€2

4
3
‘&

nutrients

Review

Pathophysiology of vascular calcification and bone loss: linked
disorders of ageing?

Jorge B. Cannata-Andia'*, Natalia Carrillo-Lopez!2, Osvaldo D. Messina?, Neveen Hamdy?, Sara Panizo®’; Serge L.
Ferrari#, on behalf of the International Osteoporosis Foundation (IOF) Working Group on Bone and Cardiovascu-

lar Diseases?.

Citation: Cannata-Andia, JB.; Car-
rillo-Lépez, N.; Messina, OD.;
Hamdy, N.; Panizo, S.; Ferrari, SL.;
on behalf of the IOF Working Group
on Bone and Cardiovascular Dis-
eases. Pathophysiology of vascular
calcification and bone loss: linked
disorders of ageing?. Nutrients 2021,

13, x. https://doi.org/10.3390/xxxxx

Academic Editor: Firstname Last-

name

Received: date
Accepted: date
Published: date

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2021 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

1 Bone and Mineral Research Unit, Hospital Universitario Central de Asturias, Instituto de Investigacion
Sanitaria del Principado de Asturias (ISPA), Retic REDinREN-ISCIII, Oviedo, Spain; e-mails: JBCA ,
jorge.cannata@gmail.com; NCL, ncarrillolopez.huca@gmail.com; SP, sarapanizogarcia@gmail.com

2 Investigaciones Reumatoldgicas y Osteolégicas (IRO), Buenos Aires, Argentina; e-mail: drosvaldodaniel-
messina@gmail.com

3 Department of Medicine, Division Endocrinology, Center for Bone Quality, Leiden University Medical Cen-
ter, Leiden, the Netherlands; e-mail: n.a.t. hamdy@lumc.nl

4 Service and Laboratory of Bone Diseases, Department of Medicine, Geneva University. Hospital and Faculty

of Medicine, Geneva, Switzerland; e-mail: serge.ferrari@unige.ch

Correspondence: Jorge B Cannata-Andia. Bone and Mineral Research Unit. Hospital Universitario Central

de Asturias. Instituto de Investigacion Sanitaria del Principado de Asturias (ISPA). Avda. Roma, s/n 33011

Oviedo, Spain. E-mail: cannata@hca.es; jorge.cannata@gmail.com

Equal contribution as first authors

# Equal contribution as senior authors

> Membership of the IOF Working Group on Bone and Cardiovascular Diseases is provided in the Acknowl-
edgements.

Abstract: Vascular Calcification (VC), low bone mass and fragility fractures are frequently observed
in ageing subjects. Although this clinical observation could be the mere coincidence of frequent age-
dependent disorders, clinical and experimental data suggest that VC and bone loss could share
pathophysiological mechanisms. Indeed, VC is an active process of calcium and phosphate precip-
itation that involves the transition of the vascular smooth muscle cells (VSMCs) into osteoblast-like
cells. Among the molecules involved in this process, parathyroid hormone (PTH) plays a key role
acting through several mechanisms which includes the regulation of the RANK/RANKL/OPG sys-
tem and the Wnt/B-catenin pathway, i.e. the main pathways for bone resorption and bone for-
mation, respectively. Furthermore, some microRNAs have been implicated as common regulators
of bone metabolism, VC, left ventricle hypertrophy and myocardial fibrosis. Elucidating the com-
mon mechanisms between ageing; VC and bone loss could help to better understand the potential
effects of osteoporosis drugs on the CV system

Keywords: Osteoporosis; Vascular Calcification; Mineral bone disorders; Bone Loss; Bone Frac-
tures; Fracture risk

1. Introduction

Vascular calcification (VC), bone loss and increased fracture risk are frequent age-
associated disorders [1-8]. A good example of this association is depicted in Figure 1,
which shows a 71 years old woman with aortic calcifications, low bone density and a ver-
tebral fracture, a common observation in clinical practice. Unfortunately, such observa-
tions are too often considered as “physiological” ageing [7] rather than pathophysiologi-
cal processes with potentially common mechanisms. Optimal vascular function relies on
optimal maintenance of blood pressure and remodelling of the extracellular matrix of
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blood vessels. These functions are accomplished by vascular smooth muscle cells
(VSMCs) of the physiological contractile phenotype.

