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Abstract. Background. The problem of osteoporosis as well as a cardiovascular disease remains one of the lea-
ding in the statistics of morbidity and mortality due to the aging of the population throughout the world. Recent
publications accentuate the new viewpoint to an association of this statistic with the mechanism of the “calcium
paradox”. These processes can have common risk factors when endothelial cells of different organs have been
modified to osteoblasts-like bone cells and become intensive capture calcium crystals. This pathological process
results in bone and vessel fragility and nephrocalcinosis. This pathogenesis is complex and common but not fully
understood mechanisms. The purpose was to analyze the current literature data on reasons and molecular mecha-
nisms of bone remodeling and vascular calcification according to a literature review over the past 5 years. Materials
and methods. An analytical review of literature data was conducted using the information analysis of Medline
(PubMed), Web of Science and Scopus databases, Google Scholar, and the Cochrane Central Register of Controlled
Trials (CENTRAL) for 2018-2023 using the keywords “osteoporosis”, “atherosclerosis”, “vascular calcification”, “stem
cells”, “exosomes”, “kidney stones diseases”. Results. The literature analysis underlines the multiplay pathogenetic
mechanisms as common lifestyle risk factors (calcium and vitamin D, K, deficiency smoking), as an osteosarcopenia,
immunoaging, and stem cell senescence. Conclusions. In order to solve the problem prevention of the “calcium
paradox”, it is necessary to access the correction of multiple mechanisms: calcium and vitamin D, K, deficiency,
reasons causing secondary hyperparathyroidism, falling, osteosarcopenia, immunoaging, and senescence of stem
cells, microRNA and exosomes. A new understanding of the problem opens up opportunities for influencing all the
known links and new perspectives of treatment.
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Introduction

Osteoporosis remains one of the leading causes in the
statistics of morbidity and mortality due to the aging of
the population throughout the world [1]. A progressive de-
crease in bone mineral density (BMD) is more typical for
postmenopausal women [2]. Men aged 65 years and older
also have a decreased BMD. However, in recent years there
has also been an increase in cases of secondary osteopo-
rosis due to the influence of concomitant pathologies and
drugs on the state of bone tissue. For example, COVID-19,
rheumatic diseases, etc. were associated with the intake of
glucocorticoids and other drugs [3]. Another problem of
poor compliance in the prevention and treatment of osteo-

porosis is the inadequate intake of calcium supplements and
calcium-containing foods. According to statistics, many
such patients have calcium and vitamin D deficiency [4].
The problem of insufficient calcium intake is exacerbated
by the fear of both patients and doctors of the possible side
effect of calcium preparations, such as vascular calcification
(VC), and the occurrence of urolithiasis. Indeed, the aging
of the body is accompanied not only by the fragility of the
bones but also by a decrease in the elasticity of blood vessels.
Increased vascular stiffness is one of the factors of poor car-
diovascular prognosis as well as the progression of chronic
kidney disease in the presence of urolithiasis [5]. Unfortu-
nately, both morbidity and mortality due to cardiovascular

© 2023. The Authors. This is an open access article under the terms of the Creative Commons Attribution 4.0 International License, CC BY, which allows others to freely distribute the
published article, with the obligatory reference to the authors of original works and original publication in this journal.

[ina kopecnonzenuii: Hiwkymaii Onbra IBaHiBHa, AOKTOP MeANYHUX Hayk, npodecop kadeapu BHyTpilHbOI Meguumkn N 2, HauioHanbHuil mesuunuii yiepcutet imeni 0.0. boromonbua,
6ynba. T. LLleuenka, 13, m. Kuig, 01601, YkpaiHa; e-mail: nishkumay@ukr.net; Ten.: +380509178460

For correspondence: Nishkumay 0.1, MD, PhD, Professor of the Internal Medicine Department 2, Bogomolets National Medical University, Shevchenko boulevard, 13, Kyiv, 01601, Ukraine;
nishkumay@ukr.net; tel.: +380509178460

Full list of authors’ information is available at the end of the article.

Pain, joints, spine, ISSN 2224-1507 (print), ISSN 2307-1133 (online)

Vol. 13, No. 2, 2023


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:nishkumay@ukr.net
mailto:nishkumay@ukr.net
https://orcid.org/0000-0001-9958-0858
https://orcid.org/0000-0002-9046-3863
https://orcid.org/0000-0001-7431-4545
https://orcid.org/0000-0002-0142-0416
https://orcid.org/0000-0002-9096-6460
https://orcid.org/0000-0002-6563-7008
https://orcid.org/0000-0001-7087-561X

Ornapu / Reviews

diseases (CVD) are progressively increasing [6]. Recent
publications increasingly point to an association between
bone loss and vascular calcification [7—9].

Thus, understanding the reasons, including molecular
mechanisms of the occurrence of pathological extraosseous
calcification is very important for the prevention of both bone
mineral density and cardiovascular and renal diseases.

