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ABSTACT

Impairment of extracellular and intracellular calcium homeostasis can have a damaging effect on the functioning
of both individual organs and systems and the whole organism. In the cardiovascular system, disorders of
calcium metabolism trigger a cascade of auto-inflammatory responses, leading to persistent morphological and
functional disturbances. In this review, impaired calcium homeostasis is defined as a predictor of the development
of hypersensitivity in cardiovascular disecases. We analyzed the development of a cardiovascular pathology
(atherosclerosis, aortic valve calcification, and essential hypertension) with impaired calcium metabolism and
pathological mechanisms that cause the disturbances. Calcium sensors, polymorphic variants of genes, and
hormones involved in calcium metabolism can reveal the features of calcium metabolism and contribute to a
personalized approach to treatment of cardiovascular diseases.
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neiicTBre Ha (GyHKIHOHUPOBaHHE KaK OTICIbHBIX OPraHOB M CHCTEM, TaK M Ha BECh OpraHu3M B 1enoM. B cep-
JIEYHO-COCYAMUCTOH crcTeMe aucOaaHc KaabLUeBOro 0OMeHa 3allyCKaeT KacKaj peakiUii ayTOBOCIAIUTEILHOIO
XapakTepa, MPUBOIIIMX K CTOMKUM MOp(OIOrnyeckuM U (QyHKIIMOHAIBHBIM HapyleHHsM. B nanHom o63ope
HapyIlIEHUE KaJIbLIUEBOTO TOMEOCTa3a PACCMATPUBAETCS KAK NMPEAUKTOP Pa3BUTH UMMYHHOU I'MIIEPUyBCTBUTEIb-
HOCTHU IIPU CEPAECYHO-COCYIUCTON naTtoioruy. IIpoananu3upoBaHo pa3BUTHE MATOJOTHMHU CEPAEUHO-COCYAMCTOM
CHCTEMBI (aTepOCKIIepo3, KaJblH(UKaUs KIalaHOB CepAlla ¥ ICCCHIMANbHAs TMIEPTEH3Ms) IPH HapyLICHHH
KaJlbLEBOr0 OOMEHa M NaTOJOIMYECKUX MEXaHU3MaX, KOTOphble JaHHBbIC HapylLIeHHUs BbI3bIBaloT. KanbliueBble
CEHCOPBI, MOTUMOP(HbIE BapUAHTHI TEHOB U TOPMOHBI, yYaCTBYIOLHE B 0OMEHE KaJIbLINS, MOTYT BBISIBUTH OCOOCH-
HOCTH KaJIbIIMEBOr0 0OMEHa M BHECTH CBOMW BKJIaJ| B IEPCOHATM3MPOBAHHBIN MOAXO/ B JICUCHHE CEPACUYHO-COCY-
JUCTOM MAaTOJIOTHH.

KiroueBble ciioBa: MeTa0OIM3M KalbLUs, aTePOCKIEPO3, KaublIM(UKAIHS KIAaHOB CEeplla, ayTOBOCIIAIICHHE,
9CCEHIMATbHAS TUIIEPTEH3Hs, aJUIEPTHUECKHIE PEAKIIHH.

KOHq).]'IPIKT HHTEPECOB. ABTOpLI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIbHBIX KOHq).IH/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6III/IKaIII/IeI71 HACTOSIICH CTaThH.

Hcroynuk punancupoBanus. Pabota BBIIONHEHA TPH MOAEPKKE KOMILIEKCHOW MPOrpaMMbl (yHIaMEHTAb-
HBIX HayuHbIX HccnenoBannii CO PAH B pamkax ¢ynmamentansHoir Tembl HUM KIICC3 Ne 0546-2019-0002
«Ilarorenernueckoe 000CHOBaHME Pa3pabOTKH MMILUIAHTATOB JUIS CEPAEYHO-COCYIUCTOH XHPYPIHMH Ha OCHOBE
61O0COBMECTHMBIX MAaTEPHAJIOB C peanu3annell ManueHT-OPHeHTHPOBAHHOTO TIOAX0/[a C UCIONb30BaHUEM MaTeMa-
THYECKOTO MOJICTUPOBAHNS, TKAHEBOH HH)KEHEPUH ¥ TEHOMHBIX MPEIUKTOPOBY.

