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Abstract

Endothelium is a multilevel cellular structure that permeates all organs and systems of the body.
A disorder of the regulation of the arterial tone underlies essential hypertension. However, its pathogenesis
basis, despite intense efforts, remains unclear. The unfavorable role of emotional stress, hypodynamia,
obesity and disorder of water-salt metabolism is obvious. However, the exact mechanisms and predictors
of the development of arterial hypertension (HTN) are not currently defined. This opposes the prevention
and detection of essential hypertension at an early stage. The investigation of endothelial function as
a target and a predisposing factor for HTN development is promising and implies both scientific and
applied clinical significance. Indeed, understanding of pathognomonic endothelial alterations for HTN
development will clarify its pathogenesis and will help the development of the adequate treatment protocols.
The paper reviews current data on the involvement of endothelial cells (EC) in the development of HTN.
The role of lipid disorders in the physiological state of the endothelium is shown. The role of endothelial
dysfunction in increasing production of active oxygen species and disorders in the nitric oxide metabolism is
highlighted. The activity of the following enzyme is reviewed: NADPH (nicotinamide adenine dinucleotide
phosphate) oxidase, cyclooxygenase, xantinoxydoreductase and endothelial NO synthase. The interaction
of the endothelium and the extracellular matrix, as well as endothelium and smooth muscle cells, is also
given according to the literature data. The role of ghrelin, produced by endothelium, in the regulation
of vascular tone is highlighted. Methods of the EC assessment in vitro under hypoxia are presented. Based
on the literature review, it is clear that the assessment of the endothelium under hypoxia is highly important,
as well as the investigation of the influence of tissue and hemic hypoxia in vivo. These studies will help
to establish the contribution of functional endothelial disturbances to the development of HTN.
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Pesrome

DOHJO0TENUN MpesCTaBIseT cO00H MHOIOYPOBHEBYIO KJIETOUHYIO CTPYKTYpY, IPOHHM3BIBAIOLIYIO BCE
Oprasbl U cucTeMbl opranusma. [ unepronnueckas 6one3ns (I'b) sBisercs 3aboneBanneM, B OCHOBE I1a-
TOTeHEe3a KOTOPOTro JISKUT HapyllIeHUE PEeryssiui TOHyca MarucTpaibHbIX aprepuil. [larorenernueckue
ocHOBBI I'b, HECMOTpsl Ha MHTEHCHBHBIE YCHUIIMA, OCTAIOTCS HesACHbIMU. beccriopHa HebmaronpusTHast
PO SMOIIMOHATIBHOTO CTPECCa, TUIIOANHAMHH, OKUPEHHSI M HApYIICHNH BOJHO-COJIeBOrO oOMeHa. Bme-
CTE C TeM TOYHBIC MEXaHU3MbI U IPEIUKTOPHI PA3BUTH apTepuanbHoi runepren3un (Al) B HacTosiee
BpEMs HE OTpe/iesieHbl. JTO MPEMATCTBYET MPOGUIAKTUKE U BBISBICHUIO ACCEHIIMATBHON THIIEPTECH3UH
Ha paHHe# ctaauu. Vzydenue QyHKIMM SHAOTENNS KaK MUIIIEHHU U TIPeapacioiarammero ¢oHa pa3BuTus
I'b sBnsieTcst 3aj1aueil, UMEIOIIENH KaK MCCIEeI0BATENbCKOE, TaK U MPUKIIAHOE, KIMHUYECKOE 3HAYEHHUE.
JleficTBUTENBHO, €CIM YAACTCS BBIABUTh NAaTOTHOMOHHWYHBIE JUIsl pa3BUTHS Al M3MEHEHHUs 3HIOTENH-
anbHOW (DYHKIINMHU,— 3TO MO3BOJIMT MPOSICHUTH MMAaTOT€HETHYECKHE OCHOBHI 3a00IeBaHus U pa3paboTaTh
a/IeKBaTHbIE MEIMKaMEHTO3HbIE CXEMBbI Tepanuu. B 0630pe paccMOTpeHbl HAaKOIUIEHHBIE HA HACTOSIIIEE
BpeMsi JIaHHBIE TI0 Y4acTHIO sHaoTenua bHbIX KieTok (OK) B passutuu I'b. [lokazan Bkiiag usMeHeHUI
JUMUAHOTO OOMEHA B (PM3UOJIOTHYECKOE COCTOSHUE SHA0TENNAIbHOM BICTIIIKK. OCBElEHa POJIb HApY-
HICHUH SHJO0TeNHaNbHON (QYHKINU B YBEIMYEHUH MPOAYKLIUHU aKTHBHBIX (hopM Kuciopoaa U Ae(eKkToB
MeTabonm3Ma okcua a3ora. [IporeMoHcTpupoBaHa H3ydeHHAss aBTOPCKUMU KOJUIEKTUBAMH aKTHBHOCTH
cnenytoumx (pepmentHeix cuctem: HAJI®H (HukotnHamunaaeHUHAMHYKIeoTHADOChAT)-0KCH1a3bI,
LUKJIOOKCUI€Ha3bl, KCAHTUHOKCHJOPENAYKTa3bl U dHAoTenHanbHoi NO-cuHTa3sl. B3auMonencTeue 3H-
JIOTEJIHS M BHEKJIETOYHOT'O MaTPUKCA,  TAKXKE SHAOTEIINS U IT1aJKOMBIIIEUHBIX KJIETOK TAK)Ke IPUBEICHO
COIIACHO JIUTEPATypHBIM JaHHBIM. OCBEILEHa POJIb IPEIUHA, IPOAYLUPYEMOI0 S3HIOTEINEM B PETYISLIAN
cocyaucToro Tonyca. Ilokazansl MeTonn4eckue moaxoas! kK u3ydeHuro JK in vitro B yCIOBHAX THITOKCHH.
OCHOBHBIM UTOI'OM ITPOBE/IEHHOTO aHAJIN3a JINTEPATYPHBIX JAHHBIX SBJISIETCS HEOOXOAUMOCTD UCCIIEI0BA-
HUSI (QYyHKIIMY SHJOTEIHS B YCIIOBHSAX TUIIOKCHH in Vitro, a Tak)Ke BIMSHUE TKAaHEBON M TeMUYECKOM THITOK-
CHH In ViVO, YTO MO3BOJIUT YCTAHOBHUTH BKJIA/ (DYHKIIMOHAIBHBIX HApyIIEHUH SHA0TeNnus B pazsutue ['b.