The purpose was to analyze the current literature data on
reasons and molecular mechanisms of bone remodeling and
vascular calcification according to a literature review over
the past 5 years.

Materials and methods

An analytical review of literature data was conducted us-
ing the information analysis of Medline (PubMed), Web of
Science and Scopus databases, Google Scholar, and the Co-
chrane Central Register of Controlled Trials (CENTRAL)
for 2018—2023 using the key words “osteoporosis”, “athe-
rosclerosis”, “vascular calcification”, “stem cells”, “exo-
somes”, “kidney stone disease”.

Risk factors for osteoporosis
and vascular calcification

The risk factors for osteoporosis and vascular calcifica-
tion are very similar. Aging is a common cause that leads
to loss of bone density, and degenerative changes in valves
and blood vessels. Bone tissue aging begins with the mecha-
nisms of senescence of stem cells. That is why an impaired
capability of osteogenic differentiation, senescence of me-
senchymal stem cells (MSCs), genetic (expression of osteo-
porosis-associated genes runt-related transcription factor 2
(RUNX2), lipoprotein receptor-related protein 5 (LRPS),
collagen type 1 alpha 1) and microenvironment imbalance
and disordered immunoregulation also promote OP [10]. As
markers of vascular aging, both medial and intimal calcifi-
cation as a progression of atherosclerosis (plaque calcifica-
tion) should be noticed. Perhaps, taking into account the si-
multaneous aging of both bone tissue and the vascular wall,
there are common pathogenetic links. Observational studies
reported an association between vitamin D deficiency and
OP risk, hypertension, atherosclerosis, and heart failure
[11]. That is why fracture prevention and improvement of
vascular elasticity can be achieved by vitamin D correction
[12]. In general, scientists study the mechanism of simulta-
neous aging of bones and blood vessels in order to prevent
the deterioration of two pathogenetic processes by the mini-
mal amount of drugs.

The goal of cardiovascular risk prevention is to mini-
mize the occurrence of myocardial infarction, stroke, and
cardiovascular death by assessment of the patient’s risk fac-
tors [13].

However, in the prevention of osteoporosis, the most im-
portant thing is the prevention of fractures, and not just the
increase in bone mineral density. Statistical data show that
the presence of a fracture of the radius increases the risk of
subsequent fractures by 2 times, while vertebral fractures by
5 times, and the neck of the femur in 2 times increases the
risk of death. Therefore, prevention of falls is the prominent
goal. Bone fractures lead to immobilization of patients,
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which also complicates the clinical course of cardiovascular
pathology. It leads to pulmonary embolism, progression of
heart failure, and eventually death [14, 15].

The increased risk of falls, especially in the elderly, may
be caused by several reasons. One of them is a decrease in
the strength and amount of muscle mass, the so-called sar-
copenia [16]. It is also important to decline cognitive and
mental functions. In total, it increases the risk of falls and
consequently, the risk of fractures. Another important risk
factor for fractures is increased bone fragility. It may be due
to a decrease in both bone mineral density and bone mine-
ralization and its quality [17]. Bone mineralization is greatly
influenced by both calcium and vitamin D deficiency. Both
mechanisms may be associated with the development of
hyperparathyroidism. Also, hyperparathyroidism, both pri-
mary and secondary, contributes to progressive vascular cal-
cification [18].

Genetic predisposition is an important unmodified risk
factor for both osteoporosis and CVD. Therefore, when in-
terviewing the patient, we have to pay attention both to the
history of fractures in relatives (especially the femoral neck),
and past heart attacks and strokes [19, 20].

Insufficient intake of calcium and vitamin D. As men-
tioned above, low calcium intake is the basis for bone den-
sity deficiency. Numerous studies confirm an increase in
vascular calcification due to the occurrence of secondary
hyperparathyroidism as a cause of calcium and vitamin D
deficiency [21—23]. Some observational and clinical trials
of calcium supplementation have suggested to be potential
for cardiovascular harm. Therefore, calcium supplementa-
tion is used cautiously, striving for recommended intake of
calcium predominantly from food sources. Currently, the
available evidence demonstrates that vitamin D and cal-
cium supplements are not harmful to cardiovascular health
[24]. Based on the results of a recent meta-analysis con-
ducted in 2010, 15 studies showed that calcium supplemen-
tation without vitamin D was associated with an increased
risk of myocardial infarction (relative risk (RR) = 1.27;
95% confidential interval (CI): 1.01—1.59; p = 0.038). A
non-significant increase in the risk of stroke was also found
(RR = 1.20; 95% CI: 0.96—1.50; p = 0.11), early death
(RR =1.18;95% CI 1.00—1.39; p = 0.057) and global risk
of death (hazard ratio = 1.09; 95% CI1 0.96—1.23; p =0.18).
But, it should be noted that in 13 of these 15 studies, cal-
cium preparations were used as monotherapy compared
with the placebo group. Only one study compared calcium
monotherapy with combination therapy (calcium and vita-
min D). This does not give grounds to extrapolate the re-
sults of a study on calcium monotherapy to its combined
intake with vitamin D [25].