Jas untupoBanus: [eesa H.C., HlaGangua A.B., ArtonoBa JI.B. Ponp HapymieHuit oOMeHa Kajblus B WH-
JYKIIMA UMMYHHOH TUTIEPYIyBCTBUTEIBHOCTH MIPU CEPICYHO-COCYANUCTHIX 3a00ICBaHMSIX. brosiemens cubupcKkoil
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INTRODUCTION

Calcium is a macronutrient that plays a pivotal
role in many biochemical reactions contributing to
the vital activity [1]. Transplantology studies the role
of calcium metabolism, including its effect on heart
valve and vascular prostheses [2, 3].

The biological role of calcium is extremely di-
verse, since it is a part of nearly all physiological
processes. Membrane stabilization, enzyme activa-
tion, blood clotting, and cell death are the processes
that involve calcium ions. Moreover, transport across
membranes, cell — cell communication, information
transfer, intracellular and extracellular signaling,
bone and cardiac remodeling, and gene expression
involve calcium as well [3, 4].

In intracellular signaling, calcium acts as a second
and third messenger. In intercellular signaling, calci-
um coordinates biochemical processes. Through this
mechanism, calcium affects the efficiency of the im-
mune system, and its dysregulation induces hyper-
sensitivity reactions, some of the manifestations of
which include immune inflammatory responses [1,
5].

In the absence of abnormalities, nutritional dis-
orders, and micro- and macroecological imbalance,
calcium regulates routine cellular processes, such as

proliferation and differentiation. In case of any de-
viation from the norm, calcium metabolism can be
significantly disrupted. The effect on the above-men-
tioned processes would be pathological, incorporat-
ing hypersensitivity / apoptosis. [1, 5, 6]. Therefore,
calcium metabolism is essential for the body, and
disorders of calcium metabolism underlie many
chronic diseases, such as inflammatory responses
that determine development of cardiovascular pa-
thology [1, 3].

HYPERSENSITIVITY REACTIONS AS THE
BASIS OF CARDIOVASCULAR PATHOLOGY

In 1968, P.G.H. Gell and R. Coombs proposed the
following classification of hypersensitivity reactions:
immediate hypersensitivity (IH, atopy), cytotoxic
(cytolytic), immune complex-mediated, delayed hy-
persensitivity (DH, cellular), and antibody-mediated
hypersensitivity [7, 8]. These reactions are important
links in the pathogenesis of allergic and autoimmune
diseases [7-9].

Hypersensitivity reactions include three parallel
phases: 1) immunological (interaction of the antigen
with antibodies and / or sensitized CD4+ T helper
and CD8+ cytotoxic T lymphocytes); 2) pathochem-
ical (release of inflammatory mediators); 3) patho-
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physiological (stage of clinical manifestations). Hy-
persensitivity reactions are divided into five types
due to the nature of the first, immunological phase.
The effect of calcium metabolism is implemented via
the pathochemical and pathophysiological stages [8].

In 1999, a new group of autoinflammatory di-
seases was introduced. Discovery of these diseases
is associated with the identification of autosomal do-
minant and autosomal recessive disorders, as well as
monogenic diseases manifested by familial periodic
fevers, cold allergies, and non-infectious dermatitis
[10]. The genes associated with these diseases en-
code the activity of inflammasomes and cause a hy-
peractive innate immune response [10].

Further studies made it possible to distinguish a
group of polygenic autoinflammatory diseases that
includes atherosclerosis [11]. Activation of innate
immunity and development of a systemic inflamma-
tory response and multi-organ damage are particu-
larities of this pathology [12]. It is atherosclerosis
that is the underlying pathology determining the car-
diovascular disease continuum.

Acquired heart diseases are another significant
pathology, formed due to immune inflammatory re-
sponses and constitutional symptoms. This patho-
logy is manifested though acute rheumatic fever in
children and rheumatic disease in adults. The etio-
logy and pathogenesis of acquired heart diseases are
being actively studied.

The concepts of specific rheumatogenic M types
of streptococcus pyogenes, autoimmune damage to
myocardial autoantigens, and immune complex-me-
diated inflammatory responses remain relevant [13].
According to the classification, this disease can be
attributed to a mixed group [14]. High autoinflam-
matory activity is intrinsic in acquired heart diseases
after infectious endocarditis [15]. Prerequisites for
acquired heart diseases remain the same by the time
of surgical treatment. Therefore, these factors can
determine early and long-term consequences, such
as calcification of the implant [16].