KuroueBble ci1oBa: aprepuanbHasi THIIEPTEH3Us, TUIIEPTOHUYECKast O0JI€3Hb, SHAOTENINH, SHOTENHN-
aJbHbIE KIETKU
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Introduction

Hypertensive disease (HD), also called essential
hypertension, or arterial hypertension (AH), repre-
sents a serious medical and social problem. The age
of the debut disease is steadily declining. Despite
intensive efforts, the pathogenesis of HD remains
unclear. The risk factors include emotional stress,
hypodinamy, obesity and violation of the water-salt
balance. However, the variety of clinical manifesta-
tions and variants of HD dictates the search for fac-
tors directly triggering the pathological process. The
state of the endothelium is critically important for
the regulation of the effect of humoral substances
and blood cells on the tone of the vascular wall. It is
obvious that a physiologically consistent endothelial
barrier contributes to the effective regulation of vas-
cular tone through selective permeability for blood
cells and a selective response to stimulating stimuli.
Of particular importance is the adhesive capacity of
endothelial cells (EC), as excessive adhesiveness
leads to disruption of transendothelial migration, and
the lack of adhesion disturbs the intercellular inter-
action. Endothelium has a number of features that
distinguish it from other types of cells: a wide range
of synthesized substances (hemostasis regulators,
vascular tone, permeability, and cytokines), mor-
phological features (caveolae, vesicles, lipid rafts,
Weibel-Palade bodies) and the ability to form gap
junctions via the sophisticated receptor machinery.
It is noteworthy that the endothelium is under con-
stant influence of hemodynamic forces (shear stress),
blood cells (adhesion, aggregation, transendothelial
migration), and also participates in intermolecular
and intercellular interactions with structures located
in the depth of the vascular wall.

A significant effect on the endothelium has a state
of lipid metabolism. ECs carry receptors for low-den-
sity lipoprotein (LDL), being a natural reservoir for
binding an excess of LDL. Constantly interacting with
cells of peripheral blood, the endothelium controls the
migration of cells into the depth of the vascular wall.
Since the blood flow depends on the width of the lu-
men of the vascular bed, the balance of thrombotic and
antithrombotic factors produced by the endothelium
is essential, which is necessary for the regulation of
platelet adhesion.

An important aspect is the production of endothe-
lium components of extracellular matrix components
(ECM): fibronectin, laminin, collagen and proteogly-
cans. The stiffness of the vascular wall directly de-
pends on the structure of the ECM. The predominance
of elastin increases the flexibility of the vascular wall,
and the excess collagen leads to rigidity.