Estrogen deficiency is the main cause of postmenopausal
osteoporosis in women since normal estrogen levels have a
protective effect on the cycle and speed of bone remodeling
[26]. A normal level of estrogen is also a protection against
the development of atherosclerotic damage to the intima of
the arteries [27]. It is a well-known fact that a fertile woman
is less susceptible to the development of cardiovascular di-
sease. In menopause, the CVD incidence reaches the same
level as men due to dyslipidemia [28]. However, taking into
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account the cardiovascular risk, hormone replacement
therapy (HRT) in menopause is recommended in case of
significant severity of menopausal syndrome with a low risk
of venous thromboembolism. According to the recommen-
dations of the International Menopause Society 2016, HRT
is indicated taking into account the patient’s age and/or
time after menopause, the presence of comorbidities. HRT,
which is recognized on time, can reduce all-cause mortality
and cardiovascular disease. Even more than other methods
of primary prevention of cardiovascular diseases, such as
lipid-lowering therapy. Complications associated with HRT
are rare in this case (< 10 events/10,000 women), and are
comparable with other medications. Hormone replacement
therapy is a sex-specific and time-dependent primary CVD
prevention therapy that concomitantly reduces all-cause
mortality, as well as other aging-related diseases with assess-
ment of risk. And prevention strategies must be personalized
[29, 30].

Smoking, alcohol abuse, obesity, sedentary lifestyle are
common risk factors for both osteoporosis and cardiovascu-
lar disease, with increased osteoclasts activity and a rise the
myocardial infarction. Stroke also occurs due to endothelial
dysfunction [31—34].

Male gender and hypertension are known risk factors for
coronary events and death. Although studies have recently
been published that an increase in blood pressure is associ-
ated with a decrease in BMD [35, 36].

Thus, the association of bone fragility and vascular calci-
fication can be called the “calcium paradox” [37]. Under-
standing the reasons for the loss of calcium compounds by
bone tissue and their increased uptake and accumulation by
endothelial cells and vascular media is the actual problem.
Since the interruption of the activation pathways of this
process can contribute to both improving the condition of
bone tissue, and elasticity and blood vessels. What we need
to know in this complex mechanism?

First of all, we should understand the principles for di-
agnosing osteoporosis. It is based on the evaluation of the
T-score by X-ray absorptiometry of BMD of lumbar verte-
brae and the femoral necks. According to the World Health
Organization (WHO) definition, menopausal women, men
aged more the 65 years old with a T-score less than —2.5
standard deviation (SD) value are diagnosed as having OP.
T-score of —1 to —2.5 SD of the value is categorized as ha-
ving osteopenia. Normal BMD is evaluated in T-score more
than —1 SD. Also, the WHO Fracture Risk Assessment Tool
(FRAX) is considered to be efficient in estimating the risk
of fracture [38].

The pathogenesis of OP is based on the decreased bone
density as a result of the imbalance between the bone for-
mation by osteoblasts and bone resorption due to osteoclast
over-activity. As a result, the bone becomes brittle due to de-
creased mineral density. Also, the degree of mineralization
of the bone is of great importance. This process is largely
affected by calcium and vitamin D deficiency, as well as
secondary hyperparathyroidism, which occurs as a conse-
quence. Impaired mineralization also leads to reduced bone
quality. This can be determined using the densitometry (tra-
becular bone score) [39]. However, the trigger for the viola-
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tion of the structure and quality of bone tissue construction,
as well as aging, can be due to the senescence of the mesen-
chymal stem cells.

The bone life starts from the osteogenic differentiation of
MSCs, while the multipotent bone marrow stem cell is able
to differentiate into osteoblasts, adipocytes, myocytes, or
chondrocytes under the influence of a large number of im-
mune intra- and extracellular regulators. Activation of fac-
tors such as RUNX2, and osterix, promote the osteoblasts
proliferation of MSCs. The antagonist of osteoblast forma-
tion is peroxisome proliferator-activated receptor gamma.
Such activation can shift osteogenesis to adipocyte forma-
tion. It is known that the main senescence of the osteogenic
differentiation capacity of MSCs, which is one of the rea-
sons for osteoporosis is the increasing activity of adipoge-
nesis. The bone morphogenetic protein 2 (BMP) signaling
pathway is generally acknowledged to play an important role
in regulating the adipogenic and osteogenic differentiation
of MSCs in the direction of osteoblast formation. Produc-
tion of the type I collagen-deficient extracellular matrix also
causes adipogenic differentiation [40].