Multi-omics approaches to analysis of geno-
mic, epigenomic, transcriptomic, and microbiome
markers of immune inflammatory diseases create
new prospects for their treatment [9]. At the same
time, calcium metabolism disorders can make a
significant contribution to the understanding of the
molecular, cellular, and genetic mechanisms of this
pathology.

The main focus of the study will be the role of
calcium in maintaining hypersensitivity responses,
implemented both through classical allergic (immu-
nopathological) reactions and autoinflammatory re-
actions associated with activation of innate immuni-
ty. As mentioned above, the role of calcium in these
reactions consists in its extracellular and intracellu-
lar regulatory functions.

EXTRACELLULAR CALCIUM METABOLISM

Calcium concentration in the blood is regulated
by several hormones. Intracellular and extracellu-
lar concentration is controlled by a complex system
of pumps, channels, exchangers, and a wide range
of Ca*-binding proteins [6]. Parathyroid hormone
(PTH), synthesized in the parathyroid gland (PTG),
regulates extracellular calcium homeostasis. The
calcium-sensing receptor (CaSR) expressed on the
surface of PTG cells activates synthesis and secre-
tion of PTH. In the bloodstream, PTH binds to the
G protein-coupled parathyroid hormone 1 receptor
(PTHI1R), increasing osteolytic activity of osteo-
clasts and bone resorption. In the renal nephron,
PTH promotes reabsorption of calcium [17].

By stimulating production of calcitriol in the kid-
neys, PTH promotes a vitamin D-mediated increase
in calcium absorption in the intestine. Calcitriol
(Vitamin D — 1,25(0OH),D) is synthesized from the
inactive precursor of vitamin D3 (cholecalciferol)
through double subsequent hydroxylation by the en-
zyme | o-hydroxylase in the kidneys and the liver.
PTH stimulates CYP27B1 gene transcription, which
encodes la-hydroxylase [18] and fibroblast growth
factor-23 (FGF-23). In contrast, FGF-23 has an in-
hibitory effect on lo-hydroxylase and stimulates
synthesis of 24-hydroxylase (CYP24), thus conver-
ting calcitriol to inactive metabolites [18, 19].

Vitamin D plays an important role in regulating
calcium metabolism. Vitamin D stimulates expres-
sion of protein transporters (transient receptor poten-
tial cation channel subfamily V member 5 (TRPV 5),
transient receptor potential cation channel subfamily
V member 6 (TRPV 6), calcium-binding protein cal-
bindin — CaBP-9k, CaBP-28k, etc.), which promote
calcium absorption in the intestine, stimulate osteo-
clastic resorption, and enhance calcium reabsorption
in the renal tubules [6, 18]. Another effect of PTH
and vitamin D is an increase in the serum calcium
concentration.
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However, calcitonin has an opposite effect on
calcium regulation. It is a calcium-lowering hor-
mone secreted by parafollicular cells of the thyroid
gland. The signal for its secretion is hypercalcemia.
Calcitonin inhibits osteoclastic activity in the bone,
reducing bone resorption and increasing excretion of
calcium ions in the renal tubules [6, 17].

In addition to the three main hormones regulat-
ing calcium homeostasis, new regulators of calcium
metabolism have been discovered, such as klotho.
Klotho is a protein hormone that has two forms:
membrane and secreted. It is synthesized by the
kidneys, intestines, brain, and other organs. Mem-
brane-bound klotho is a cofactor for FGF-23, synthe-
sized by osteocytes. By binding together, klotho and
FGF-23 interact with and biologically affect recep-
tors of organs and tissues.

FGF-23 regulates vitamin D by inhibiting 1a-hy-
droxylase, thereby indirectly affecting calcium me-
tabolism [18, 19]. Moreover, the association of
klotho deficiency with atherosclerosis and vascular
calcification was revealed. Decreased klotho levels
are known to correlate with the severity of coronary
artery stenosis. Decreased plasma klotho concentra-
tion and low klotho expression in the vascular wall
are associated with high risk of coronary artery dis-
ease. At the same time, increased plasma klotho con-
centration is associated with low risk of developing
cardiovascular diseases [20].

Besides calcium and phosphorus metabolism, vi-
tamin D is involved in other physiological processes
in the body. Vitamin D can have an extra-skeletal
effect due to the presence of vitamin D receptors
(VDR) in almost all cells and tissues of the body —
cells of the immune system, vascular smooth mus-
cle cells, endothelial cells, and cardiomyocytes [18].
Similar to thyroid and steroid hormone receptors,
VDR is one of the transcription factors that regulates
protein synthesis; thus, an active form of vitamin D
is equivalent to steroid hormones [21].