VC is an active tightly regulated process driven by trans-differentiation of these
physiological contractile VSMCs within the vascular wall into a “calcific” osteogenic/os-
teoblastic phenotype, with the phenotype-switching leading to the deposition of hydrox-
yapatite mineral in the intimal and medial layers of the arterial wall associated with in-
creased risk for cardiovascular disease [9]. Although both intimal and medial calcifica-
tions of the vascular wall are primarily initiated by osteogenic/osteoblastic VSMCs, there
are clear differences in their pathologic features, driving factors and differential deleteri-
ous effects on the cardiovascular system leading to arterial stiffness, ventricular dysfunc-
tion, heart failure and obstrucive disorders such as myocardial infarction and stroke [10].

Epidemiological evidence has been mounting over the past three decades for the co-
existence of vascular calcification, bone loss and increased fracture risk in the ageing pop-
ulation, but also in chronic diseases such as diabetes and chronic kidney disease (CKD),
in which the cardiovascular system and the skeleton undergo a process of accelerated age-
ing. Few pioneering studies described that aortic calcification, osteoporosis, bone loss and
ageing were associated processes [1-4]; later on, some studies suggested that other factors,
beyond ageing, may play a role in these concomitant processes [5-7, 11, 12].

One of them, based on a cohort study of postmenopausal women followed for almost
2 years, showed that the progression of VC was more pronounced in the women who
experienced a greater bone loss, independently of age [6]. Similar results were observed
in a randomly selected sub cohort of the EVOS-EPOS study, in whom after 4 years of fol-
low-up, the women with more severe aortic calcification were those who showed a greater
decrease in bone mass and a higher incidence of new bone fragility fractures [7]. Similar
results were also described in a large cohort of haemodialysis patients followed during 2
years [11], and in diabetic patients [13]. Blood supply differences between youth and se-
nescence [14], and atherosclerotic disease could play a role [15]. In addition, coronary and
aortic calcification and vascular stiffness have been found to be associated with low bone
turnover and bone loss [16-18]. In fact, it has been suggested that the latter should be con-
sidered a risk factor for coronary arterial disease [19].

Hence, an important question arises about whether the process of ageing favors the
deposition of calcium in the vessels instead of the bones, and/or whether reduced or ac-
celerated bone turnover can trigger calcification of the arterial wall? Recent experimental
data suggest that the association between VC and osteoporosis could result not only from
ageing itself, but also from common factors that can simultaneously promote progression
of VC and bone loss. In fact, the majority of factors implicated in the process of VC are
molecules associated with bone metabolism [12, 20-22] (Figure 2). The study of the signals
and mechanisms involved in the crosstalk between vessels and the skeleton is a topic of
intensive research due to its high clinical relevance, as discoveries in this area might im-
prove the current therapeutic strategies used in the management of vascular and bone
disorders. In this review, the first of a series of two, we will mainly concentrate on the
pathogenesis of VC, discussing the most plausible links of this disorder with bone loss. In
the second review of this topic, will be focused in the clinical aspects of the relationship
between cardiovascular disorders and atherosclerotic diseases with bone loss and fragility
fractures.