The production of EC growth factors (TGF-B, IGF,
G-CSF and GM-CSF) promotes the restructuring of
the vascular wall with disturbed regulation. Inflamma-
tory cytokines (IL-1B3, TNF-a, IL-6) and chemokines
(MCP-1, eotaxin-3, IL-8, RANTES), synthesized by
the endothelium, promote activation and penetration
of leukocytes (monocytes, lymphocytes, neutrophils,
and eosinophils). The endothelial production of re-
active oxygen species with a vasoconstrictive effect
provides an increased tonus of the muscular layer of
the vascular wall.

All of the above processes contribute to the devel-
opment of hypertension. At the same time, a difficult
problem arises in the process of research, namely: is
endothelial dysfunction the cause or consequence of
hypertension.

Effects of lipid metabolism disorders for the
endothelium

As mentioned above, the vascular endothelium rep-
resents a reservoir for excess binding of low density
lipoprotein (LDL). The study V. Lubrano and S. Balzan
[1] was indicated the role of lectin receptor for low
density lipoprotein (LOX-1) in the pathogenesis of
vascular disorders including essential hypertension.
LOX-1 is a receptor selective for the endothelium [2].
Increased concentration of LDL leads to a decrease
in NO production due to suppression eNOS activity
[3]. There is the point of view that bioavailability of
NO is reduced under the influence of hypercholes-
terolemia, increases the activity of arginase, which
in turn leads to a decrease in the substrate for eNOS
[4]. Level sSLOX-1 (soluble form of LOX-1) in serum
of patients with hypercholesterolemia significantly
combined with decreasing NO-dependent vasodila-
tion [3]. Elevated LOX-1 expression on endothelial
cells in hypertensive patients increases vasoconstric-
tion and leads to the progression of hypertension due
to stimulated tissue hypoxia.

Disturbance of NADPH oxidase activity is a
factor of AH progression

The emphasis in the regulation of blood pressure
bears the NADPH oxidase (NOX). Presently, there
are 7 known NOX isoforms. Endothelium is one of
the main sources of NOX in normal and with AH,
producing NOX1, NOX2, NOX4 and NOXS5. Super-
oxide anion, which is formed during the oxidation of
NADPH, has a pronounced signal effect, affecting
the weakening of the vascular tone. Vasorelaxation
is mediated by nitric oxide produced by eNOS. Li-
pophilicity allows NO to diffuse, penetrating into
the cytoplasm of smooth muscle cells, where the
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level of cGMP increases, which leads to a decrease
in the level of intracellular calcium and relaxation.
The superoxide anion interacts with NO, forming
peroxynitrite, which causes vasoconstriction. Sev-
eral studies have been performed, where the role
of NOX in the development of AH has been dem-
onstrated [5—7]. Mice with knockout of the NOX?2
gene (NOX27) proved to be resistant to angioten-
sin-2-induced hypertension [5]. Also, NOX2~~ mice
showed better bioavailability of NO compared to
the control. Experimental studies were conducted
on the study of inhibitors of NOX2. In SHR rats,
a specific inhibitor of NOX2 (VAS 2870) reduced
the level of ROS in the aortic tissue, improving en-
dothelial function [5].

Increased synthesis of superoxide anion accord-
ing to T.R. Nurkiewicz et al. [8] leads to disruption
of signaling mechanisms in endothelial and smooth
muscle cells by reducing the level of tetrahydrobi-
opterin, a key cofactor necessary for the production
of nitric oxide. The increased formation of peroxyni-
trite during the interaction of the superoxide anion
with nitric oxide contributes to the formation of a
vicious circle: an increase in the superoxide anion
content leads to an increase in the level of peroxyni-
trite, which reduces the activity of endothelial NO
synthase (eNOS), reducing the synthesis of nitric ox-
ide [9]. It is important that the healthy endothelium
has an anti-inflammatory effect due to inhibition of
leukocyte adhesion. The suppression of eNOS activ-
ity leads to an increase in the expression of adhesion
molecules and the activation of such a chemokine as
MCP-1 [10]. An important source of ROS besides the
endothelium is smooth muscle cells, since the oxi-
dation of NADPH is an indispensable condition for
muscle contraction.