Directly or indirectly, vitamin D regulates about
200 genes. It controls secretion of proinflammato-
ry cytokines, adhesion molecules, proliferation of
vascular smooth muscle cells and cardiomyocytes,
exerting an inhibitory effect on the processes asso-
ciated with atherosclerosis and vascular calcification
and suppressing renin gene expression, thereby reg-
ulating the activity of the renin-angiotensin-aldoste-
rone system (RAAS) [16, 18]. Indirectly, vitamin

D reduces synthesis of matrix metalloproteinases
(MMPs), which significantly limits the growth of
atherosclerotic plaque [22] and blocks synthesis of
proinflammatory cytokines and cell adhesion mole-
cules, preserving the integrity of the vascular wall
and its components and limiting the process of vas-
cular calcification [16].

Therefore, disorders of extracellular calcium me-
tabolism can be associated with individual genomic
and epigenomic characteristics that must be taken
into account during assessment of hypersensitivi-
ty responses and cardiovascular pathology. In this
regard, genetic polymorphisms in the PTH genes,
calcitonin, CYP27B1, CYP24, TRPV 5, TRPV 6,
cabp-9k, cabp-28k, FGF-23, VDR and others make
an important contribution to calcium metabolism
[15, 18, 21]. Moreover, chromosomal microdele-
tions, monogenic disorders, and thyroid surgery may
affect extracellular calcium metabolism as well [23].
Disorders of extracellular calcium metabolism create
prerequisites for changes in both intercellular and in-
tracellular signaling.

INTRACELLULAR CALCIUM METABOLISM

In the cell, calcium can exist in three forms: 1)
ionized (free); 2) localized in intracellular organ-
elles (endoplasm, sarcoplasmic reticulum, nucleus,
mitochondria); 3) chelated (bound). Intracellular
calcium concentration is about 10,000 times less
than extracellular calcium concentrations. Under
resting conditions, the cytosolic free calcium con-
centration is 100200 nM, which is facilitated by
Ca*-ATPase and Na / Ca*-exchangers. Moreover,
many proteins in the cytoplasm bind calcium ions,
acting as buffers [6].

More than 200 genes in the human genome en-
code Ca*-binding proteins [5]. The biochemical ac-
tion of calcium in the cell is mediated by the EF-hand
Ca?*-binding motif and other Ca**-binding proteins
(calcium sensors) associated with the regulation of
ion currents, signal transmission, and cell prolifera-
tion and differentiation [24]. With calcium ions, tro-
ponin C regulates the interaction between actin and
myosin in striated muscles. Mutations in troponin C
are associated with some forms of congenital heart
diseases [5, 25].

Calsequestrin, calregulin, and calreticulin regu-
late calcium transport and act as a buffer for calcium.
Calcium ions and annexin V, which belongs to phos-
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pholipid-binding proteins, can selectively and affine-
ly bind to phosphatidylserine, reaching the surface
of the cell membrane during apoptosis. Annexin V is
used as a specific marker of apoptosis [26]. Calmo-
dulin is one of the most important calcium sensors, it
has four high-affinity Ca**-binding centers, making it
a multifunctional regulatory element [24].

Thus, calcium ions can regulate the activity of
more than 100 enzymes, ion pumps, and cytoskeletal
components. Increased serum calcium concentration
triggers exocytosis of mediators in presynaptic nerve
terminals, reduction of myocytes, hormone release
of endocrine and exocrine glands, and migration
of white blood cells, tumor cells, etc. A significant
number of diseases have been described associated
with defected Ca?' transporters, channels, sensory
proteins, as well as enzymes modulated by them [5].
Some Ca**-binding proteins are diagnostic markers
for cancer [5, 27].

A complex system of intracellular calcium me-
tabolism regulation plays a crucial role in regula-
ting many biochemical processes and developing
immune-mediated inflammatory and cardiovascular
diseases [3, 28, 29]. Polymorphic variants of Ca**
transporter genes and sensory proteins determine
disorders of intracellular calcium metabolism. In the
following parts of the work, the focus will be placed
on the role of calcium in maintaining autoinflamma-
tory diseases associated with activation of innate im-
munity through apoptosis and pyroptosis.