The osteoclasts formation occurs from another precur-
sor — hematopoietic stem cells — monocytes and macro-
phages. One of the ways of osteoclastogenesis starts with
osteoblasts expression of receptor activator of nuclear fac-
tor kappa B ligand (RANKL) [41]. Being banded with its
receptor, osteoprotegerin (OPG) as the natural inhibitor of
RANKUL reduces the osteoclasts activity. OPG is synthesized
in various organs, including bones, heart, arteries, lungs,
kidneys, and intestine. OPG binds with a soluble substrate of
RANKL and prevents the formation of osteoclasts and bone
resorption by inhibiting the interaction of RANKL-RANK
receptors [42]. OPG inhibits the extensive calcifications of
the aortic, carotid, femoral, mesenteric, hepatic, and renal
arteries induced by treatment with warfarin or toxic doses of
vitamin D [43]. Patients with osteoporosis, as with vascular
calcification, have a lower OPG/RANKL ratio [44].

The mechanisms of vascular calcification
Regarding VC, it must be clarified that there are 3 main
types: intimal calcification (most common for atheroscle-
rotic damage), medial (kidney disease, hyperparathyroi-
dism), and valvular calcification. Each species has its own
pathogenic mechanisms of development and disease. For
example, intimal calcification is more characteristic of an
atherosclerotic process. Medial is typical for chronic kidney
disease and hyperparathyroidism. Valve calcification is due
to common factors, which we will discuss below [45].
Arterial stiffness increases during senescence [46] and in
various pathological conditions, including obesity, diabetes,
smoking, and dyslipidemia [47]. It reflects the health of the
cardiovascular system. Increased stiffness of arteries con-
tributes to hypertension, especially its isolated form, which
is characterized by an increase in pulse pressure. Also, the
increase in arterial stiffness reduces the coronary perfusion
pressure and increases the afterload of the left ventricle,
contributing to its remodeling and dysfunction [48]. Finally,
high pulse pressure deteriorates the microcirculation of tar-
get organs, such as the kidneys and brain, while the paren-
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chyma of such organs is exposed to high blood pressure and
mechanical stress [49].

The main reason for vascular calcification, as well as the
reason for OP development, is the imbalance between cal-
cification inhibitors and their promoters. Calcification pro-
moters activation are RANKL, Wnt ways, mitochondrial
dysfunction, hyperparathyroidism, vitamin D and calcium
deficiency, hypercalcemia, genes RUNX2, and low-density
lipoproteins (LDL). Also, the VC can be induced due to de-
creases activity of calcification inhibitors, like Wnt inhibitor,
osteopontin (OPN), OPG, fetuine, high-density lipopro-
teins (HDL), Klotho, BMP, fibroblast growth factor (FGF),
matrix Gla protein (MGP), etc. [50, 51].

Inflammation plays an important role in various mecha-
nisms of pathological calcification, as for vascular calci-
fication so for kidney stones (KS) formation. One of the
common mechanisms of VC, KS, and OP can be immune
system influence through the activation of pro-inflamma-
tory cytokines IL6, IL8, and OPG/RANK/RANKL system
[52]. Chronic inflammation inducts stems to macrophages
activation and provides osteoblastic transformation of vas-
cular cells, including smooth muscle cells (SMCs) by tumor
necrosis factor o and nuclear factor kappa B (an amplifier
of the light chain of activated B cells) to activate the athe-
rosclerosis development [53]. These mechanisms by which
lipoproteins are taken up by MSCs mediate phenotypic
switches toward the development of atherosclerosis and in-
timal calcification in the final stage [54]. The mechanism
of interaction between low-density lipoproteins, which are
pro-atherogenic lipids, and the Wnt/B-catenin calcification
signaling pathway is known.

The Wnt/B-catenin is an intracellular signaling pathway
that plays a key role in bone formation, regulating osteoblast
activity. The phenomenon of vascular calcification means
the conversion of the vascular smooth muscle cells (VSMCs)
to an “osteoblast-like” phenotype when the process of
mineralization takes place in the vessel [55]. Activation of
Wnt/p-catenin pathway based on the Wnt ligand binding
with their receptors, frizzled and LRP5/6 inactivating the
glycogen synthase kinase 3 stabilizes B-catenin in the cyto-
plasm making possible their translocation into the nucleus
and initiate the transcription of bone-forming genes. This
regulates the pre-osteoblast differentiation through RUNX2
or/and OX induction. Inhibitors are able to block the Wnt/
B-catenin pathway and decrease the osteoblast differentia-
tion and activity, which will lead to loss of bone density.

The relationship between bone fragility and LDL was al-
so proven in the experimental study. Hypercholesterolemia
increased the fragility of the bones of experimental animals
due to the disruption of mineralization processes [56].

A new receptor has recently been identified that can acti-
vate the “calcium paradox”. It is the RANKL-receptors leu-
cine-rich repeat-containing G-protein-receptor 4 (LGR4),
also called G-protein-coupled receptor (GPR) 48. It is pro-
vided through RANKL-driven inhibition of osteoclastoge-
nesis and the promotion of vascular calcification [57]. This
receptor overexpression leads to increased responsibility for
high parathyroid hormone (PTH) in uremic rats. In vitro,
the silencing of the LGR4 gene in VSMCs was capable to
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prevent PTH-induced vascular calcification without chan-
ges in RANKL and OPG expression [58].

