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ALTERATIONS IN THE PERIPHERAL CIRCULATION IN HEART FAILURE:
CURRENT VIEW ON ENDOTHELIAL DYSFUNCTION AND PHARMACOLOGICAL
IMPLICATIONS INVOLVING ITS PATHOPHYSIOLOGICAL ASPECTS

T. Ya. Chursina', A.M. Kravchenko?, K.O. Mikhaliev?

! Bukovinian State Medical University, Chernivtsi, Ukraine
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Summary

Introduction. Despite the significant advances in the pharmacotherapy of cardiovascular diseases,
the increasing prevalence of heart failure (HF) and its poor prognosis constitute one of the leading
medical problems worldwide. The complex pathophysiology of HF involves the alterations in the
peripheral circulation, particularly the development of endothelial dysfunction (ED). The deep-
ening of understanding the pathology of ED and the spectrum of pharmacological implications,
involving its certain pathophysiological aspects, could favor the optimization of the personalized
approach to the management of such challenging HF patients.

Aim: to provide a literature review of the current data on the alterations in peripheral circulation
in HF with the focus on ED, and to outline possible pharmacological implications involving certain
pathophysiological aspects of ED in HF patients.

Material and methods. The thematic scientific papers, published predominantly during the last decade, consti-
tuted the study material. The research methodology involved bibliosemantic method and structural and logical
analysis.

Results and discussion. Currently, the ED considered as a stage of a specific continuum, which is
initiated in the form of «activation» of the endothelium, and moves through the stage of its actual
«dysfunction» to the stage of endothelial «damage». Taking into account the important pathoge-
netic and prognostic significance of ED in HF, the endothelium is considered as a target of various
pharmacological influences, including renin-angiotensin-aldosterone inhibitors and statins. Among
the modern approaches to pharmacological treatment of HF, the correction of reduced nitric ox-
ide (NO) bioavailability by modulating the «NO-soluble guanylate cyclase-cyclic guanosine mono-
phosphate» signaling pathway is a perspective option in terms of preventing the occurrence and
progression of ED.

Conclusion. The deepening of knowledge about the pathophysiological features of ED in HF al-
lows both to improve the understanding of the pharmacodynamic effects of already approved car-
diovascular drugs, and to outline the perspectives for pharmacological direct or indirect impact on
endothelium.

Key words: peripheral circulation, heart failure, endothelial dysfunction, pathophysiology,
pharmacological implication

INTRODUCTION At present, HF is still a condition associated with

Despite the significant advances in the pharmaco-
therapy of cardiovascular diseases, the increasing preva-
lence of heart failure (HF) is one of the leading medical
problems worldwide [1-5].

42

a poor prognosis. Even with the existence of several classes
of drugs with a proven effect on clinical events, patients with
HF have a high risk of adverse outcomes, especially if they
have a history of a recent decompensation episode [2, 6, 7].

Kainivyna Ta npodiraxTirana meanmmaa, Ne 2(20)/2022
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In spite of repeated attempts to create a unifying hy-
pothesis that clarifies the pathophysiology of HF, no single
conceptual model has passed the test of time. According
to the cardiovascular continuum concept, the risk fac-
tors, related to myocardial damage, cause the activation
of compensatory neurohormonal mechanisms, that, in-
herently, contribute to HF decompensation from the very
beginning of their launch. At the same time, despite the
importance of the neurohormonal model in explaining the
mechanisms of myocardial remodeling, development and
manifestation of HF, the results of numerous clinical trials
suggest that this concept cannot fully explain the progres-
sion of HF syndrome [1-3, 8].

Currently available pharmacological treatment can
stabilize the clinical course of HF or, in some cases, cause
the reversal of some aspects of its progression. However,
in the vast majority of patients, HF still progresses, albeit
more slowly. Moreover, as HF progresses, many patients
become resistant to conventional treatment regimens and
require their revision [8].

The search for new «levers» of pharmacological influ-
ence in patients with HF, obviously, is impossible without
the comprehensive consideration of interaction between
structural and functional biological changes occurring in
the failing heart. These biological changes are influenced
by the multiple factors, all of which add to the complexity
of understanding the HF pathophysiology [1-3].

Considering the complex pathology of HF, one should
account the importance of the changes that occur in the
peripheral circulation. Among the important findings from
the studies on the peripheral circulation in HF is that en-
dothelial dysfunction (ED) plays a significant role in the
pathogenesis, clinical manifestation and prognosis in HE
Specifically, it contributes to the impaired coronary and
systemic perfusion and reduced exercise capacity in HF
patients [2, 9].

The deepening of understanding the nature of periph-
eral circulatory disorders in HEF, including the pathology
of ED, as well as the spectrum of pharmacological impli-
cations, involving its certain pathophysiological aspects,
will allow to identify the areas, where further refinement
of current paradigms may be needed, and will promote the
development of additional treatments for this population,
in particular to further reduce the risk of recurrence epi-
sode after recently decompensated HF, favoring the opti-
mization of the personalized approach to the management
of such challenging patients [2, 7, §].

AIM

This paper aims to provide a literature review of the
current data on the alterations in peripheral circulation in
HF with the focus on ED, and to outline possible phar-
macological implications involving certain pathophysio-
logical aspects of ED in HF patients.