THE ROLE OF CALCIUM IN THE
REGULATION OF APOPTOSIS

Certain individual characteristics can contribute
to a significant increase in the serum calcium con-
centration in the cell up to 1000 nM. This results
from Ca?* channels opening in the plasma membrane
or the endoplasmic reticulum via dihydropyridine
and ryanodine receptors [30, 31].

The above-mentioned mechanisms lead to a dras-
tic and short-term increase in the concentration of
calcium in the cytoplasm, the so-called “calcium
peaks” [5]. Certain signals increase the frequency
of these peaks, leading to prolonged elevation of the
level of calcium in the cytosol. Prolonged elevation
has a cytotoxic effect on the cell, which is extreme-
ly sensitive to changes in the calcium concentration.
Located on the inner membrane of mitochondria,
phospholipase A2 is activated by cytosolic calcium,

damaging the phospholipids in the mitochondrial
membranes and disrupting their work [30]. At the
beginning of this process, the mitochondria success-
fully cope with an acute rise in cytosolic calcium,
since they accumulate it in the form of an insoluble
salt — hydroxyapatite. However, this is only a tem-
porary measure. While the mitochondria “hide” cal-
cium, they cannot synthesize adenosine triphosphate
(ATP), alack of which prevents excess calcium from
leaving the cell through pumps. Following disrup-
tion in the respiratory chain, oxidative stress deve-
lops, forming pores in the mitochondrial membrane.
Hydrolysis of membrane phospholipids leads to ac-
cumulation of free fatty acids in the mitochondria,
which correlates with the degree of their damage. If
this vicious circle is not broken, the cell will die [5].

Due to cytosolic calcium overload, the intrin-
sic (mitochondria-dependent) apoptotic pathway is
triggered. The intrinsic pathway stimulates changes
in the membrane potential and release of pro-apop-
totic B-cell lymphoma-2 (Bcl-2) family proteins:
Bcl-2-associated X-protein (BAX) and Bcl-2 homo-
logous antagonist / killer (BAK) [5, 32]. These events
disrupt the integrity of the mitochondrial membrane,
forming apoptotic pores and promoting the release
of mitochondrial proteins, such as cytochrome C
and apoptosis-inducing factor (AIF), which is ca-
pable of initiating caspase-independent cell death
[28, 30, 32]. Cytochrome C binds to the apoptosis
protease-activating factor-1 (APAF-1), resulting in
the formation of an apoptosome that converts pro-
caspase-9 to active caspase-9. Then, the elements
of the apoptotic cascade activate effector caspases
(caspase-3, -6, -7) [5, 32].

Activated caspases break down plasma mem-
brane calcium pumps (PMCA), overloading the cell
with calcium and leading to even greater activa-
tion of proteases and caspases [5]. Thus, activated
caspases trigger a chain of biochemical processes
that lead to cell death.

Literature data suggest that the level of calci-
um determines what mechanism of cell death will
be used — apoptosis or necrosis. A small increase in
the level of calcium initiates apoptosis, however, a
sudden rise in calcium is related to necrosis [28].
Progression of necrosis is associated with activation,
increased levels of calcium, Ca**-dependent phos-
pholipases and nucleases, as well as calpains, which
cause destructive changes in cells. Energy supply
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for the cell is another essential factor: with big ATP
reserves, cell death happens via apoptosis, and with
energy depletion — via necrosis [28, 30].

THE ROLE OF CALCIUM IN THE
REGULATION OF PYROPTOSIS

Pyroptosis is a protective innate immune mecha-
nism, a type of a programmed form of necrosis of leu-
kocytes, more often, monocytes / macrophages [33].
However, unlike apoptosis, pyroptosis proceeds with
development of inflammation, as it is accompanied
by the release of proinflammatory cytokines. This
process is possible due to the formation of a multipro-
tein complex — inflammasome. The inflammasome
has sensory molecules, which bind caspase-1 to the
apoptosis-associated speck-like protein containing a
C-terminal caspase recruitment domain (PYCARD /
ASC CARD). Activation of caspase-1 cleaves inter-
leukin (IL)-1B and IL-18 [34].

Moreover, the pore-forming protein gasdermin D
is activated during pyroptosis [33]. Due to the dif-
ference in the osmotic pressure, Na" ions and wa-
ter rush into the cell. Cell lysis occurs, and all the
content, including proinflammatory cytokines and
damage-associated molecular patterns (DAMPs),
burst into the intercellular space and potentiate local
inflammation. As a type of programmed cell death,
pyroptosis is activated by pathogen-associated mo-
lecular patterns (PAMPs) and aimed at eliminating
infectious agents that have entered the cell [34, 35].