2. Pathophysiology of Vascular Calcification

VC is an active process of precipitation of calcium and phosphate as a consequence
of the unstable super-saturation of the exchangeable calcium and phosphorus pools. The
process involves a transition of the vascular smooth muscle cells (VSMCs) in the vascular
walls. The VSMC cells undergo a transition away from their mesenchymal contractile
functional state to a mesenchymal secretory osteoblastic phenotype [20, 23]. In recent
years the molecules that are involved in the change of the VSMC phenotype have been
extensively studied, the evidence suggests that these changes are driven by factors that
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promote and/or inhibits VC. Several of these calcification promoters and inhibitors have 99
been identified, some of which may act systemic and /or locally (Figure 2) [12]. 100
The osteoblastic transition is followed by the osteoblast-like VSMC release of cell- 101
derived matrix vesicles that contain hydroxyapatite and finally the full loss of their mus- 102
cular phenotype [24]. As mineralization takes place, a macroscopic consequence in the 103
large and medium-caliber arteries is an increased stiffness, which increases the relative 104
risk of mortality in the general population, diabetics and CKD patients [5, 11, 16]. These 105
VSMC osteoblast-like cells express markers of bone formation and generate calcium-phos- 106
phorus deposits in the vasculature analogous to those mediating skeletal calcification [20, 107
21, 24, 25]. The analogy to bone formation is particularly evident in the atherosclerotic 108
calcification of the neointima that occurs in several inflammatory diseases, even though 109
in the latter, medial arterial calcification is the most prevalent form of VC. The decrease of 110
the normal inhibitors of calcification, the increase of promoters and the release of exo- 111
somes plays a major role, particularly evident in CKD [25]. 112
In fact, VC seems to be a response to ageing and other conditions, such as the uremic = 113
environment, in which there is a loss of VC inhibitors such as, fetuin A, pyrophosphate 114
(PPi), osteopontin, matrix-Gla protein [26, 27], all inhibitors of the hydroxyapatite for- 115
mation. Also the mitochondrial dysfunction in calcifying VSMCs with decreases in 116
MMP/ATP production and excessive mitochondrial fission [28] may play a role. All these 117
factors together with the “novo” VSMC expression of skeletal transcription factors such 118
as CBFA-1, (known also as RUNX2), MSX2 and SOX9 [29, 30], bone morphogenetic pro- 119
teins (BMPs) such as BMP2 and BMP4, and bone forming proteins, such as tissue-nonspe- 120
cific alkaline phosphatase (TNAP) and osteocalcin, are key for the osteoblast differentia- 121
tion (Figure 2). TNAP, expressed in the VSMC osteoblast like cells, hydrolyses PPi a major 122
determinant of hydroxyapatite formation in bone and vessels [31]. Osteocalcin, currently 123
used as a marker of bone activity is produced by osteoblasts and the VSMC osteoblast- 124
like cells and stored in the mineralized matrix [32-34]. When osteocalcin is overexpressed 125
in VSMCs, it shifts cells towards enhancing the uptake of glucose and also stimulates cal- 126
cification [35]. 127

3. Pathophysiology of bone loss in osteoporosis 128

Osteoporosis is a systemic skeletal disorder characterized by loss of bone mineral and 129
microstructural alterations in the trabecular and cortical compartments, leading to de- 130
creased bone strength. The mechanisms by which bone loss occurs are well understood, 131
including the role of pro-inflammatory cytokines such as TNF alpha, IL-1 and IL-6 on the 132
activation of bone resorption and the inhibition of bone formation [36]. These cytokines 133
are also involved in VC [37, 38]. 134

Among them, the binding of receptor activator of nuclear factor-kappa B (RANK) 135
Ligand (RANKL) to its receptor RANK on osteoclasts progenitors, which triggers osteo- 136
clasts differentiation and activation, plays a prominent role in osteoporosis but alsoin VC = 137
[39]. Loss of estrogen during menopause leads to an increased expression of RANKL [40] 138
and a decreased expression of osteoprotegerin (OPG), its natural antagonist, by bone cells 139
(including osteoblasts, osteocytes and T lymphocytes), thereby increasing bone resorption 140
in all compartments [39]. In turn, the RANKL antagonist denosumab is a potent inhibitor 141
of bone resorption for the treatment of both osteoporosis and bone metastasis [41, 42] (Fig- 142
ure 3). 143

Equally important in the process of bone fragility is the role of bone formation by 144
osteoblasts that occurs in response to bone resorption, i.e. a remodeling process, and me- 145
chanical forces, i.e. a modelling process. Whereas the former occurs at endosteal surfaces, 146
the latter occurs predominantly on periosteal surfaces and is predominantly controlled by =~ 147
sclerostin, which is expressed by osteocytes and acts as an inhibitor of the Wnt/f3-catenin 148
pathway that is a potent stimulus for the differentiation of bone forming cells. Again this 149
pathway also plays a role in the pathogenesis of VC [43] (Figure 3). Although it is not yet 150
clear what the role of sclerostin is in osteoporosis, in particular whether its levels in bone 151
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are higher and/or less responsive to mechanical forces with aging, the inhibitors of scle- 152
rostin, particularly romosozumab, potently increase bone mass and decrease fracture risk 153

in osteoporosis [44]. 154
4. Role of key regulators of bone metabolism on VC 155
4.1. Parathyroid hormone and FGF23 156

The parathyroid hormone (PTH) plays a key role not only on serum calcium homeo- 157
stasis and bone turnover but also on VC through several direct and indirect actions, in- 158
cluding the regulation of the RANK/RANKL/OPG system and the Wnt/88-catenin pathway 159
[45, 46] (Figure 3). The direct effects of PTH on osteoblasts and osteocytes, and indirect 160
effects on osteoclasts, promote bone formation and bone resorption. In addition, PTH 161
modulates the role of several VC promoters, such as calcium, phosphorus, and vitamin D 162
[47]. 163