Kainivyna ta npodiraxrtuana MmeaurHa, Ne 2(20) /2022

MATERIAL AND METHODS

The thematic scientific papers, published predom-
inantly during the last decade, constituted the study ma-
terial. While performing literature search, we also ana-
lyzed the data from particular landmark scientific works,
published earlier than the pre-specified search period.
The literature search was conducted by the use of Google
Web Search and PubMed search engines by the following
keywords: peripheral circulation, heart failure, endothelial
dysfunction, pathophysiology, pharmacological implica-
tions, as well as their combinations. The research meth-
odology involved bibliosemantic method and structural
and logical analysis.

REVIEW AND DISCUSSION

ED as one of the key elements in the peripheral circu-
lation alterations in HF. It is generally accepted that ED
plays an extremely important role in the pathogenesis
of cardiovascular pathology, including HF. It has been
proven that there are two types of endothelial cells in the
heart — in the coronary arterial bed and endocardium.
Despite the many commonalities between the endocar-
dial and capillary endothelium, many differences have
been shown, especially in signaling to adjacent cardio-
myocytes [1-3, 9-12].

The biological features of endothelium can be con-
sidered in the context of positioning each endothelial cell
as an «input-output» system. Input signals are formed in
the extracellular environment, include biochemical and
biomechanical factors, including the following: growth
factors, cytokines, chemokines, lipopolysaccharides, re-
active oxygen (and nitrogen) species (RO(N)S), nucleo-
tides, acetylcholine, adrenaline, lipoproteins, serpins, hy-
poxia, shear stress, pH, temperature etc. At the output, the
transformation of input signals is summed in the form of
cellular phenotype, which is characterized by the specific
features of protein biosynthesis, gene and mRNA expres-
sion, differentiation, proliferation, migration, permeabil-
ity, apoptosis, regulation of leukocyte trafficking, extra-
cellular matrix effects, angiogenesis, vasomotor function,
and, inherently, the endothelial heterogeneity in different
vascular pools. Each endothelial cell has its own unique
properties — the so-called «set point», which is controlled
by epigenetic factors. The differences in these input sig-
nals and the state of the «set point» determine the phe-
notypic heterogeneity and vascular diversity of the endo-
thelium [9-13].

In the light of the «input-output» model, the endo-
thelium should not be considered as a «black box», but as
a multi-organ cell with a large number of nonlinear sig-
naling networks. Moreover, considering the endothelio-
cytes each being a matter of nonlinear input and output
relationships, the properties of one cell cannot predict the
behavior of the entire capillary or vascular pool [10-14].

43
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The cardiomyocytes synthesize many factors that af-
fect the endothelial cell phenotype. At the output, the en-
dothelium expresses a unique pattern of genes and proteins
that affect the function of cardiomyocytes. This recipro-
cal interaction between cardiomyocytes and endothelium
plays an extremely important role not only in myocardi-
al performance, but also in regulation of numerous pro-
cesses, including the cells migration, apoptosis and he-
mostasis [15-17].

It has been long recognized that ED occurs under
the influence of numerous changes in the extracellular
environment and leads to the progression of myocardi-
al remodeling [1-3, 8, 18]. A reference should be made
to the fact that the vast majority of scientific data on ED
in HF have focused on HF with reduced left ventricular
ejection fraction (HFrEF). However, the evidence for the
role of ED in HF with preserved left ventricular systolic
function is growing [19].

Although the endothelium serves as a critical regu-
lator of many aspects of vascular biology, such as hemo-
stasis and inflammation, its ability to produce nitric oxide
(NO) is a «pivot» for a variety of endothelium-dependent
processes, related to HF development and progression. In
parallel with the regulation of hemodynamics, NO acts as
a potent modulator of myocardial oxygen consumption in
the failing heart [1-3, 8-13, 17].

It is well known that NO is synthesized from L-argi-
nine by the enzyme NO-synthase (NOS). All the isoforms
of NOS are represented in the heart: NOS1 — neuronal,
NOS2 —inducible (iNOS), and NOS3 — constitutive (en-
dothelial [eNOS]). Once formed, NO binds to the cor-
responding intracellular receptor, namely the Fe>"-heme
active site (B-subunit) of soluble guanylate cyclase (sGC),
activating the enzyme and converting guanosine triphos-
phate to cyclic guanosine monophosphate (cGMP). The
c¢GMP is an intracellular second messenger, interacting
with the following three effector pathways: cGMP-de-
pendent protein kinases I and I, cGMP-gated ion chan-
nels and cGMP-regulated phosphodiesterases. In general,
c¢GMP is involved in the regulation of vascular tone, car-
diac contractility and cardiac remodeling. The physiolog-
ical effects of cGMP include relaxation of leiomyocytes
with the consequent vasodilation, inhibition of platelet
activation and proliferation of leiomyocytes, modulation
of endothelial adhesion molecule expression, regulation
of leukocytes migration, as well as anti-inflammatory and
anti-fibrotic properties [1-3, 7-9, 13, 20-24].

The decrease in NO bioavailability in HF is based
on both the reduction of its production by eNOS, as well
as the intensification of NO degradation due to enhanced
oxidation. Besides, the increased inflammation, oxida-
tive stress and ED lead to higher conversion of sGC from
its native heme-Fe?*-containing form, for which NO has
a high affinity, to the oxidized, dysfunctional heme-free-
Fe3*-form. Under such conditions, the impairment of

44

NO-sGC-cGMP signaling pathway activity occurs, con-
tributing to the adverse effects on the heart, kidneys and
vasculature, promoting further HF progression [2, 21].