The NLRP3 inflammasome is the most studied
and of the greatest interest for us. There are intra-
cellular and extracellular pathways of NLRP3 in-
flammasome activation. The intracellular activation
mechanism is related to calcium levels. When dehy-
dration occurs due to changes in the osmotic pres-
sure as potassium and chlorine ions leave the cell,
calcium mobilization is stimulated through transient
receptor potential channels (TRP channels) [36]. An
increase in the intracellular concentration of calcium
leads to activation of one of its targets — TGF-f-ac-
tivated kinase 1 (TAK1), which is associated with
deubiquitination of NLRP3 [5, 34].

Changes in the extracellular calcium concentra-
tion result in a decrease in cyclic adenosine mono-
phosphate (cAMP) by inhibiting adenylate cyclase.
Besides, due to these changes, intracellular calcium
increases through activation of phospholipase C and
synthesis of second messengers associated with cal-

cium mobilization. The effect of cAMP on the ac-
tivation of the inflammasome remains controversial
[37].

The peculiarity of the NLRP3 inflammasome
is that it requires two signals to become activated.
The first signal is products of microorganisms and
cytokines and the second one is various crystalline
substances, including cholesterol crystals. Choles-
terol crystals and oxidized low-density lipoproteins
(LDL) stimulate caspase-1, which, in turn, activates
the NLRP3 inflammasome, resulting in inflamma-
tion [38—40].

LDL is oxidized by reactive oxygen species in
endothelial cells. Macrophages not only actively
capture oxidized LDL, but also play a pivotal role in
the atherogenesis [39, 40]. NLRP3 activation results
in synthesis of IL-1p, associated with the atheroscle-
rosis. IL-1pB stimulates adhesion of leukocytes and
monocytes to endothelial cells and their procoagu-
lant activity, increasing synthesis and activity of tu-
mor necrosis factor (TNF), chemokines, nitric oxide,
etc. [41]. Excessive activation of the NLRP3 inflam-
masome can cause uncontrolled systemic inflamma-
tion that underlies the pathogenesis of a wide range
of inflammatory diseases, such as atherosclerosis,
rheumatoid arthritis, Crohn's disease, obesity, dia-
betes mellitus, Alzheimer's disease, etc. [40].

Therefore, calcium ions can be attributed to
non-protein mediators that initiate cell death, either
through apoptosis or through pyroptosis. Selec-
ting the mechanism of cell death is quite complex
and multifaceted, since it depends on the type and
strength of the stimulus that activates cell death.
Moreover, calcium ions affect the activity of the in-
flammasome and, hence, the autoinflammatory pro-
cess. Currently, the most significant autoinflammato-
ry disease is atherosclerosis [40].

THE ROLE OF CALCIUM METABOLISM
DISORDERS IN THE PATHOGENESIS OF
CALCIFICATION AND ATHEROSCLEROSIS

The role of calcium metabolism disorders in the
development of atherosclerosis, arterial hyperten-
sion, ischemic heart disease, and cerebrovascular
diseases has been established, making it possible to
refer these diseases to the “calcium deficiency” ca-
tegory [29]. Genetic mechanisms associated with the
intracellular calcium concentration both in cardio-
myocytes and in smooth muscle cells and neurons of
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the brain are similar in the pathogenesis of these dis-
eases. The detected polymorphisms of genes respon-
sible for calcium metabolism would explain genetic
susceptibility to bioprosthetic heart valve calcifica-
tion [15].

Coronary artery calcification and valvular calci-
fication increase the risk of cardiovascular events,
in addition to being a prognostic factor for coronary
artery disease. Sclerosis of the vascular wall and cal-
cium mineralization change the architectonics of the
vessel resulting in narrowing of its lumen up to obli-
teration. This process is similar to osteogenesis, with
the same participants and principles of progression
[16].

The nature of calcium salt deposition is important
in the calcification of atherosclerotic plaques. With
homogeneous calcium deposition, the strength of the
plaque cap increases, reducing the risk of its rupture.
Uneven deposition has the opposite effect. There-
fore, it is difficult to assess whether calcium has a
stabilizing or destabilizing effect.