High PTH induces high bone turnover and it has been frequently associated with 164
extensive VC [18], however its role in the latter is still controversial. While some authors 165
found that PTH 1-34 inhibited calcification [48], others found that PTH 7-84 fragments 166
increased VC [49]. It has been shown that PTH alone is not able to induce VC, the presence 167
of at least normal calcium and phosphorus are needed [50]. Under such conditions, the 168
expose to different PTH 1-34 concentrations (10-11M to 10-6 M), showed a U-shaped rela- 169
tionship with VC. Low PTH 1-34 concentration, in the range of 10-11 M to 10-8 reduced, 170
meanwhile high PTH concentrations (>10-7 M) increased the VSMC calcium deposition 171
and the expression of osteogenic genes [51]. In addition, high serum phosphorus further 172
elevated the VC of VSMCs induced by high PTH [21, 51, 52]. Moreover, the silencing of 173
PTHIR, the most abundant PTH receptor in VSMC cells, partially abolished the pro-cal- 174
cifying effect of high PTH demonstrating a PTH/PTH1R-driven induction of VSMCs cal- 175
cium deposition [51, 52]. 176

The two phosphaturic hormones, PTH and FGF23, may independently contribute to 177
the development and progression of VC [53, 54], as it has been mentioned, VSMCs express 178
PTHR1, so they might be susceptible to regulation by PTH. Interestingly, the PTH ac- 179
tions on bone and the vasculature would be opposite to those of fibroblast growth factor 180
23 (FGF23). In bone, FGF23 induction of Dkk1 expression, would adversely impact the 181
Wnt/-catenin pathway favoring bone loss, whereas in the vessels, Dkk1 induction, if pre- 182
sent, could attenuate VC [55]. 183

4.2. The role of phosphorus 184

Phosphorus is an essential component of hydroxyapatite, low phosphorus levelslead 185
to poor mineralization, but the excess of phosphorus causes a large number of multifac- 186
eted adverse consequences on the mineral homeostasis related to this review, negatively 187
impacting on bone and vascular health and survival in the general population [56]. The 188
risk of an excess in phosphorus consumption is becoming a health threat due to its silent 189
contribution in the occidental diets rich in organic phosphorus and to the generalized use =~ 190
of food preservatives [57]. The retention and accumulation of phosphorus exert direct pro- 191
aging actions accelerating renal, bone and cardiovascular damage [58]. As phosphorusis 192
a potent stimulator of PTH secretion, in the presence of high phosphorus is very difficult 193
to discriminate the actions of PTH from those attributable to high phosphorus [51]. 194

The clinical impact of high phosphorus itself on bone metabolism is still controver- 195
sial. Clinical and experimental studies have shown that hyperphosphataemia was associ- 196
ated with increased risk fracture in general population [59] and significant reduction in 197
bone strength in normal rats [60], likely facilitated by increases in PTH. Conversely, in 198
vitro studies have shown that high phosphorus stimulate osteoblast proliferation and dif- 199
ferentiation, osteocyte maturation and matrix formation and reduces the expression of 200
RANKIL, inhibiting osteoclastogenesis [61-65] (Figure 3). 201
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By contrast, the role of high phosphorus in VC has been better established. High 202
phosphorus is a potent systemic promoter of VC that stimulates VSMCs transition to os- 203
teoblastic phenotypes. The silencing of the putative phosphorus channel, the sodium-de- 204
pendent phosphorus co-transporter, Pit-1, inhibit the phosphorus-stimulated mineraliza- 205
tion of VSMCs [66], indicating that VC can be regulated by the cellular uptake of phos- 206
phorus. In addition, Intracellular phosphorus increases hydrogen peroxide and directly 207
activate the AKT pathway, increasing RUNX2, the transcription factor which drives the 208
expression of the osteoblast transcriptome and stimulates the release of matrix vesicles. 209
High phosphorus can also influences the levels of several microRNAs (miRNAs), critical 210
for vascular health, hence impacting on VC [67]. 211