Paradoxically, the chronic production of NO by iNOS
in HF adversely affects ventricular contractility and cir-
culatory function. However, as of today, the data on the
pathogenic role of iNOS in HF are lacking. The use of
iNOS inhibitors does not affect the contractility of the
failing heart or B-adrenoceptor sensitivity of ventricular
myocytes [2].

ED as a stage of the specific continuum. Nowadays, ED
is considered as a stage of a specific continuum, which is
initiated in the form of «activation» of the endothelium,
and moves through the stage of its actual «dysfunction» to
the stage of endothelial «damage» [2].

Endothelial «activation» is positioned as a process
of physiological response of endothelial cells to various
stimuli, which pursues the goal of maintaining homeo-
stasis (i.e., being essentially a protective phenomenon).
In particular, at the stage of «activation» the endothelium
can express a number of cell adhesion molecules, as well
as release von Willebrand factor and fibrinolytic factors.
A key aspect of endothelial «activation» is its reversibility
upon termination of the activating agent(s) impact.

In contrast to «activation», the «dysfunction» of en-
dothelium refers to the cases of its long-term excessive
(e.g., increased ROS production) or depressed function-
ing (e.g., in the form of impaired vasodilation). Given that
«dysfunction» of the endothelium may be the next step af-
ter its chronic «activation» (for example, by prolonged and
inappropriate activation of proinflammatory cytokines),
there is a clear overlap between these two stages of the «en-
dothelial continuumy. In the scope of blood flow control,
the leading pathophysiological feature of ED (in the con-
text of cardiovascular diseases) is the functional deficien-
cy of eNOS, which leads to a reduced NO bioavailability
and excessive ROS production in the vascular wall, which,
in turn, deepens the endothelial functional alterations.

«Dysfunction» may be reversible, while «damage»
of the endothelium occurs against the background of ex-
cessive ED, and is characterized by premature apoptosis/
death of endothelial cells. With the progression of myo-
cardial remodeling and HF, the studies demonstrated the
elevated levels of circulating endotheliocytes, as well as the
ability of apoptotic endothelial cells to activate platelets by
increasing phosphatidylserine expression. Increased shed-
ding of the circulating endothelial cells and high plasma
concentrations of von Willebrand factor are considered
as markers of endothelial damage, which is unlikely to be
reversible [1-3, 8-14].

The systemic nature of ED in HF. In most patients
with HE, ED does not occur in a single arterial pool, but
rather demonstrates a systemic pattern of distribution in
peripheral arteries (e.g., brachial or radial arteries), with
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the parallelism observed in myocardial vessels. The sys-
temic nature of endothelial dysfunction extends beyond
the arterial bed. There is a growing body of evidence that
ED in HFrEF also involves the venous and capillary en-
dothelium. Endothelium-dependent venodilation is im-
paired in chronic HE, but it is especially noticeable in the
case of acute decompensation of the disease.

The data on the systemic nature of ED in HF are
also supported by the results of the studies that revealed
an impairment of the endothelium-dependent vasodila-
tor response in the microvascular bed. Microvascular ED,
along with reduced capillary network density in HFrEF,
can significantly affect the occurrence of chronic peripher-
al tissue hypoxia, fatigue, and reduced exercise tolerance.

Chronic ED in HF contributes to the remodeling of
peripheral arteries, leading to hypertrophy and reduced
elastic properties. To date, there is an evidence of a cor-
relation between impaired endothelium-dependent vaso-
dilation and vascular wall hypertrophy and abnormalities
of local arterial elastic characteristics, such as distensibil-
ity and compliance.

The systemic nature of ED in HF allows to position
the endothelium as a single unique organ. However, this
concept also recognizes the significant heterogeneity of the
phenotype and function of endothelial cells, located in dif-
ferent compartments of the vascular bed. At present, there
is a need for further research aimed at forming a holistic
approach to understanding the systemic and local aspects
of the alterations in structural and functional state of the
endothelium as the progression of HF [2, 9-14, 17-19].

Particular pathophysiological aspects of ED in HF: focus
on «endothelium-red blood cells (RBCs)» interactions. A com-
prehensive understanding of the ED in HF demands to ac-
count the physiological and pathophysiological aspects of
the interactions between endothelium and the formed ele-
ments of blood, in particular RBCs. The wide spectrum of
«endothelium-RBCs» relationships include their interactions
at the level of NO system; while formation of atheroscle-
rotic lesions of the arterial wall; and while the implementa-
tion of various mechanisms of thrombosis [10, 20, 25-27].

The biological system of endothelium-released NO
plays an outstanding role in the regulation of vascular
tone and cardiac performance in HF [1-3, 8, 9]. At the
same time, a number of researchers have been able to de-
tect eNOS and reveal its activity in RBC. RBCs eNOS
was detected in their cytoplasm and the inner layer of the
plasma membrane. RBCs eNOS activity, being hetero-
geneous in different compartments of the vascular bed,
is important for the regulation of the RBCs and platelets
functional state. The series of conditions, such as athero-
sclerosis and HE, contribute to RBCs eNOS dysfunction
and the reduction of NO bioavailability. In general, both
RBCs and endothelium make a significant contribution
to the level of circulating NO pool [20, 25].
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According to the recent study by E Leo et al. [28], both
endothelial and RBCs eNOS contribute equally to blood
flow and blood pressure regulation. The authors mention
that RBCs eNOS expression levels are clearly lower than
in endothelium. However, the massive abundance of RBCs
and extensive surface area appear to provide sufficient NO to
contribute to blood flow and blood pressure regulation. These
data complement the existing knowledge of endothelium-
RBCs interactions, allowing for a better understanding of the
specific role of RBCs eNOS under normal conditions and in
the pathogenesis of different diseases [20, 28]. Among them
one should mention coronary artery disease and chronic kid-
ney disease, where RBCs eNOS is decreased [28].