Cyclooxygenase indicates the state of the en-
dothelium

Another important aspect of increasing the level
of reactive oxygen species is the activity of the cy-
clooxygenase enzyme (COX). There are two isoforms
of cycloxygenase: COX-1 and COX-2 [11]. While
COX-1 is expressed constitutionally, COX-2 activates
various stimuli, including inflammatory and growth
factors [12]. The most important source of COX is the
endothelium. According to the data of A. Virdis and
S. Taddei [13], in the endothelium of arterioles of pa-
tients with HD there is an increase in COX-2 activity,
which is a factor in suppressing the effect of NO, and,
according to the authors, serves as the main source of
ROS production in hypertensive patients.
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Xanthine oxidoreductase increases the ROS
production by endothelium

The ratio of endothelial-produced ROS and NO
is also determined by the activity of xanthine oxi-
doreductase (XOR) [14]. XOR metabolizes purine
bases, catalyzing the oxidation of hypoxanthine to
xanthine, with the further formation of uric acid.
Structurally, XOR is a homodimer, each subunit of
which consists of four redox regions: a molybde-
num-containing cofactor (Mo-co), a flavinadenine
dinucleotide (FAD), and two iron-sulfur sites (Fe/S).
Mo-co consists of a peter derivative and one mo-
lybdenum atom, which is bonded to dithiolene, two
oxygen atoms and a sulfur atom. Mo-co is the site
of oxidation of hypoxanthine and xanthine, whereas
the reduction of NAD" and O, occurs in FAD. Two
Fe/S clusters provide a channel for the flow of elec-
trons between Mo-co and FAD. Differences in the
spectra of their specific electron paramagnetic reso-
nance (EPR), these Fe/S centers are both ferredoxin
type, but not identical [15]. Over the past 40 years,
the opinion has been formed that an increase in the
activity of xanthine oxidase in ischemia, hypoxia or
inflammation leads to an increase in the production
of ROS, mediating adverse clinical manifestations.
However, recent research has shown that xanthine
oxidase stimulates production of NO in pathologi-
cal conditions. Indeed, in the absence of oxygen
and at an acidic pH, xanthine oxidase demonstrates
nitrite-reductase activity, catalyzing the reduction of
NO,- in *NO in the presence of xanthine or NADH
as substrates (electron donors) [16].

The production of ghrelin by endothelium pro-
motes vasodilation

Recently, data have appeared on the role of ghrelin
in the development of endothelial dysfunction. Origi-
nally, ghrelin was described as a substrate secreted by
the cells of the stomach [17]. Then, there were data on
ghrelin products by endothelial cells [18], as well as
on the expression of receptors on the surface of endo-
theliocytes [19]. A proof of the special role of ghrelin
in patients with metabolic syndrome was obtained.
With intra-arterial administration, ghrelin contributed
to a reduction in endothelial dysfunction, increasing
the availability of NO [20]. The antioxidant proper-
ties of ghrelin were also studied: the inhibitory effect
of ghrelin on the production of NADPH oxidase was
observed [21]. Evidence of the action of the genes on
the tone of the vascular wall in patients with metabolic
syndrome is obtained. The introduction into the artery
of the forearm ghrelin docked endothelial dysfunction
by increasing availability of NO [20] and eliminating
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imbalance between NO and ET-1 [22] that way to al-
low equilibrium between the tonic and dilated effects.

Disorder of the interaction of the endothelium
and smooth muscle cells — the pathway of the pro-
gression of hypertension

For the pathogenesis of hypertensive disease, the
interaction of endothelium and smooth muscle cells
of blood vessels (SMC) is of great importance. Po-
larization of the SM determines the state of vascular
tone. In view of the presence of gap junctions between
the EC and the SMC, the magnitude and sign of the
charge of the EC membrane determines the polariza-
tion of the SMC. The main driving force of hyperpo-
larization of EC is an increase in the concentration of
intracellular calcium, which leads to the discovery of
calcium-bound potassium channels [23]. Further, there
is hyperpolarization of SMC, which can be stimulated
either directly due to the gap contact, or indirectly by
the release of NO, H,O, and K" [25].

Disturbances of endothelial function in sponta-
neously hypertensive rats

One of the approaches to the study of the role of
endothelial dysfunction in the pathogenesis of arte-
rial hypertension is the use of a strain of spontane-
ously hypertensive rats (SHR). When studying the
NO level in SHR rats by several scientific groups,
a wide range of data on the metabolite amount was
revealed. There was a reduced [26], normal [27] and
even elevated [28] NO levels produced by the vas-
cular wall endothelium.