Metabolic disturbances in parathyroid hormone are
also important in the pathological vascular calcification.
Also, parathyroid hormone, phosphorus (P), calcium (Ca),
FGF23, calcidiol, calcitriol and Klotho are involved in the
processes of pathological calcification. This occurs through
interaction with the RANK/RANKL/OPG system and
Wnt/B-catenin. It is more typical in chronic kidney disease
(CKD) [59].

Parathyroid hormone has an osteoblasts potential effect.
The elevated level of PTH inhibits sclerostin and other Wnt/
[-catenin pathway inhibitors. It also has a direct inhibitory ef-
fect on the Wnt/p-catenin pathway in osteoblasts through the
induction of DKK (Wnt inhibitor Dickkopf protein) [60—62].
In particular, DKK3 is released by “stressed” tubular epithe-
lial cells; DKK3 drives kidney fibrosis and is associated with a
short-term risk of CKD progression and acute kidney injury.
Thus, targeting the Wnt--catenin pathway might represent a
promising therapeutic strategy in kidney injury and associated
complications [63]. The effect of sclerostin on vascular calci-
fication is controversial. Some studies show that its decrease
is associated with an increase in calcification. Others — that
with a decrease in its fraction isolated from the vessels, calci-
fication also increases. A meta-analysis of randomized con-
trolled trials found that the new osteoporosis drug romoso-
zumab, which is an antibody that blocks sclerostin, does not
significantly increase the risk of serious cardiovascular events
(RR =1.14; 95% CI: 0.83—1.57; p = 0.54) or cardiovascular
death (RR =0.92; 95% CI:0.53—1.59; p =0.71) [64].

The soluble Klotho is the antagonist of Wnt/B-catenin
pathway activation through proteins interactions between
him and extracellular activators of the Wnt/B-catenin path-
way. In CKD, the loss of kidney function causes the reduc-
tion of renal Klotho gene expression. As Klotho depresses
renal calcitriol production, its reduction could influence os-
teodystrophy in CKD patients, acting through the complex
PTH-calcitriol-FGF23 axis modulating through a direct
protein-protein mechanism. The interaction between the
vitamin D receptor and p-catenin promotes the VC [65].
This mechanism is possibly related to vitamin D metabo-
lism abnormality. It is known that vitamin D deficiency is an
important risk factor for the development of not only meta-
bolic diseases of bone tissue, but also hypertension, obesity,
diabetes, and its additional intake can significantly reduce
the frequency of heart attacks — vascular events [66]. The
key link of these processes is probably the violation of the
formation of the active metabolite of vitamin D. The kid-
neys are the target organs in hypertension. And when they
are damaged, the synthesis of 1o-hydroxylase, the enzyme
that helps 25-hydroxycholecalciferol (25(OH)D,, calcidiol)
in the kidneys is transformed into the active form of vitamin
D, — 1,25 dihydroxycholecalciferol (1,25(OH),D,, calcitri-
ol — D-hormone) is destroyed [67].

Due to a deficiency of D-hormone, hypocalcemia deve-
lops. It leads to the development of secondary hyperpara-
thyroidism, increasing the rate of bone tissue resorption.
This increases the release of calcium from the depot and
increases its absorption in the intestine and its entry into the
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vessels. This mechanism provokes atherocalcinosis, as a kid-
ney stone disease [68].

There is another mechanism for the formation of kidney
stones. It involves OPN. Osteopontin mainly presents in the
descending limb cells of the loop of Henle, in the papillary
surface epithelium of the calyx. The trigger for OPN expres-
sion and stone formation is hyperoxaluria. After deposition
of calcium oxalate crystals, OPN expression can be detected
also in proximal tubules [69]. Osteopontin is a proinflamma-
tory chemokine of the monocyte family (Kleinman et al.,
1995). Damage to kidney cells produces the release of large
amounts of OPN. It activates monocyte chemotaxis in the
kidney and induces monocyte macrophages to differentiate
into the pro-inflammatory M1 phenotype, leading to renal
fibrosis. This is one of the many pathological mechanisms of
nephrolithiasis. It is based on Randall’s theory of plaque for-
mation (calcified plaques that form on the surface of the renal
papilla). This happens at the base of the thin legs of the loop of
Henle on the surface of the renal papilla [70]. In experimental
animal studies, crystal deposition in the kidney has been as-
sociated with oxidative stress, activation of inflammation, and
increased expression of OPN molecules [71]. OPN is a se-
creted matricellular protein, that contains a calcium-binding
domain and multiple phosphate sites. In acute and chronic
inflammatory cytokine signals through integrin and CD44 re-
ceptors. It is very interesting different forecasts. For example,
in an acute increase, it can attenuate vascular calcification,
and promote postischemic neovascularization. In contrast,
chronic increases in OPN are clinically associated with an
increased risk for a major adverse cardiovascular event. That
is why OPN expression is a strong predictor of cardiovascular
disease independent of traditional risk factors [72]. Recent
data have shown that only phosphorylated OPN can inhibit
vascular calcification and promotes dissolution in cultured
human vascular smooth muscle cells VSMCs. Moreover, in
the absence of OPN, electrostatic repulsion and probably
protein alignment increase. The distance between the fila-
ments becomes larger and this leads to a decrease in stability
and destruction. Recently, the influence of oxidized LDL in
the promotion of proliferation and migration of human coro-
nary artery SMCs via upregulation of OPN and matrix metal-
loproteinases was revealed [73].