When considering the interaction between the en-
dothelium and RBCs in the context of the atherosclerot-
ic process, one should deserve attention in the problem
of plasma membrane microvesicles (MVs) (or micropar-
ticles) formation, which has been of scientific and prac-
tical interest in recent years. Plasma membrane MVs are
microscopic (0,1-1 um in diameter) non-nuclear extra-
cellular phospholipid structures of various origins (origi-
nated from many cells and non-nucleated cell elements,
including endothelium, platelets, leukocytes and RBCs),
which form as a result of activation, apoptosis or aging,
promote athero- and thrombogenesis due to the anionic
phospholipid surface, expression of tissue factor and im-
paired eNOS activity [26, 27, 29].

Membrane blebbing and formation of RBCs-derived
MVs results from the loss of phospholipid asymmetry by
the plasma membrane, causing MVs to carry phosphati-
dylserine at their surfaces. Disturbances of membrane-
cytoskeleton interactions underlies the formation of MVs
from RBCs. Although MVs have been positioned as an
undesirable byproduct of these processes, they have now
been shown to be the means of intercellular interactions
in vivo (including the transport of inflammatory molecular
species), to serve as an important regulatory link in various
pathophysiological processes, and to constitute a patho-
genetic component of many disorders of the hemostasis
system, including thrombosis. Moreover, the formation
of MVs is also facilitated by enhanced RBCs adhesion to
the endothelium, being characteristic of a wide range of
pathological conditions, including atherosclerosis and di-
abetes mellitus [26, 27, 29, 30].

It is now known that RBCs are able to mediate the
formation and destabilization of atherosclerotic plaques by
interacting with innate and adaptive immune cells, mac-
rophages and T-lymphocytes. For example, immune cells
can be activated by a variety of endogenous, chemically or
structurally changed molecules. These may include hemo-
globin, released from lysed RBCs, or contained in RBCs-de-
rived MVs. In addition, RBCs-originated exosomes bind to
monocytes, favoring proinflammatory cytokines to boost
the T-cell response. One should note that RBC activity
may be increased due to the oxidation process as well [26].
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Under physiological conditions, the antioxidant
systems from RBCs are able to neutralize RONS, being
formed in the process of hemoglobin deoxygenation. On
the other hand, the balance of redox reactions in RBCs
could be altered, when their passing through the tissues
with intensive production of RONS, including the athero-
sclerotic vessels. Under such conditions, oxidative dam-
age to RBCs outweighs their protective capabilities, while
oxidatively modified RBCs becomes a kind of prooxidant
«bullet» for the tissues, that are remote from the primary
site of injury. A hemoglobin, being among such damaging
agents, is released into the vascular bed from hemolyzed
RBCs, reacting with peroxides and promotes further ox-
idation. In this case, RBCs, instead of being scavengers,
behave as the generators of RONS. In other words, RBCs
can act as a kind of «sensors» of the level of oxidative stress
of a particular organ or tissue [30-32].

As outlined in the comprehensive review by R. Asa-
ro and P. Cabrales [26], oxidatively damaged RBCs can
augment mitogen-driven T-cell proliferation and apopto-
sis, along with enhancing the Th1 cells proinflammatory
and proatherogenic cytokine response. Besides, oxida-
tively stressed RBCs promote the dendritic cells matura-
tion, thereby inciting proinflammatory Th1 cell response.
A mechanism for this is the loss of CD47 at the RBCs sur-
face due to vesiculation, since CD47 appears to be critical
to the RBCs to prevent the dendritic cells maturation. Fi-
nally, oxidatively damaged RBCs may polarize macrophages
toward M1 pathways, thus promoting proinflammatory cy-
tokine response. On the whole, oxidatively compromised
RBCs promote those cell phenotypes that trigger vesicu-
lation and can lead to atherosclerotic progression [26, 33].

Analyzing the available literature, the authors of the
above review [26] discuss the role of RBCs and hemoglobin
in the development of atherosclerotic lesions, emphasizing
the process of plaque neovascularization, and pointing that
such kind of effects implement via the mechanisms of co-
agulation, inflammatory response, as well as cell adhesion
per se. It is important to note that RBCs may generate MVs
more readily within the oxidative environment of athero-
sclerotic plaques. This is related, in part, to the existing
hypoxic conditions, being the background for a switch
from aerobic to anaerobic metabolism, characterized by
glucose and adenosine triphosphate (ATP) depletion,
conditions that are known to promote RBCs vesiculation.
RBCs-derived MVs can then release hemoglobin, arous-
ing the generation of such substances as methemoglobin
and oxyhemoglobin. As a result, local production of M'Vs
during the blood flow through the affected artery region,
may indeed contribute to the atherosclerotic plaque pro-
gression and destabilization [26, 29-31].