In a recent study, S. Al-Gburi et al. [29] studied the
role of the endothelium in the development of adren-
ergic regulation of the vascular wall tone in SHR rats
depending on the sex of animals. In females of SHR-
rats, an a-adrenergic increase in the tonus of the aortic
vascular wall was observed in comparison with males,
while B-adrenergic receptor-induced relaxation of the
aortic vascular wall was significantly more effective.
By the immunohistochemistry, the authors found that
the expression of a-adrenergic receptors was mainly
observed on smooth muscle cells of the vascular wall,
whereas B-adrenoreceptors were mainly present on EC.
The data did not differ between males and females.
The authors conclude that f-adrenergic vasodilatation
of the vascular wall is mediated by NO produced by
EC. At the same time, the authors found no evidence
of the effect of estrogens on B-adrenergic regulation of
the vascular wall tone. Thus, it remains unclear what
is the main factor of sexual differences in adrenergic
regulation of vascular tone.

Endothelium and C-type natriuretic peptide

In the study, C. Caniffi et al. [30] the role of C-type
natriuretic peptide (CNP) in Wistar and HRS rats was
investigated. CNP is one of the endothelium-allocated
hyperpolarizing factors. The role of CNP in the patho-
genesis of essential hypertension is important due to
a relaxing effect on the tone of the vascular wall. The
authors demonstrated that CNP-induced relaxation of
the aortic wall in both non- and a hypertensive rats is
mediated by NO production and the opening of potas-
sium channels. Increasing peripheral resistance and
rigidity of the vascular wall are the main factors con-
tributing to the growth of blood pressure. In addition
to structural changes, the stiffness of the walls of the
vessels depends on the functional usefulness of the
endothelium. The authors summarize that, in the case
of hypertension, there is a failure of the mechanisms
of CNP-mediated relaxation.

K. Nakao et al. the effect of CNP produced by en-
dothelium on the activity of smooth muscle guanylyl
cyclase B (GCB) was studied [31]. The authors stud-
ied in vivo these interactions in mice knocked out by
endothelial CNP and smooth muscle GCB [31]. Mice
with an absent endothelial CNP gene showed a signifi-
cant increase in blood pressure and a pronounced acute
hypertensive response to the introduction of an NO
synthase inhibitor [31]. In the test with acetylcholine
in the study of the mesenteric artery rings, vasorelaxa-
tion in CNP”~ mice was impaired in comparison with
littermate mice. Also CNP” mice differed significantly
in the level of ET-1 and significantly reduced response
to the introduction of the antagonist of the receptor
ET-1. In contrast, in mice GCB~ there was no increase
in blood pressure in comparison with mongrel mice.
Vasorelaxation with acetylcholine in the mesenteric
arteries was similar to that of the control group. At the
same time, the induction of vasorelaxation with CNP in
GCB™ mice was negative compared to mongrel mice.
The authors concluded that endothelium-derived CNP
promotes regulation of vascular tone and systemic BP,
supporting endothelial function regardless of smooth
muscle GCB [31].

Endothelium and stiffness of the vascular wall

The rigidity of the vascular wall is a factor in the
progression of arterial hypertension. Endothelium
directly contacts the components of the extracellular
matrix. Extracellular matrix (ECM) — the main struc-
tural element that provides rigidity of the vascular wall.
The lumen of the main vessels widens during systole
to accommodate the volume of the blood of the ejec-
tion fraction, after which, tissue diastole is perfused
[32]. To a large extent, the effectiveness of blood fill-
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ing is determined by the elasticity, extensibility and
susceptibility of arterial vessels [32]. Decreased elas-
ticity and increased stiffness lead to increased efforts
to distribute blood flow, increase systolic pressure,
volume overload, hypertrophy of the myocardium
and cardiovascular disorders. Stiffness of the aortic
wall affects microcirculation and vice versa [32]. The
transforming growth factor-f§ (TGF-B) is one of the
main stimuli for the restructuring of the extracellular
matrix. Endothelial cells significantly produce TGF-f
in the activated state. Activating events are hypoxia,
shear stress and increased blood viscosity. The in-
crease in TGF- activity directly leads to an increase
in the synthesis of fibronectin and collagen, and also
indirectly stimulates the production of ECM through
inhibition of collagenase and stimulation of the forma-
tion of TIMP: a tissue inhibitor of matrix metallopro-
teinases [32]. Endothelin-1 (ET-1) peptide, secreted by
EC, has a powerful vasoconstrictor effect. In addition
to mitogenic and hypertrophic action, ET-1 is able to
activate the rearrangement of ECM and stimulate the
production of collagen fibroblasts [32].