Vascular calcification may occur due to deficien-
cy of calcification inhibitors (osteopontin, pyrophos-
phates) produced by vascular smooth muscle cells.
The osteoprotegerin (OPG) / receptor activator of
nuclear factor-kappaB (NF-kB) ligand (RANKL) /
receptor activator of NF-kB (RANK) system is also
involved in the development of vascular calcifica-
tion [42]. OPG is found in some tissues and organs,
including the heart. OPG takes part in synthesis of
monocyte chemoattractant protein-1 (MCP-1) and
MMPs, thereby supporting inflammation in the athe-
rosclerotic plaque [43]. Studies show that deletion
of the OPG gene in mice causes aortic calcification.

Other studies showed that elevated OPG levels in
the blood correlate with the severity of atheroscle-
rosis, heart failure, unstable angina, and acute myo-
cardial infarction [42, 43]. Bioprosthetic heart valve
calcification can also be stimulated by the underly-
ing immune inflammatory process that induced for-
mation of acquired heart disease.

As mentioned above, rheumatic disease is not
only a streptococcal infection, but also an autoim-
mune disease that develops according to the second
and third types of hypersensitivity responses (aller-
gic: cytoxic and immune complex-mediated) [7].
The pathogenesis of this disease is associated with
hypersensitivity developing according to these aller-
gic patterns and linked to particular human leuko-

cyte antigen (HLA) genes and alleles. The immune
response (Ir) genes of the HLA class II determine
immune dysregulation via autoimmune T lympho-
cyte clones [8]. At the same time, disorders of cal-
cium metabolism may influence the pathochemical
and pathophysiological phases of hypersensitivity.

In particular, the process of degranulation of cells
involved in allergic inflammation is associated with
calcium ions. Thus, calcium ions and complement
components C3a and C5a (anaphylotoxins) are se-
condary liberators of histamine and other active mol-
ecules of cell granules [44]. Through phosphoryla-
tion by spleen tyrosine kinase (Syk), phospholipase
Cy (PLCy) is activated, which catalyzes breakdown
of phosphatidylinositol bisphosphate (PIP2) to ino-
sitol trisphosphate (IP3) and diacylglycerol (DAG).

In inflammatory cells, IP3 mediates an increase
in intracellular calcium, depleting the intracellular
calcium deposits. The increased amount of calcium
activates transcription factors, leading to granule
exocytosis. In the presence of DAG, calcium ions
activate protein kinase C, which phosphorylates
myosin light chains, reducing the cytoskeletal ele-
ments and initiating degranulation [7]. Calcium ions
are involved in activation of an esterase, leading to
hydrolysis of phospholipids through phospholipase
D. These phospholipids comprise the basis of the
cell wall. Thinning of the membrane facilitates exo-
cytosis of granules and secretion of mediators [45].
Moreover, calcium ions and Syk activate phospho-
lipase A2 (PLA2), which is involved in synthesis of
arachidonic acid, followed by eicosanoid formation.
Eicosanoids are known to mediate the late phase of
allergic inflammation [7, 8].

Therefore, the precise mechanism of calcification
is not fully understood. However, theories exist about
an imbalance between stimulants and inhibitors of
calcification that trigger this process. Many studies
are dedicated to the role of disorders of intracellular
calcium metabolism as a basis for the pathochemical
phase in immune hypersensitivity. The latter should
be taken into account in case of surgical correction
of valvular heart disease resulting from rheumatic
fever.

Belonging to the group of metabolic disorders,
atherosclerosis is considered to be a result of sterile
inflammation. Sterile inflammation consists of accu-
mulation of DAMPs inside and outside the cell, in-
flammasome assembly, hyperproduction of reactive
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oxygen species and autophagy, and local synthesis
of proinflammatory cytokines IL-1 [ and IL-18.
These events contribute to local accumulation of im-
munocompetent cells — macrophages and lympho-
cytes, followed by tissue injury and the development
of fibrosis [40].

Therefore, the basis of atherosclerosis is the in-
flammatory response of innate immunity, aimed at
maintaining metabolic homeostasis via recognition
of DAMPs. The literature describes extreme stages of
sterile inflammation, where an adaptive immune re-
sponse can be characterized by the presence of auto-
reactive T and B lymphocytes and antibodies [46].