Additionally, it should be noted that E Jenny et al. [34]
and D. Tziakas et al. [35, 36] have hypothesized that choles-
terol and hemoglobin, released by RBCs within atheroscle-
rotic plaques, are important contributors to plaque instabil-
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ity via the mechanism involving the «breakdown of RBCs»
releasing cholesterol. The release of hemoglobin-containing
MVs may be partially related to the process of plaque desta-
bilization, although the number of M'Vs would be most likely
quite large to account for the cholesterol levels estimated.

The review by V. Loyer et al. [37] further analyzed
the possible and probable roles of RBCs-derived M Vs in
destabilizing plaques. The authors outlined the general
trends of increased M Vs levels with a range of cardiovas-
cular risk factors and conditions, such as dyslipidemia,
diabetes mellitus, hypertension and atherosclerosis [37].
In the context of these parallels it is worth noting that
RBC:s participate in the transport of lipids in the circula-
tion. Their lipidome is determined by exchange with blood
components, and is altered in lipotoxic diseases, such as
fatty liver disease, HF and diabetes. Moreover, ceramide,
lysophosphatidylcholine, lysophosphatidic acid, palmitic
acid and free cholesterol induce RBCs malfunction [38].

The newer findings by D. Tziakas et al. [39] suggest
that intraplaque hemorrhage with RBCs extravasation and
lysis promotes osteoblastic differentiation of smooth muscle
cells and vascular/valvular lesions calcification. Discuss-
ing the clinical implications, researchers [39] point that
membranes of extravasated, lysed RBCs appear to play an
important role in this process, and RBCs eNO synthase-
derived NO is involved, at least in part, in mediating the
effects of RBCs on vascular and valvular calcification.

Thus, the current body of actual data suggests, that
oxidatively stressed RBCs, containing oxidized hemoglo-
bin, exposing phosphatidylserine at their external surface,
and having compromised membrane-skeleton connectivity,
may undergo increased endothelial cell adhesion and ve-
siculation, consequently impacting the progression of ath-
erosclerosis [26, 33]. In this context it is also worth noticing
that, according to the long-known facts and recent research,
RBCs are characterized by both aging and a process similar
to apoptosis (eryptosis, erythroptosis). It is initiated by the
increase of cytosolic calcium, which causes the «shrinkage»
of RBCs, formation of M Vs, binding of annexin to the sur-
face of RBCs, along with aforementioned alterations of the
plasma membrane phosphatidylserine asymmetry. These
effects lead to the adhesion of RBCs to the endothelium
and the development of microcirculation disorders [40].

Although the prothrombotic state in HF has a multi-
factorial in nature, namely due to the low cardiac output,
dilatation of heart chambers, and peripheral blood stasis,
endothelial damage/dysfunction is also positioned as an
important factor in pathogenesis of thrombotic compli-
cations in such patients. The antithrombotic properties of
the intact endothelium are significantly impaired in case
of ED. For example, excessive exposure to proinflamma-
tory cytokines in HF induces the expression of tissue fac-
tor, which is a trigger of the extrinsic coagulation cascade.
Additionally, it should be noted, that tissue factor is a sig-
nificant predictor of poor prognosis in chronic HF [1-3].

Kainiyga Ta nmpodirakTiana Mmeantimaa, Ne 2(20) /2022



AITEPATYPHUI OTASIA

In disease states, leading to HF development and
progression, such as arterial hypertension, coronary and
extra-coronary atherosclerosis, diabetes mellitus, abnormal
RBCs and RBCs-derived MVs may adhere to the endo-
thelium or extracellular matrix, activate platelets and oth-
er cells, and enhance local thrombin generation, favoring
thrombus formation. At the same time, the antithrombot-
ic RBCs-related influences could be mediated by RBCs
modulation of endothelial cell activation (through release
of NO, NO equivalents and ATP). However, the relation-
ship between RBCs and the physiological and pathological
aspects of the hemostasis system is more complex, which
warrants further research, in particular to elucidate the
clinical implementation of the obtained results [27, 41].

Pharmacological implications involving certain patho-
physiological aspects of ED in HF: classic and modern ap-
proaches. Taking into account the important pathogenetic
and prognostic significance of ED in HF, the endothelium is
considered as a target of various pharmacological influences
[2, 9]. In the context of classical neurohormonal model of
HF pathogenesis, that activation of the renin-angiotensin-
aldosterone axis adversely affects the functional state of
endothelial cells and disrupts the NO signaling pathway
[1-3, 8]. In HF patients, the clinical efficacy of renin-
angiotensin-aldosterone inhibitors, such as angiotensin-
converting enzyme inhibitors (ACEis) and mineralocor-
ticoid receptor antagonists (MRASs), is at least in part due
to their positive effect on the vascular endothelium [2].

The ACEis provide favorable modulation or recovery
of the ED in HF via the series of mechanisms, including
the suppression of ROS generation, reduction in produc-
tion of vasoconstrictor prostanoids, upregulation of eNOS
and inhibition of endothelial cells apoptosis [2, 9]. An ad-
vantageous effect of ACEis on the functional state of the
endothelium in the form of improvement the endothelium-
dependent vasodilation has been demonstrated in a num-
ber of studies [42], although the ability of different ACEis
molecules to restore endothelial function may differ sig-
nificantly [2]. At the same time, one should bear in mind
that current evidence is lacking to justify the preference
of particular ACEis based on their endothelial effects [2].