Disturbances of microcirculation and arterial
hypertension

Particular importance for endothelial function in
the development of hypertension has a state of micro-
circulation. Traditionally, the role of microcirculation
of the arteries is reduced to regulation of vascular re-
sistance and maintenance of metabolism by blood flow
[33]. Muscle contraction of the arterial wall protects
the underlying vessels from damage due to increased
pressure, prevents excessive perfusion of tissues and
creates a reserve of blood flow [33]. Also, the vascular
tone is regulated by the intercellular electrical connec-
tion and the substances synthesized by the endothelium:
nitric oxide, prostacyclin, endothelin-1 and thromboxane
A2. Each of the mediators released by the endothelium
penetrates into the depth of the vascular wall, acting
on the SMC, causing dilation, hypertrophy or fibro-
sis. Also these mediators are able to penetrate into the
depth of the parenchyma. This particularly applies to
the capillary bed with its large area in the absence of
SMC, where the endothelium has a paracrine effect on
the parenchyma tissue. Tissue hypoxia, observed with
AH, increases the disturbances of microcirculation,
which leads to the progression of the disease.

Endothelium and peroxisome proliferator ac-
tivated receptors

A special group of signal molecules expressed in
the cytoplasm of EC are peroxisomal proliferator ac-
tivated receptors (PPARs). PPARs belong to the first
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superfamily of nuclear hormonal receptors. These re-
ceptors are involved in a variety of homeostatic and
protective processes, including the functioning of the
cardiovascular system, regulation of metabolism, im-
munity, inflammation, thrombosis, angiogenesis and
tumor growth. Three types of PPAR are described:
PPAR-a, PPAR-B/6 and PPAR-y. For each of the re-
ceptors, there is a way of regulating blood pressure.
PPAR-a regulates the transport and oxidation of fatty
acids and the reverse absorption of cholesterol [34].
According to S. Glineur et al., Fenofibrate, which is a
PPAR-a agonist, reduces the production of ET-1 by the
endothelium due to various mechanisms [35]. First, the
activity of the ET-1 promoter is suppressed [35]. Sec-
ondly, the activity of TGF-B, which stimulates the pro-
duction of ET-1, decreases [35]. Third, the production
of the transcription factor KLF-11 is stimulated [35].
In the paper S. Jichova et al. An experimental study
of the effect of fenofibrate on the course of malignant
hypertension in rats of the TGR line was carried out
[36]. The authors concluded that the antihypertensive
effect of fenofibrate is based on the inhibition of RAAS
activity, particularly the ANH-II. Moreover, both sys-
temic and intracentular transformation of ANG-I into
ANG-II was suppressed [36].

The participation of PPAR-y in the regulation of
blood pressure is carried out in three ways: the acti-
vation of signaling pathways of MAPK (mitogen-ac-
tivated protein kinase) and PI3K (phosphoinositide-3
kinase), modulation of RAAS and stimulation of eNOS
formation [37].

The effect of hypoxia on the functional activity
of the endothelium

Of particular importance in the pathogenesis of hy-
pertension is the state of microcirculation of the main
arteries. The effectiveness of angiogenesis processes
in the capillary bed of large vessels determines the ad-
equacy of metabolism. Under hypoxic conditions, dis-
turbance of oxidation-reduction mechanisms of vascular
tone maintenance occurs: excessive formation of ROS,
accumulation of degradation products of extracellular
matrix, reduction of bioavailability of nitric oxide. All
these events lead to the formation of a vicious circle:
hypoxia, increased vascular wall tone, smooth muscle
hypertrophy, ROS production, endothelial damage, de-
terioration of microcirculation and increased hypoxia.
EC are an important source of production of a special-
ized group of proteins called hypoxia-inducible factors
(HIF). Although hypoxia is the most potent factor in-
ducing angiogenesis, with a chronic lack of oxygen in
the tissues, the newly formed capillary network does
not have a full-fledged efficacy. In the T. D. Nauta et
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al. [38] studied the effects of hypoxia in vitro on the
endothelial cells of the microvasculature (hMVEC),
as well as the production of HIF-2a hMVEC. Under
normal culture conditions (20 % O,) supplemented
with VEGF-A and TNF-q, endothelial cells sprouted
3D fibrin matrix after 7 days. While under hypoxic
conditions (1% O,), the germination of h(MVEC was
severely hampered. Turning off the HIF-2a gene with
si-RNA partially restored germination under hypoxic
conditions and increased the effect in normoxia, in-
dicating the inhibitory role of HIF-2a in endothelial
germination, both with normal oxygen content and
hypoxia. In a study by C. Befani and P. Liakos [39],
the effect of hypoxia on the endothelial cells of the
microcirculatory bed (line HMEC-1), as well as the
production of HIF-1a and HIF-2a, was assessed in
vitro. The authors noted that for HIF-1a, the maximum
exposure to hypoxia (a fourfold increase over the con-
trol) was observed after 16 hours of cultivation; Later,
after 24-48 hours, a gradual decrease in the effect oc-
curred (twofold growth). While production of HIF-2a
increased 30-fold after 8 hours of cultivation and re-
mained elevated 20-fold after 48 hours. The authors
evaluated the transcription activity of HIF genes under
the influence of hypoxia and under normal conditions
after 4 and 24 hours of cultivation. It was revealed
that under hypoxic conditions in HMEC-1 cells, tran-
scription activity of HIF increased by cultivation for
4 hours 10-fold, and after 24 hours-70-fold compared
with the control. In the same experiment, the hypoxia-
induced expression of mRNA PAI-1 (well known as
the target for HIF-2a) remained elevated 48 hours after
culturing. The expression of VEGF mRNA, which is
regulated by HIF-1a and HIF-2a, also increased un-
der the influence of hypoxia and remained increased
after 48 hours of culture. The proliferative activity of
HMEC-1 has also been studied under conditions of
hypoxia. The authors noted a 30 % decrease in pro-
liferation after 48 hours of culture and 60 % after 72
hours. The chemotactic activity of HMEC-1 was also
evaluated in hypoxic conditions. To assess the chemo-
taxis, filters (pore size 8§ um) coated with laminin-1
and collagen IV were used. The chemotactic activity
of HMEC-1 under conditions of hypoxia significantly
(by 50 %) increased 24 hours after culture, regardless
of the type of matrix [39].