Chronic inflammation within the vascular wall
is maintained by mediators of cell — cell interaction,
particularly by IL-1, IL-6, and TNF [22]. Proinflam-
matory and proatherogenic mediators are involved
in the induction of apoptosis, contributing to the de-
velopment and further progression of atherogenesis.
In terms of physiology, apoptosis is not associated
with inflammation. However, apoptosis can have
a proinflammatory effect in the atherogenesis. Re-
leased from the apoptotic cells, DNA is immediately
absorbed by phagocytes that release the proinflam-
matory cytokines [47].

An increase in the expression and activity of
proinflammatory cytokines destabilizes the athero-
sclerotic plaque due to enlargement of the lipid core,
thickening of the fibrous cap, and accumulation of
macrophages [22], eventually leading to plaque rup-
ture and triggering the mechanism of atherothrom-
bosis.

An association of genetic variations in Toll-like
receptor (TLR) genes in the innate immune response
(particularly TLR4) with development of athero-
sclerosis and associated vascular complications was
revealed [48]. The expression of these receptors is
presented on the surface of cardiomyocytes, macro-
phages, smooth muscle cells, and vascular endothe-
lial cells. Interaction with bacterial lipopolysaccha-
rides and other proatherogenic ligands can activate
the transcription factor NF-kB, resulting in synthesis
of a wide range of inflammatory mediators, includ-
ing proatherogenic ones [22, 46].

The role of disorders of intracellular calcium
metabolism that stimulate apoptosis, pyroptosis,
and inflammation has been described above. These
pathological changes in calcium metabolism con-
tribute to maintenance of atherosclerosis. Moreover,
an imbalance between stimulants and inhibitors of

calcification makes a significant contribution to the
progression of atherosclerotic lesions.

Therefore, atherosclerosis is an inflammatory
process that involves immune inflammatory mecha-
nisms of innate and adaptive immunity. Atheroscle-
rosis encompasses processes and factors that lead to
growth and later destabilization of the atherosclerotic
plaque, atherothrombosis, and other complications.
In the meantime, calcium is involved in calcification,
as well as in initiation and maintenance of chronic
inflammation [22, 40, 47].

THE ROLE OF CALCIUM
IN THE DEVELOPMENT OF ESSENTIAL
HYPERTENSION

The development of essential hypertension is
associated with disorders of intracellular calcium
metabolism. The experiments on spontaneously
hypertensive rats (SHR) showed the significance
of hereditary defects of Na" and Ca?* ion channels
in the membrane of resistance artery smooth mus-
cle cells. These changes result in increased vascular
tone and high sensitivity to various pressor stimuli,
with further development of endothelial dysfunction
[49]. Moreover, changes in the water and electrolyte
balance with reduction of natriuretic peptide levels
were discovered [50].

Genetic defects were detected in dihydropyridine
receptors (DHPR) localized on the cardiomyocyte
membrane. Allowing calcium to enter the cell, these
receptors are closely related to ryanodine receptors
(RyRs), which regulate the release of calcium from
the sarcoplasmic reticulum. By triggering the me-
chanism of calcium-induced calcium release (CICR),
these receptors participate in cardiac muscle contrac-
tion. Disruptions in the process can lead to a per-
sistent increase in blood pressure [31]. Moreover,
any mutation in the RyR2 gene, which leads to a
disorder of calcium balance in the cell, is associated
with heart failure, arrhythmogenic right ventricular
dysplasia, and an increased risk of sudden cardiac
death [51].

Therefore, a disorder of calcium metabolism is
associated with increased vascular tone. Disruption
of intracellular calcium homeostasis affects not only
the cardiovascular system, but other systems as well.

CONCLUSION

The biological role of calcium is extremely di-
verse. Calcium ions activate and suppress immune
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and inflammatory responses and regulate extracellu-
lar and intracellular metabolism. A countless number
of biochemical reactions involving calcium confirm
its uniqueness.

According to some authors, up to 150 different
diseases are associated with impaired calcium me-
tabolism. In relation to atherosclerosis and biopros-
thetic valve calcification, the role of calcium con-
sists in the initiation of a hypersensitivity response
via apoptosis and pyroptosis. From the perspective
of a personalized approach to management of car-
diovascular diseases, it is necessary to monitor the
serum calcium concentration and hormones involved
in extracellular calcium metabolism. Features of in-
tracellular calcium metabolism can be predicted by
analyzing soluble OPG in the blood serum, calci-
um-sensing receptor gene polymorphism, and calci-
um transport proteins.
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