Arthur Mel-
kumyants, 2022.

Sulodexide improves the condition of the
glycocalyx barrier and reduces its damage in
COVID-19, reducing the level of thrombomod-
ulin, von Willebrand factor (Gy6z6 Szolnoky.
2022). Sulodexide, a precursor for the synthesis of
glycosaminoglycans (GAGs), may help restore the
damaged endothelial glycocalyx and prevent fur-
ther degradation (J. Gonzalez-Ochoa et al. 2022).
Improving the integrity of the glycocalyx not only
restores the barrier function of the endothelium but
also allows the endothelium to better modulate the
production of key inflammatory molecules, such
as IL1, IL6, IL8, and TNF, while simultaneously
reducing its response to them. The heparin com-
pound adds an af-antithrombotic and profibrino-
lytic effect, which may be important against the
procoagulant state caused by SAR-CoV-2; more-
over, it may exert additional anti-inflammatory ac-
tion. Sulodexide is known for its pleiotropic action
and protective effect on the endothelium (Shen D.
et al. 2019). It exhibits antithrombotic properties
by reducing the level of fibrinogen (Dogné S. et
al. 2018; Lauver DA. et al. 2018) and plasminogen
activator inhibitor-1 (PAI-1) inhibitor (Dogné S. et
al. 2018; Bilinska M, et al. 2003) and is believed
to have anti-inflammatory properties (Mauro M. et
al. 1993; Femiano F. et al. 2003). In various cardio-
vascular indications, the use of sulodexide has been
associated with a reduced risk of venous thrombo-
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embolism, myocardial infarction, cardiovascular
mortality, and all-cause mortality (Bilinska M. et
al. 2009; Bikdeli B. et al. 2020). Treatment with
sulodexide has been associated with a significant
increase in CFRo and CFRn, as well as the ratio of
CFRo/CFRn, indicating improvement in endothe-
lial function and a slower rate of microcirculatory
remodeling (Kryvoschekov E.P. 2022).

According to Rubens P. et al. 2021, activa-
tion of MMP-9 induces EMMPRIN (CD147),
reduces the level of connexin-37, and causes
endothelial endocardial (EE) leakage, and sulo-
dexide mitigates MMP-9 activation, EE leakage,
and dysfunction of the muscles of the pulmonary
diaphragm. Although MMP-9 degrades colla-
gen/elastin and connexins, collagen metabolism
occurs faster compared to elastin or connexins,
which in turn are replaced by stiffer collagen (Ji-
ang Q-J. et al. 2018; Rucklidge, G.J. et al. 1993).
Therefore, a shift in the collagen/elastin ratio may
lead to fibrosis. Increased cardiovascular risk in
ischemic heart disease (IHD) essentially linked to
fibrosis and MMP-9, which degrades connexins
(-37 and -43), causing disconnection of E-E and
M-M junctions. Fibrosis caused by collagen deg-
radation by MMP-9 can be reduced by lowering
the level of MMP-9. Although sulodexide reduces
the level of MMP-9, the mechanism of this effect
is unknown. In our opinion, adenosine receptor
expression is involved here, so it is necessary to
determine whether MMP-9 activation reduces the
level of connexin-43 and causes disconnection of
endothelial-myocyte (E-M) and myocyte-myo-
cyte (M-M) junctions, and whether sulodexide
mitigates them. Connexins in myocytes are im-
portant for proper mitochondrial functioning
(Rottlaender D. et al. 2012; Boengler, K. et al.
2012).

Elevated levels of mitochondrial MMP-9 dis-
rupt connexin-43, leading to the disconnection of
mitochondria and myocytes. In patients with isch-
emic heart disease and heart failure, there is a dis-
ruption in the regulation of mitochondrial fusion
and fission (Givvimani, S. et al. 2014; Givvima-
ni S. 2012). The dynamic process of myocyte con-
traction and relaxation is synchronized with mito-
chondrial fusion and fission, as mitochondria make
a significant contribution to calcium balance and
energy production in myocytes (Zima, A.V. et al.
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2013). There is a decrease in the Mfn2/Drpl ratio
(Mfn2; mitofusin 2, a mitochondrial fusion pro-
tein/Drpl; dynamin-related protein, a mitochon-
drial fission protein), indicating abnormal predom-
inance of fission over fusion, leading to abnormal
mitophagy (Givvimani, S. et al. 2012).

Altered mitochondrial dynamics due to de-
creased Mfn2/Drpl ratio result in desynchroniza-
tion. Sulodexide may mitigate the disconnection
of junctional connections between mitochondria
and cardiomyocytes, supporting mitochondrial dy-
namics (Mfn2/Drp1 ratio) and inhibiting connexin
degradation mediated by MMP-9. Our study sug-
gests that sulodexide reduces the induction of pro-
teolytic and mitochondrial oxidative stress (Salma
Charfeddine. 2022).