For the production of NADPH oxidase by endothe-
lial cells, there is a stimulation mechanism associated
with endothelin-1 [40]. Thus, ET-1 induces the ex-
pression of NOX2 by endothelium in vitro, as well
as the production of ROS ex vivo EC isolated artery
by activating the receptor for ET-1 [40]. ET-1 also
stimulates the formation of superoxide anion in the

experimental model of mild hypertension [40]. There
is also an inverse relationship: as a result of the activ-
ity of ET-1, the superoxide anion produced by NOX2
causes vasoconstriction [40].

It is known that in the EC, mitochondria are the
main source of superoxide anion. In the study A. Koz-
iel and W. Jarmuszkiewicz, an observation was made
of the effect of chronic hypoxia on the oxidative me-
tabolism of mitochondria EC [41]. The umbilical vein
endothelial cells (HUVEC) were cultured for 6 days
at an oxygen amount of 1 %. The effect of hypoxia
was studied both at the cell level and in the isolated
mitochondria. In EC, hypoxia inhibited tissue respi-
ration during the oxidation of amino acids, fatty ac-
ids and carbohydrates, at the same time, stimulating
the oxidation of ketogenic amino acids. Hypoxia in-
creased the production of ROS both in mitochondria
and in the cytoplasm, although the antioxidant system
(SOD 1 and SOD 2) and cell viability did not change.
In mitochondria of EC, subjected to hypoxia, the ac-
tivity of the electron transport chain of the I complex
(succinate) increased, and the I complex (NADPH)
was suppressed. The activity of the II complex was
increased due to succinate-resistant products of ROS,
mainly due to reverse electronic transport. In general,
the authors made an obvious conclusion that chronic
hypoxia causes a switch from aerobic to anaerobic me-
tabolism [41]. In the work of P. Hernansanz-Agustin
et al. the effect of acute hypoxia on tissue respiration
EC was studied. The authors found suppression of
the first electron transfer complex [42]. According to
the author, the consequence of acute hypoxia is the
activation of the Na"/H" exchanger, which leads to an
increase in the production of ROS [42]. It seems that
a significant factor in the progression of AT is tissue
hypoxia, which contributes to the production of ROS
and leads to a steady increase in vascular tone.

The AT-II, acting via AT-1R, promotes the activa-
tion of NOX, stimulating the production of ROS [43].
With hypertension with the participation of AT-II, ROS
produced by NOX-1, contribute to kidney damage [43].

Endothelium, immune disorders, and hypertension

According to P.R. DeBatista et al. expression of
the receptor of innate immunity TLR 4 on endothelial
cells, is enhanced by RAAS, contributing to the main-
tenance of hypertension [44]. In addition, an increase
in the expression of TLR 4 leads to the activation of
oxidative stress. Essential hypertension is interpreted
by the authors as an inflammatory process of low in-
tensity [44].