Statins constitute another classic group of cardio-
vascular drugs, with an endothelium being one of their
treatment targets. According to the results of the majority
of reported trials, statins improve the functional state of
endothelium in HF regardless of its cause. Statins possess
a plenty of pleiotropic properties, but the exact mechanisms
of the action on ED are not clearly defined, and appear to
be independent of their cholesterol-lowering effects. Giv-
en the current evidence for the use of statins in HF, the
presence of ED cannot be an independent indication for
statin therapy in such patients [2, 4, 5].

The pharmacological manipulation of the NO bio-
logical system is one of the oldest concepts in HF treat-
ment, with the huge efforts have been made in this area,
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but the results have, until now, been disappointing. Ni-
trates, being the exogenous source of NO and modulators
of the NO-sGC-cGMP signaling pathway, are still used
in chronic HFrEF, but, except when used in combina-
tion with hydralazine (possessed antioxidant properties)
in self-identified black patients, do not have robust con-
temporary evidence demonstrating any effect on outcomes
and are badly affected by tachyphylaxis [4, 5, 9, 23, 24].

A number of other classes of medications, such as
phosphodiesterase-5 inhibitors (sildenafil), xanthine ox-
idase inhibitors (allopurinol), tumor necrosis factors in-
hibitors (etanercept) and growth hormone, have shown fa-
vorable effects on ED in HF, but the clinical utility of such
effects remains controversial until results of appropriately
designed randomized trials are available [2].

An insufficient supply of L-arginine, being a substrate
for eNOS to produce NO, is suggested to be a pathophysio-
logical factor in ED development. Additionally, L-arginine
supplementation reduces the concentration of asymmetric
dimethylarginine, known to be endogenous NO inhibitor,
which is elevated in HE However, the longer-term effects
of L-arginine supplementation and its impact on clinical
outcomes in HF are the matter of uncertainty. Thus, ac-
cording to currently available evidence, the routine use of
L-arginine supplements is not justified in HF patients [2].

Discussing the modern approaches to pharmacologi-
cal treatment of HF, it should be noted that the correction
of reduced NO bioavailability by modulating the NO-sGC-
cGMP signaling pathway is a perspective option in terms
of preventing the occurrence and progression of ED [1-3,
6-8, 21-24]. It has also been a challenge to capture the po-
tentially beneficial effects of NO without provoking its po-
tentially cytotoxic effects related to RONS production. In
this context, it is important that the beneficial properties
of NO seem to be implemented via the sGC-dependent
mechanisms, while the adverse effects are independent
phenomena. In this regard, sGC per se is considered to be
a particularly attractive therapeutic target [24].

At present, the preclinical data suggest that the sup-
port of sGC activity could be a perspective approach to
the problem of cardioprotection by preventing cardiac and
vascular remodeling, that develops due to the accumula-
tion of extracellular matrix, fibrosis, ischemic/reperfu-
sion myocardial damage, biomechanical stress, as well as
apoptosis of cardiomyocytes and mitochondrial dysfunc-
tion [22, 43-45].

The so-called sGC activators were the first synthe-
sized molecules capable of affecting the activity of the en-
zyme. The pathophysiological prerequisite for their phar-
macodynamic properties is that oxidative stress, associated
with cardiovascular disease, may change sGC-associated
heme from a ferrous to ferric state, weakening its binding
to sGC and consequently producing a relatively NO-re-
sistant state. Accordingly, sGC activators, such as cinacig-
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uat, can bind to sGC with or without haem and activate it
directly, which is suitable when sGC function is impaired
by oxidation. This leads to an increase in cGMP produc-
tion even under conditions of reduced NO bioavailability
[6, 8, 21-24, 43]. Cinaciguat has been shown to improve
hemodynamics in patients with acute decompensated HF;
however, at high doses, it has been associated with signif-
icant hypotension, which resulted in the termination of
early clinical studies [46].

On the other hand, the sGC stimulation is a funda-
mentally new approach, which implies a dual mechanism of
action: an increase in the sensitivity of sGC to endogenous
NO by stabilizing its nitrosyl-heme interaction, as well as
direct stimulation of the heme-containing unoxidized na-
tive form of sGC through another binding site, irrespective
of NO. Thus, such sGC stimulation mechanism allows this
class of drugs to promote cGMP production in NO-inde-
pendent manner, and to act synergistically with NO, which
is suitable for use when sGC has normal function, but the
concentration of NO is low, i.e. under the conditions of its
reduced bioavailability [1-3, 6, 8, 9, 21-24, 43].

Vericiguat is one of the sGC stimulators synthesized
to date, with its major pharmacodynamic effect as an in-
crease of cGMP production important for cardioprotec-
tion. Vericiguat is characterized by indirect activation of
c¢GMP-dependent protein kinases involved in signaling
pathways, which are protective in the context of counter-
acting myocardial hypertrophy and fibrosis. Preclinical
research results suggest that sGC stimulation with verig-
uat can also activate oxidized forms of protein kinases. In
addition to this unique mechanism of action, vericiguat
causes smooth muscle relaxation with the consequent va-
sodilation [43].

Vericiguat has been studied in several phase-II trials
(SOCRATES-PRESERVED, SOCRATES-REDUCED
and VITALITY-HFpEF), and one phase-III trial, name-
ly VICTORIA [23]. Particularly, the Vericiguat Global
Study in Subjects with Heart Failure with Reduced Ejec-
tion Fraction (VICTORIA) [47], enrolled higher risk HF
patients with left ventricular ejection fraction <45%, and
demonstrated a significant reduction in a composite end
point of cardiovascular death or HF hospitalization among
those who received vericiguat, as compared to placebo.