Thus, remodeling of the blood-heart barrier
(BHB) involves: worsening of endothelial func-
tion, degradation of the extracellular matrix (ECM)
through hyperproduction of pro-inflammatory cy-
tokines, activation of matrix metalloproteinases,
adenylyl cyclase system, which play a significant
role in vascular leakage and interstitial edema
(Bauer, A.T. et al. 2010, Rosenberg, G.A. et al.
2007), and disrupt junctional connections between
endothelial-myocyte (E-M), myocyte-myocyte
(M-M), and mitochondria (mito)-myocyte, which
are signs of prolonged heart failure (Zima, A.V.
et al. 2013; Pabbidi, M.R. et al. 2013; Rodriguez,
W.E. et al. 2008) in patients with CAD in combina-
tion with COVID-19. Correction of this condition
should be carried out using endothelioprotectors
such as statins, beta-blockers, ACE inhibitors (an-
giotensin receptor blockers), antithrombotic agents
in combination with sulodexide.

Conclusion

The results obtained confirm the improvement
of microcirculation, as well as the tendency to im-
prove systolic function and left ventricular myo-
cardial mass index after 6 months of sulodexide
treatment in patients with CAD with preserved
and moderately reduced LVEF who have had
COVID-19. The described effects of improving
endothelial function, as well as improving the state
of the hematocardial barrier through the use of su-
lodexide, make it possible to recommend the use of
this drug in this category of patients to reduce the
negative impact of COVID-19 on the cardiovascu-
lar system.
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sk BILIUBY Bipycy SARS-CoV-2 Ha cepueBo-CyIuHHY cHCTEMY
y xBopux Ha IXC y noeananni 3 COVID-19
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Anomauin: ypasicenus 2emamoxapoianrvrnoeo oap'epy (I'KbB), nopywenns enoomenianoHoi
@yukyii € xapakmepnoio 03Hakoio 3acmitinoi cepyegoi Heoocmamuocmi (CH), ocHo8HOW0O npuuuHo0
cmepmetl rooell noxunozo 6iky 3 IXC, cnposokosanux Hosumu eapianmamu koponasipycy (SARS-
CoV-2), ane mexauizm yYbo2o AGUWA 3ATUUWAEMbCA He3'scosanum. Memowo yvoco npoexmy €
susHayenHs mexauizmy ypaxcenus I'Kb npu IXC i3 3acmitinoro CH i3 pozeumxom 6 nux COVID-19,
a maxodc MONCIUBICMb 1020 KOpeKYii npu euxopucmauwi cynooekcudy. Endomeniii enookapoa
(EE) € bap'epom, wo nepewikodxicae 8umokKy Kpoei 3 enookapoa 6 inmepcmuyiil, 00Hax yeti bap’ep
nopyutyemocs nio uac nepebicy COVID-19 y xeopux na IXC. Ilonepeoni 0ocniodicenus nokazanu,
wo O0OuHuUM 13 Namo@izioNociuHUX MexaHizmié € aKmueayis MAmMpUKCHUX Memalonpomeinas
(MMII) npu IXC i3 XCH. MMII-9 oezpadye xoHHeKcunu, wo npuzeooums 0o oucpynxyii EE. B
ooHomy docniodicenti [Rubens P. et al. 2021] susaeneno wkcmakpunne 3’conanusn EE 3 mioyumamu i
mimoxonopiamu (Mimo), ane sk yei npayroe, 00Ci 3a1UUaAEMbCsL BIOKPUMUM RUManHaM. Mamepianu
ma memoou. byno oocmesceno 65 xeopux na IXC 3 diaenozom COVID-19. Xeopi 6ynu po3nodineti
Ha 06i epynu: I epyna (n=35) — nayieumu, axi npomszom 6 mic. Ha mai cmanoapmuoi mepanii IXC
nputimanu cynooexcud y 003i 500 J10 x 2p/0ooy; 1 epyna (n=30) — xeopi 6e3 cynodekcioy. Ilposoounu
exokapoioepagito i nazepHy OONNLepi6cvbKy @hroymempito Ha NOYamxy 00CHiOdceHHs | uepe3 6