Ectopic calcification is also associated with impaired me-
tabolism of two vitamin K-dependent proteins: osteocalcin
(bone Gla protein) and Gla matrix protein (MGP). Os-
teocalcin and MGP are highly expressed in skeletal tissue.
Osteocalcin is specifically expressed by osteoblasts. MGP
is expressed in chondrocytes, as well as in vascular smooth
muscle cells and epithelial cells [74]. Thus, increased ex-
pression of osteocalcin is a negative regulator of bone for-
mation, while MGP has been shown to be an inhibitor of
tissue calcification.

Vitamin K belongs to the group of fat-soluble vitamins.
In 1929, it was discovered by the Danish biochemist Hen-
rik Dam as a food component necessary for blood clotting
[75]. Vitamin K comes in two forms — vitamin K and K,
[76]. Previously, vitamin K was best known for its key role
in blood clotting. In recent decades, many different physio-
logical functions have been discovered. Vitamin K has been

found to play a significant role in cell growth and prolifera-
tion, apoptosis, oxidative stress, inflammation, and calcifi-
cation. Vitamin K deficiency is linked to increased risk of
cancer and heart disease [77]. Surprisingly, however, a re-
cent study suggests that increased intake of vitamin K, may
be associated with an increased risk of breast cancer and
mortality in breast cancer patients [78].

The three forms of vitamin K differ inside chains and
share a common naphthoquinone group. Vitamin K, does
not have a hydrocarbon side chain and is therefore water
soluble. In contrast, vitamins K, and K, carry hydrocarbon
side chains that form a hydrophobic molecule. In addition,
the side chain of vitamin K, can vary in the number of iso-
prenyl residues and hence in length. The classification of
vitamin K, includes the designation for the number of iso-
prenyl residues, MK-n, where n denotes the amount [79].
Vitamin K, is found in green vegetables, including kale,
spinach, and broccoli. Vitamin K, is found in meat, dairy
products, and fermented soybeans [80].

Fat-soluble vitamin K exists in three different forms:
vitamin K (phylloquinone), vitamin K, (menaquinone),
and vitamin K, (menadione) [81]. Vitamins K, and K, are
compounds of natural origin, while vitamin K, is of artificial
origin. Vitamins K, and K, are the main forms of human nu-
trition. Vitamin K,, on the other hand, is only used in ani-
mal nutrition due to its relatively high toxicity. In the human
body, vitamin K is mainly found in the liver and is involved
in the synthesis of blood coagulation proteins. Vitamin K,
has a wider use in body systems.

The role of vitamin K in blood clotting is better known.
It is due to its ability to act as a cofactor for the enzyme
y-glutamyl carboxylase (GGCX) [82].

This enzyme catalyzes the y-carboxylation of glutamic
acid (Glu) residues in vitamin K-dependent proteins. The
consequence of this is the formation of y-carboxyglutamic
acid (Gla). This conversion promotes the binding of Ca2+,
which is essential for blood clotting properties. Once taken
up by the cell, vitamin K binds to the endoplasmic reticu-
lum, where it acts as a cofactor for the carboxylation of
GGCX. Prior to this, the dietary quinone form of vitamin
K is reduced to the hydroquinone form by vitamin K reduc-
tase. GGCX-VitK then y-carboxylates the glutamic acid
residues of the Gla proteins, while vitamin K is converted
to its epoxide form. Finally, vitamin K epoxide reductase
reduces vitamin K to its quinone form. After conversion, vi-
tamin K is involved in osteoblast differentiation and inhibits
osteoclast differentiation, stimulates OPG expression, and
inhibits RANKL expression [83].

However, the activation pathway of these numerous
mechanisms of vascular calcification remains unclear. The
possible significant influence of extracellular vesicles on the
processes of activation of the dominant pathway of vascular
calcification is being discussed more and more often.