Based on the results of VICTORIA [47], the latest Eu-
ropean Society of Cardiology guidelines position vericiguat
as a treatment option, which may be considered in patients
in NYHA class II-1V, who have had worsening HF despite
treatment with ACEis (or angiotensin receptor-neprilysin
inhibitor), beta-blockers and an MRAs, to reduce the risk
of CV mortality or HF hospitalization [4]. In like man-
ner, recently published AHA/ACC/HFSA guidelines point
that, in selected high-risk patients with HFrEF and recent
worsening of HF already on guideline-directed medical
therapy, an oral sGC stimulator (vericiguat) may be con-
sidered to reduce HF hospitalizations and CV death [5].
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In the context of continuing further research regard-
ing vericiguat, two new trials in HF were launched, namely
VICTOR (a phase III trial, intending to expand the ap-
plicable population of vericiguat in HFrEF patients) and
NCT05086952 (a phase I trial of a new liquid formulation
of vericiguat) [6].

Thus, vericiguat, as a sGC stimulator, represents
a modern approach to harnessing the therapeutic poten-
tial of NO pathway. In contrast with the neurohormonal
blockers, vericiguat, being an agonist, stands alone in its
mechanism of action and complements the existing arma-
mentarium of contemporary HF treatment options. The
conceptual approach to medical treatment of HE, used in
the development of vericiguat, involves certain pathophys-
iological aspects of ED, and serves to highlight the impor-
tance of efforts to boost the endogenous mechanisms of
cardioprotection. In this context, further basic, clinical
and translational studies are obviously required to eval-
uate in more detail the prospects of new classes of drugs
in the treatment of various HF phenotypes [7, 8, 24, 48].

CONCLUSION

Despite the successful implementation of current
guideline-directed pharmacotherapy, the natural history
of HF is characterized by its steady progression, which, at
least in part, is related to highly complex and multi-linked
HF pathophysiology. Among these links, one should rec-
ognize the exceptional role of the alterations in peripheral
circulation, in particular the ED development.

Although the problem of disorders in the functional
state of endothelium has been known for a long time, the
unfading interest in its further study is supported by the
understanding of ED as a stage of the so-called «endothe-
lial continuumy, as well as by defining the role of endo-
thelium in the complex architecture of interactions both
with cardiomyocytes and with components of the blood
system, in particular RBCs. In addition, the deepening of
knowledge about the pathophysiological features of ED in
HF allows both to improve the understanding of the phar-
macodynamic effects of already classical cardiovascular
drugs (in particular, renin-angiotensin-aldosterone inhib-
itors and statins), and to outline the perspectives for phar-
macological direct or indirect «endotheliotropic» effects.

Among such perspective directions, the effects on
various intracellular signaling pathways are of scientific
and practical interest, particularly the NO-sGC-cGMP
one. To date, the sGC stimulation is a possible pharma-
cological option regarding the impact on this pathway,
which is promising in the context of cardioprotection and
its justifiable use under the conditions of ED and reduced
NO bioavailability. Vericiguat, being a sGC stimulator, is
currently the only representative of this class of drugs that
has occupied its «<niche» in the current guidelines for the
management of HF patients.
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Even though the preclinical studies on sGC stim-
ulators demonstrate the attractive results, and the clini-
cal data on vericiguat seem to be promising, one should
account for the available armamentarium of effective,
prognosis-modifying guideline-directed groups of drugs
for the treatment of HF patients, thus there is a strong
need for further research, aiming a number of practical
issues to be elucidated. In particular, it is essential to iden-
tify the additional positive prognostic properties of sGC
stimulators, namely vericiguat, as well as to determine
their significance for optimizing the personalized treat-
ment of patients with various HF phenotypes. Probably,
such an approach, regarding the translation of the exist-
ing fundamental pathophysiological concepts into clinical
practice, is equally valid for other available or perspective
pharmacological options, pretending both to improve the
functional state of endothelium and to modulate the en-
dogenous mechanisms of cardioprotection.

FUTURE PERSPECTIVES

In the context of future research in the field of pe-
ripheral circulatory disorders in HE, a number of directions
deserve attention, in particular the following: 1) the deep-

ening of understanding the role of genetic, molecular and
biophysical factors, involved in the interactions between
cardiomyocytes, endothelium and the blood system; 2) a
comprehensive analysis of the epigenetic mechanisms of
regulation of endotheliocytes at various stages of the «en-
dothelial continuum»; 3) the reveal of novel therapeutic
approaches for the improvement of microcirculation and
boosting the endogenous mechanisms of cardioprotection,
based on the findings from the studies of intracellular sig-
naling pathways and intercellular cross-talks in HF; 4) fur-
ther elucidating the role of extracellular vesicles, derived
from endothelium and other cells, in HF development and
progression, as well as clarifying their therapeutic poten-
tial in such patients; 5) integrating the basic science data
with the evidence from large-scale well-conducted clini-
cal trials, with the aim to maximize the potential of nov-
el treatments for patients with different HF phenotypes,
and to optimize the individualized HF management, while
minimizing the potential risks of polypharmacy.
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NOPYLUEHHS NEPUGEPINHOIO KPOBOOBITY NPY CEPLIEBIA HEAOCTATHOCTI: CYSACHWIA NOrnspg,
HA EHAOTENIAJIbHY JUCOYHKLIIO TA MATO®I310J10TIYHO OBI'PYHTOBAHI MOXJIUBOCTI i

GHAPMAKOJI0MYHOI KOPEKLLI
T.4. Yypcina', A.M. KpaBueHko?, K.O. Mixanes?