It is classically accepted that VC is driven by intracellular increments in phosphorus, 212
transported to the matrix as hydroxyapatite by calcifying VSMCs to produce mineralized 213
areas in the vasculature. In addition, phosphorus is able to interact with calcium at phys- 214
iological concentrations, forming passively calcium-phosphorus deposits. Thus, VC may 215
also occur as a consequence of the loss of the ability of VSMC to inhibit mineralization. 216
Furthermore, it has been suggested that “per se”, the deposited mineral may favor the 217
transition of VSMCs to bone-forming phenotype [25, 31]. 218

4.3. RANK/RANKL/OPG system 219

In the mid-1990s, the RANK/RANKL/OPG pathway was discovered as a fundamen- 220
tal regulator of bone modeling [68]. Although its role in skeletal maintenance is well 221
known, several studies have also shown it plays a role in the calcification of VSMCs [69, 222
70] (Figure 3). 223

Although OPG is a typical bone protein, it is also expressed in the media of large 224
arteries in VSMC [71] and in other cells types of the vessel such as endothelial cells [72, 225
73]. OPG acts as a soluble inhibitor that prevents RANKL binding and subsequent stimu- 226
lation of its receptor RANK [74]. The OPG knockout mouse presents osteoporosis and 227
severe calcifications of the aorta and renal arteries suggesting that this system is involved = 228
in VC [71, 75]. Moreover, RANKL and RANK have only been found in the calcified areas 229
of arteries of the transgenic mice, but not in the arteries of wild type mice [76]. RANKL 230
induces calcification of VSMC in vitro inducing the expression of BMP4 [69]. In vivo, 231
RANKL transgenic mice also develop ectopic calcifications, including the heart, although 232
it has not been looked carefully into the vascular wall [77]. Accordingly, OPG treatment 233
prevents the VC induced in rats by both, vitamin D and warfarin, furthermore, OPG can 234
also prevent VSMCs calcification in vitro [69]. All these aspects support the involvement 235
of the RANK/RANKL/OPG axis in VC. 236

The discovery in 2016 of a new receptor for RANKL, the leucine-rich repeat-contain- 237
ing G-protein-coupled receptor 4 (LGR4) [78], also called GPR48, which counteracts 238
RANKL-driven osteoclastogeneis and is also an inducer of Wnt/3-catenin pathway [79], 239
provides a novel candidate to link bone formation with VC. LGR4 extracellular domain 240
binds RANKL avoiding RANKL-RANK binding and induces the expression of bone re- 241
lated genes such Runx2 and osteocalcin [78, 80]. Recent studies in uremic rats fed a high 242
P diet have shown that LGR4 aortic expression markedly increased in response to high 243
PTH. Importantly, deletion of the LGR4 gene in VSMCs completely prevented PTH-in- 244
duced VC [52]. The evidence demonstrating the positive role of LGR4 stimulating osteo- 245
blast activity and bone formation could support the possible implication of LGR4 in VC 246
where the vascular smooth muscle cells undergo a phenotypic transformation to osteo- 247
blast-like cells [52]. 248

RANKL and OPG expression is also regulated in osteoblast by other factors such as 249
vitamin D, calcium, TNF-q, glucocorticoids, prostaglandins, and several interleukins (IL) 250
[81]. The latter, reveals the importance of the immune factors in the regulation of miner- 251
alization signals. In fact, a term is used to describe this topic, Inmunoporosis (immunol- 252
ogy of osteoporosis), where T cells have special relevance [82]. Activated helper T cells, 253
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(Th) especially the Th17 subpopulation, are sources of RANKL responsible of bone re- 254
sorption mainly through IL-17 [83]. Thus, Th cells are therapeutic targets for the bone de- 255
struction associated with T cell activation in inflammatory processes and it could actasa 256
link between bone loss and VC. The bone RANKL/OPG ratio is a recognized biomarker 257
of the degree of bone remodeling and bone mass [84]. However, there is no consensus on 258

the accuracy of the RANKL/OPG ratio at estimating the risk of VC [85]. 259
260
4.4. The Wnt/f3-catenin pathway 261

The Wnt/B-catenin pathway play an important role not only in normal bone for- 262
mation [55, 86] but also in VC [21, 51, 87]. Preventing the inhibition of Wnt/3-catenin path- 263
way in bone is one of the most promising therapeutic targets to promote new bone for- 264
mation [88] (Figure 3). 265