Last recent publications very often mention the great role
of exosomes in the pathogenesis and treatment of senescence
bone cells that cause OP. Exosomes the extracellular vesicles
(EVs) are the new theory of OP development. EVs are secreted
by SCs and play an important role in cell-cell communication
[84]. Besides the inhibition of the inflammatory response and
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promoting vascularization, EVs have been found to promote
bone formation by repairing the function of impaired which
are similar to the effects of MSC transplantation. The diplex
functions of bone-related cells-derived exosomes in OP. Exo-
somes secreted by osteoblasts and mesenchymal stem cells
have bilateral effects in promoting and suppressing OP. Exo-
somes derived from myocytes and vascular endothelial cells
mainly inhibit the process of OP [85].

Exosomes are nanovesicles 30—120 nm in size. They have
been identified in many cell types, including stem cells. Their
main function is to carry out effective intracellular communi-
cations. Exosomes deliver biologically active miRNAs, pro-
teins, lipids, and other signaling molecules to recipient cells.
Exosomes help cells communicate with each other, main-
tain cellular/tissue homeostasis, and respond to pathological
stress. They regulate cell survival, cell proliferation and cell
death. Thus, exosomes regulate biology and cell repair pro-
cesses [86]. MicroRNAs that carry exosomes can influence
resorption and bone formation. Exosomes can be detected by
specific markers, such as CD63, CD81, and CD9 [87]. Some
exosomes like tRF-25, tRF-38, and tRF-18 can be used for
the diagnosis as biomarkers of osteoporosis [88].

The main mechanism of vascular calcification is the
ability of endothelial cells to differentiate into osteoblast-
like cells. They express transcription factors for osteoblas-
tic differentiation and bone matrix proteins that help store
calcium. Some cells may also differentiate into osteoclast-
like cells. Some MSCs or precursors and macrophages have
these properties. Thus, reducing the number of cells with a
blast-like phenotype and increasing the number of cells that
remove excess calcium may be a strategy for vascular calcifi-
cation cell therapy [89, 90].

A decrease in MGP and fetuin-A increases the formation
of calcified exosomes. The protein-lipid complex, which
consists of phosphatidylserine and annexin, transforms exo-
somes into foci of calcification. These foci serve as sites for
the start of calcium deposition. The deposition of calcium
minerals is facilitated by their interaction with elastic pro-
teins and collagen fibers in the matrix of endothelial cells
[91]. Exosomes clean cells of excess calcium. This protects
them from intracellular calcium overload. Over time, the
activity of calcification inhibitors decreases [92]. An in-
crease in the level of phosphates and calcium stimulates the
release VSMCs of exosomes. The level of sphingomyelin
phosphodiesterase 3 is also elevated. Some studies show that
the first focus of calcification, which is formed by exosomes,
is located near collagen and elastin fibers [93]. Recently,
iron-based phosphate binders have been proposed in ad-
vanced CKD to treat hyperphosphatemia. Iron arrests fur-
ther high phosphorus-induced calcium deposition through
an anti-apoptotic action and the induction of autophagy on
established calcified VSMC [94]. Studies have shown that
exosomes are involved in vascular calcification, miRNA
transport, and oxidative stress response [95].

Some studies have shown that exosomes can transport
microRNAs (miRNAs) and proteins from various cells to
GMCS. There are different miRNA profiles that are involved
in coronary artery calcification [96]. Especially were increased
miR-199b-3p, miR-27b3p, miR-130a-3p, miR-221-3p,
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and miR-24-3p in patients with asymptomatic carotid artery
stenosis progression [97]. Known the promoters of VC, as
miRNA-221, miRNA-222, miRNA-762, miRNA-714, miR-
NA-712, and miRNA-210 [70]. Conversely, several miRNAs
are involved as calcification inhibitors, including miRNA-26,
miRNA-30, miRNA-125b, and miRNA-204 [98].

A randomized study showed that sodium thiosulfate did
not prevent the progression of abdominal aortic calcifica-
tion, however, it had a positive effect on the process of cal-
cification of the iliac arteries and heart valves [99, 100].

This evidence shows the possibility of treating calcifica-
tion by exosome loading of substances that can reduce calci-
fication [101—103]. For example, melatonin can reduce VC
and aging through exosomal miR-204/miR-211 [104].

Conclusions

Thus, the pathogenesis of osteoporosis, vascular calcifi-
cation, and nephrocalcinosis are complex common but not
fully understood mechanisms. These processes can have
common risk factors when endothelial cells in different or-
gans have been modified to osteoblasts—like bone cells and
become intensive capture calcium crystals. In order to solve
the problem prevention of the “calcium paradox” it is ne-
cessary to access whole multiple mechanisms: calcium and
vitamin D, K, deficiency, reasons for secondary hyperpara-
thyroidism, immuno-aging as senescence of stem cells, and
influence microRNA and exosomes. A new understanding
of the problem opens up opportunities for influencing all the
known links and new perspectives of treatment.
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OcTeonopos, apTepianbHa Kanbuudikauisa Ta ceuokam’'saHa xsopoba:
cyvacHi metroaun 6o0poTb6m 3i cTapiHHAM (ornag nirepatypm)