! BYKOBWHCbKMIA fiepXaBHUin MeaVuHNIA yHiBEpeuTeT, M.YepHiBLi, YkpaiHa
2 [lepxaBHa HaykoBa ycTaHoBa «HaykoBO-NpaKTUYHMIA LIEHTP NPOGINaKTUYHOI Ta KNiHIYHOI MeaMUMHW» [lepXaBHOr0 ynpaBiHHs

cnpasamu, M.KuiB, YkpaiHa

Beryn. HesBaxaroun Ha cyTTeBi ycmixu y dpapMakoTepanii XBoOpob crcTeMy KpOBOOOITy, 3pocTaHHsI [OLIIpe-
HocTi cepriesoi HeaoctatHOCTi (CH) Ta ii HecCIpMATAMBUI IIPOTHO3 AUIIIAIOTHCST OAHIEIO 3 IIPOBIAHNMX MEAVTHIX
npobaeM B ycbomy cBiTi. CxaaaHa maTtodisiororis CH xapakTepmsyeTbesl 3aAyUeHHIM IOPYIeHb Iepide-
PilfHOrO KPOBOIIAMHY, 30KpeMa BMHUKHEHHSIM eHAOTeAiaabHOI AmcdyHKIl (EA). TToraubaeHHs po3yMiHHS
npupoau EA Ta 11aTodizioAoriuHo o6IpyHTOBAHMX MOXKAMBOCTEN ii papMaKOAOTiYHOI KOPEeKIIil IIOTeHIiHO
COPUSITVIME ONTHMi3allil mepcoHigikoBaHOTO MAXOAY AO BeAeHHs mallieHTis 3 CH.

MerTa: 3AIICHUTH OTASIA CyYacCHUX AiTepaTypHMX AQHUX IIIOAO IOPYIIEHb IepudepiliHOro KpoBoobiry mpu
CH, 3 doxycom Ha EA, a Tako>XX OKPeCAUTI MOXKAMBI ITaTOreHEeTUYHO 06T PYHTOBaHI IIASIXM 11 papMaKOAOrid-

HOI KOpeKIIil y TaKMX IaIfieHTiB.

Marepiaa i MeToan. TeMaTyaHi HayKOBi Iparii, OIyoAiKoBaHi, ITepeBa’kHO, BIIPOAOBK OCTAHHBOT'O AECSITHUAIT-
Ts1, Oy AV BUKOPMCTAHI sSIK MaTepiaA AASI AOCAIASKEHHSI. MeTOAOAOTISI AOCAIAXKEHHS IlepeAbavara 3aCTOCYBaHHSI
6i6A10CeMaHTUYHOTO METOAY Ta CTPYKTYPHO-AOTi9HOTrO aHAAI3Y.

PesyapTaTu Ta o6roBopenHs. Ha Tenepimntniit vac EA posrasiaaeTbes sK CTaais criendivHOro KOHTUHYYMY,
SIKUTA iHITIO€TBCS Y BUTASIAL «aKTUBAIIil» €eHAOTEAIIO, i B IIOAAABIIIOMY IIPOCYBAETHCS €TallaMy JI0T0 «AUCPYHK-
1Iii» Ta «IIOIIKOAXeHH:». bepydn A0 yBaru BaKAMBY IaTOTeHETHMYHY i MporHocTtudHy poab EA npu CH, en-
AOTEAIiT ITO3UITIOHYETHCS SIK MIllIeHb AASI Pi3SHOMAHITHMX PapMaKOAOTIYHMX BIIAMBIB, BKAIOUAIOUM OAOKATOPY
PeHiH-aHTi0TeH3MH-aABAOCTEPOHOBOI cyicTeMn i cratmHM. Cepea CydacHMX MIAXOAIB AO papMaKOAOTiIHOTO Ai-
xyBaaHs CH, mepcrieKTHBHIM HaIIPsSIMOM KOPEKIIil 3HIDKEeHOT 610A0CTyIHOCTI 0KeMAY a3oTy (NO) € MoayAsIist
curaaabHOTO IIASXY «NO-cOAIOOiri30BaHA IyaHiAaTIMKAA3a-IIMKAIYHMI I'yaHOSMHMOHOGOCHAT», 3 OTAIAY
Ha MOXXAMBOCTi TaKOT'O MeXaHi3My y IollepeA’XeHHi BUHMKHeHHsI Ta ITporpecyBaHHs EA,

BucHoBOK. [TorAnbAeHH: ysiBA€HbD IIpo naTodisiororiuni ocobamsocti EA mpu CH Ao3BoAsie moAimmmTy po-
3yMiHHSI hapMaKOAMHAMIUHMX e(deKTiB yKe CXBaAeHUX AO 3aCTOCYBaHHS KapAiOBaCKyASpHUX IIperiapatis,
a TaKO>XX OKPECANTH IIePCIEKTUBHI IIASIXY IPSIMOTO UM HEIIPSIMOTO (papMaKOAOTiYHOTO BIIAVIBY Ha €HAOTEAIIL.

Kntouoei cnoea: nepudepiitnii KpoBoob6ir, cepuieBa HEAOCTATHICTh, eHAOTEAIaAbHA AUC(YHKIIi ST, TATO-

¢disziororisi, papMaKkoAOriTHMIT BIAUB
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