micayie. Ilpu nposedenni exokapoioepaghii Ha Mmomenm 6KIOUEHHS 8 OOCTIONCEHHS OVI0 BUSBIEHO,
wo 30 (50%) nayicumie I epynu i 14 (47%) xeopux Il epynu manu 3nusiceni 3navenns OB JII1I 6io
40 oo 50%. Yepesz 6 mic. nikyeanHsa cynooekcuoom 0yia 6i03HaueHa meHOeHyisi 00 NONINUIeHHs
noxasznuka cucmoniunoi ¢yuxyii JILII, a maxooc smenwenns IMMUIILL y xeopux I epynu. 3a pienem
pesepsy KaniisapHoz2o Kposomoka okniositinoi npoou (PKKo) i pesepsy kaninsipnozo Kposomoxa
Himpoaniyepurosoi npoou (PKKn) éiominnocmeti migic epynamu nio 4ac 6KI04eHHs 8 00CII0NCeHH s
He Oyno. [losmopne Oocnioxcenns nicisi 6 micayie nputiomy cyno0ekcudy Ha mii CmaHoapmuoi
mepanii susasuno 3Hauyywe 30invuienns piens PKKo i PKKn mineku 6 I epyni. 'V xeopux Il epynu
icmomnoi sminu PKKo i PKKu euseneno ne Oyno. Buseneno 360pomuy 3anedicHicme Midc pieHem
CPb i PKKo y xseopux I epynu (r=0,52, p<0,05). Yepe3 6 mic. nikyeanHs niazmosi KOHyeHmpayii
CPE icmommno 3nusunuca: 3 17,7 [1,3; 50,1] 0o 5,7 [1,0; 12,0] me/n y I epyni (p=0,01) i 3 14,2 [1,2;
27,0] 0o 4,2 [1,0; 11,0] me/n y II epyni (p=0,01). Jocmosipnux e3aemoze'azxie mixc pisnem CPE i
PKKo uepes 6 mic. nikysanns sussieno e 6yno. Biomiueno 63aemoss ’sa3xu nokasnuxie PKKo i PKKH
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3 CUCIOIIYHOT0 (DYHKYIEIO 118020 WTYHOUKY, d MAKONIC 360POMHI 3ANENCHOCTI 3 POIMIPAMU 18020 MA
npaso2o WIYHOUKY i CUCIONIIYHUM MUCKOM 8 le2eHesill apmepii. Buaenena menoenyis 00 noiinuienHs
cucmoniunoi ma oiacmoniunoi QyHKyii 1i6020 WIYHOUKA 8 nepuliti epyni, oe 0y8 8UKOPUCTNAHULL
cynooekcuo, 6 opyeiti epyni icmomuux 3min noxasnukie ExoKI ne oyno eiomiueno. Ilpu nepsunnomy
obcmedicenni nayieumis cniggionoutennss PKKo/PKKn ne mano snauywux eiominnocmei. Yepes
6 mic. nixyeanns cnocmepicanocs icmommue 30invuenns cniggionowennss PKKo/PKKn minvku 6
nayienmis, AKi NPUUMAnu Cy100eKcuo, NO3UMUBHOI OUHAMIKU Yb0o2o cniggioHoulenHs 6 11 epyni ne
cnocmepizanocs. Pezynemamu ceiouams npo me, wo akmusayisi MMII-9, endomenianvre ypaswcenns,
eHoomenianvro-mioyumapue (E-M) po3’eonanns i mimoxounopianvHo-mioyumapte po3'eonanms npu
(xponiuniii cepyesiti heoocmamnocmi) XCH y xeopux na IXC y noeonanni 3 COVID-19 6ynu eusneneni
8 3HauHitl Mipi; 00HaK NiKyeanus cynooekcioom (C) ycniuhno nom sKuwuio 0ecmpyKmueHi 3miHu
cmany cepys npu IXC i3 XCH. Ompumani pesyromamu maromes 6e3n0cepeoHe 8iOHOUEHH 00 2amu
KapOiono2iuHux nposeie ma heHomunis, wjo BUHUKAOMb 8HACIi0oK yckaaonewo COVID-19 y niodeti
i3 IXC. Bucnosox. Ompumani pe3yiomamu niomeepoicyioms NOKpAaujeHHs. Cmany MiKpoyupKyisayii,
a makoxc meHOeHyito 00 NOKPAWeHHsT CUCTONIYHOI QYHKYIT ma iHOeKCy macu miokapoa nieo2o
wIyHouKa uepes 6 micayie aikysauHs cynooekcuoom y xeopux Ha IXC 3i 30epesicenoro ma nomipHo
sHudcenoro @B JII, axi nepeneciu COVID-19. Onucani eghexmu nokpawjeHus eHOOmMenianbHoi
@DyHKYil, a maxodc NOKpawjeHHs CMAauy 2emamoxapoiaivHo2o 6ap’e€py 3A605AKU BUKOPUCHIAHHIO
CYN00eKcUdy 0aromes 3M02y PeKOMeHOY8amu 8UKOPUCMAHHS Yb020 NPenapamy 6 Kamezopii Xeopux
IXC i3 XCH 0na 3menwenusn Hecamugrozo enaugy COVID-19 na cepyeso-cyounuy cucmemsy.

KarouoBi cioBa: Imemiyaa xBopoOa cepus, COVID-19, ewnpoteniii, XpoHI4Ha cepIiieBa
HEJIOCTATHICTh, CYJIOIEKCHU]I.
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