Pe3tome. Axmyaavnicmo. TlpoGnema ocTeonoposy, K i cepueBo-
CYIMHHHUX 3aXBOPIOBaHb, 3AJIMIIAETHCS OJHIEIO 3 TOJOBHUX Y CTa-
TUCTULII 3aXBOPIOBAHOCTI Ta CMEPTHOCTI Yepe3 CTapiHHSI HACelIeH-
HSI B YCbOMY CBITi. Y cydacHUX MyOJiKaLisix MiIKpecaiol0Th HOBY
TOYKY 30pY Ha 3B’SI30K IIi€1 CTATUCTUKU 3 MEXaHI3MOM «KaJIbIIIEBO-
ro mapaaokcy». Lli mporecu MoXXyTb MaTH 3arajibHi (haKTOpU pU31-
KY, 1110 BIUTMBAIOTh Ha CITIJIbHI MeXaHi3MH1, KOJIX eHAOTe TiaJIbHi KJTi-
THHU Pi3HUX OPTraHiB ITepETBOPIOIOTHCS Ha OJIACTOIOMIOHI Ta TTOYM-
HAIOTb iHTEHCUBHO 3aXOILIIOBATH KPUCTAIM KaJbllilo 3 BilKIagaH-
HSIM Y CYIMHHII CTiHLI Ta opraHax, Harpukiaa Hupkax. Lleit na-
TOJIOTIYHUI MPOLIeC TPU3BOAUTD 10 JAMKOCTI KiCTOK i CyIWH, He-
¢poxanpLrHO3y. [TaToreHes matosoriuHoi Kaabuubikalii € cKiaam-
HUM, MOTO MEXaHi3M Ha ChOTOIIHI 3aJIMIIAEThCS HE 3’SICOBAHMM.
Mema: npoaHaiizyBaTi MOTOUHI JIITepaTypHi TaHi PO MPUIUHU
Ta MOJIEKYJIIPHI MeXaHi3MU PeMOJEIIOBAaHHS KiCTOK i KalbIui-
Kallil CyIMH BiIMIOBIIHO IO OIJISIAY JITepaTypy 3a OCTaHHI 5 POKiB.
Mamepiaau ma memoou. AHaTITHIHAN OIS JTITEPATypHUX Ha-
HUX (CTaTTi, pe3ioMe, MeTaaHasli3u) 0yJ0 MPOBEAEHO 3 BUKOPUC-
TaHHSIM iH(hopMaliiitHoro aHaiizy 6a3 nanux Medline (PubMed),

Vol. 13 No. 2, 2023

Web of Science Ta Scopus, Google Scholar Ta KokpaHiBcbKOro 11eH-
TPaAJILHOTO peecTpy KoHTposboBaHUX nociimkenb (CENTRAL) 3a
2018—2023 pp. 3a KIIIOUOBUMHU CJIOBAMU «OCTEOIOPO3», «aTepo-
CKJIEPO3», «KaIbIM(biKallisl CyIuH», «CTOBOYPOBI KITITUHM», «€K30-
COMMU», «cedyokaM’siHa XBopoOa». Pe3yasmamu. Anani3 mnitepary-
P TiAKPECTIOE YUCAEHHI MaTOreHeTUYHi MeXaHi3MU «KaJIbLIiEBO-
ro napagokcy»: 3arajibHi akTopu pu3uKy (rinoarHamisi, gedinuT
KaJbLlito, BitamiHy D Ta K, naninHs), 0cTeocapKomneHio, iMyHHe
CTapiHHS i CTapiHHs CTOBOYPOBMX KJTUH. Bucnoexu. [1ns Bupi-
LLIEHHST TPOOJIeMHU «KaJIbLIIEBOTO MapagokKcy» HeOOXiTHa KOPEeKLList
0araThboX MeXaHi3MiB: HOpMaJIi3allist JOOOBOTO BXXMBAHHSI KaJIbIIilO,
BitamiHiB D ta K,; npodinaktuka npuyuH, 10 BUKIMKAIOTh BTO-
PUHHUI TinepriapaTupeo3, MaaiHHS, OCTeOCapKOIIeHilo, iMyHHE
CTapiHHS; BUBYEHHSI MOKJIMBOCTE 3aCTOCYBAHHS CTOBOYPOBOI Te-
pamii, MikpoPHK Ta ek3ocom. HoBe po3yMiHHSI mpoGieMu BiiKpu-
Ba€ MOXJIMBOCTI [UIsI BIUTMBY Ha BCi BiZIOMi JJAaHKU Ta BITPOBA/IKEH-
HST HOBUX METO/IiB JIIKyBaHHSI.

Kr040Bi ¢J10Ba: aptepianbHa KanpLudikallis; ocTe0Nopo3; 0cTeo-
TIOHTHH; CTOBOYPOBi KJIITUHM; €K30COMU; CEYOKaM ' sTHa XBOpoba
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