According to G.F. Bomfim et al. activation of
TLR 4 on EC leads to mild inflammation and increases
vascular tone in spontaneously hypertensive rats [45].

453



Also, the activating effect of AT-II on TLR-4 led to
endothelial dysfunction, including oxidative stress and
activation of MyD 88 JNK/NF-kB signaling pathways
[46]. In turn, suppression of TLR-4 reduced the produc-
tion of ROS and stimulated MyD 88 production of IL-6
on the endothelium of spontaneously hypertensive rats
[47]. Mitochondrial extracellular DNA also promotes
hypertension due to the activation of TLR-9 [48].

T-regulatory lymphocytes (Tregs) are also involved
in the pathogenesis of AH. In the study M. O. Mian et
al. the effect of AT-II on endothelial dysfunction and
remodeling in Ragl™ mice was studied in the deficit
of FOXP3-positive Tregs. In such animals, there was
an enhanced response to AT-II in the form of inflam-
matory polarization of monocytes/macrophages and
damage to microvessels compared to Ragl~~ mice
without Treg deficiency.

Conclusion

Thus, the endothelium in hypertension plays a dual
role: on the one hand reflects the functional disorders,
and on the other — a factor of disease progression.
Exact mechanisms of the involvement of endothe-
lial cells in the initiation, development of the disease
and maintenance of vicious circles of the pathologi-
cal process require further study. However, there is a
significant body of data indicating the leading role of
endothelial dysfunction in the development of arterial
hypertension. First of all, it is a defect in the regulatory
mechanisms of products of ROS and NO. Indeed, the
increased NO production at the strengthened forma-
tion of superoxide anion does not lead to a weaken-
ing of the tone and vasoconstriction due to increased
peroxynitrite synthesis. Products EC growth factors
(TGF-P) stimulates the synthesis of collagen and lead
to an increase in rigidity of the main wall of the arter-
ies, which exacerbates the HD.

In light of the identified lesions endothelial func-
tion at HD seems most reasonable following sequence
of activation events: lack of exercise, which is charac-
teristic for patients with hypertension leads to tissue
hypoxia, which gives microcirculation resistive arteries,
increases the activity of vasoconstrictors (endothelin-1)
stimulates angiogenesis, which is due to inadequacy
de novo formed capillary network leads to the pro-
gression of functional disorders (increases vasocon-
striction). To further study the role of the endothelium
in the initiation and development of HD, studies on
both experimental and clinical material are required.
In particular, it is necessary to study the interaction of
blood cells with endothelium in vitro and in vivo in
both spontaneously hypertensive rats and patients with
HD. The analysis of the obtained data will help to re-
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veal the exact mechanisms of the role of endothelium
in the pathogenesis of arterial hypertension.

Abbreviations

AT-1R receptor of angiotensin-1

CNP C-type natriuretic peptide

COX cyclooxygenase

eNOS endothelial NO synthase

FAD flavin adenine dinucleotide

FOXP3 forkheadboxP3 (transcriptional protein of T-
regulatory lymphocytes)

GCB guanylate cyclase B

G-CSF granulocyte colony stimulating factor

GM-CSF granulocyte-mononuclear colony stimulat-
ing factor

HD hypertensive disease (Russian traditional name of
essential hypertension)

HIF hypoxia inducible factor

HMEC-1 endothelial cells of the microvascular bed of
a human (cell line)

HMVEC endothelial cells of human microvascular bed

IGF insulin-like growth factor

IL-1B interleukin-1 beta

IL-6 interleukin-6

IL-8 interleukin-8

JNK c-junN-terminal kinase

KLF-11 Krueppel-likefactor-11 (transcription protein of
embryonic development)

LOX-1 lectin-like receptor for low-density lipoproteins

MAPK mitogen-activated protein kinase

MCP-1 monocyte chemotactic protein-1

MyD 88 primary myeloid differentiation gene 88

NF-«B nuclear factor kB

NOX NADPH oxidase

PAI-1 plasminogen inhibitor activator

PI3K phosphoinositide-3-kinase

PPAR peroxisome proliferator activated receptor

Ragl gene that activates recombination-1

RANTES [chemokine], regulated after activation, se-
creted and expressed by normal T cells

SHR spontaneously hypertensive rats (rat strain)

Si-RNA small interfering RNA

sLOX-1 soluble form LOX-1

SOD superoxide dismutase

TGF-f transforming growth factor beta

TLR toll-like receptor

TNF-o tumor necrosis factor alpha

Treg T-regulatory lymphocytes

VEGF vascular endothelial growth factor

XOR xanthine oxidoreductase
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