In a study in diabetic rats with chronic renal failure, the neutralization with mono- 266
clonal antibodies against Dkk1, another Wnt/f3-catenin inhibitor, was sufficient to prevent 267
bone loss without an adverse impact on the vasculature [89]. On the contrary, other study 268
in rats with chronic renal failure and aortic calcification showed an increase in the gene 269
expression of several inhibitors of the Wnt/3-catenin pathway, such as the secreted Friz- 270
zled related proteins (SFRPs) 1, 2 and 4 suggesting that inactivation of Wnt/B-catenin path- 271
way in the vessel may provide a local protective mechanism against the progression of 272
VC [21]. Interestingly, in vitro studies have shown the decrease in Wnt/$3-catenin inhibi- 273
tors, such as SFRPs, that is associated with greater calcification could be compensated by 274
an increase in other Wnt/$3-catenin inhibitors to balance the system [90-92]. 275

The inhibition of sclerostin in bone by intermittent PTH partly mediates PTH ana- 276
bolic effects, but it will be critical to examine whether PTH reduction of sclerostin in the 277
vessels favors Wnt/3-catenin-driven VC. Indeed, recent studies in uremic rats comparing 278
the impact of elevated and normal PTH levels (achieved through parathyroidectomy and 279
PTH 1-34 supplementation), demonstrated for the first time an effect of high PTH on VC 280
independent of hyperphosphatemia [51], which was corroborated in vitro. Indeed, dose 281
response studies to PTH in VCMCs supported the direct calcifying properties of high PTH = 282
and also the protective actions of low PTH despite a similar pro-calcifying environment 283
[51]. 284

4.5. The microRNAs in bone and vascular metabolism 285

Micro RNAs (miRNAs) are small single-stranded non-coding RNAs that mediate 286
post-transcriptional gene silencing miRNAs are main regulators not only of skeletal re- 287
lated genes but also of genes involved in cardiovascular complications, as shown for VC = 288
[67, 93, 94] (Figure 3), left ventricle hypertrophy and myocardial fibrosis [95-97]. 289

Skeletal development is a multistage process in which miRNAs can regulate the bone 290
formation/resorption remodeling processes, bone cell growth, differentiation and func- 291
tion playing an important role in bone physiology and pathophysiology during early and 292
postnatal skeletal development. Relevant in vivo and in vitro studies have revealed a sig- 293
nificant role for miRNAs in growth plate maturation (miR-140 and let-7), in osteoblast 294
function (miR-2861, miR-3960, miR-182, miR-199, miR-214, miR-17-92 and miR-34) and in 295
osteoclast actions (miR-223, miR-503, miR-148a, miR-125a, miR-21, miR-31 miR-155, miR- 296
29b) [98, 99]. Over last years, different studies have been conducted to investigate the dif- 297
ferentially expressed miRNAs between osteoporosis patients and controls; several miR- 298
NAs were evaluated for an earlier diagnosis of osteoporosis [100-102]. Some miRNAs, like 299
miR-29a protects bone tissue from osteoporosis through repressing osteoclast regulators 300
of RANKL and CXCL12, reducing osteoclasts differentiation [103]. 301

The first study analyzing miRNAs-dependent progression of VC, identified miR- 302
125b deregulation is a main determinant of the transition of human coronary artery arte- 303
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rioles into osteoblast-like cells by direct targeting of osterix gene. In fact, in vitro, the inhi- 304
bition of miR-125b promotes alkaline phosphatase activity and matrix mineralization [94]. 305
Several other miRNAs modulate the calcification process. MiR-34a promotes VSMC min- 306
eralization by inhibiting cell proliferation and inducing senescence through AXL Receptor 307
Tyrosine Kinase and Sirtuin 1 downregulation, respectively [104]. MiR-34b regulates 308
VSMCs calcification both in vitro and in vivo, through the targeting of Notchl gene ex- 309
pression, an important regulator of Matrix Gla Protein [105]. This miRNA list is expanding 310
with new studies, miR-145, the most abundant miRNA in VSMC, is the master regulator 311
of VSMC phenotype, reductions in aortic miR-145 occur with exposure to high phospho- 312
rus or to calcifying conditions [106]. The maintenance of vascular miR-145 levels should 313
help to prevent/attenuate the loss of the vascular contractile phenotype and reduce the 314
VSMC osteogenic differentiation. 315

Looking at the practical use of miRNAs in future, the discovery that miRNAs are 316
stable in plasma support their potential role as biomarkers for the early diagnosis of alter- 317
ations in bone and vasculature health [107]. In addition, we could hypothesize that thera- 318
peutically, once the involvement of a miRNA in a specific alteration is identified, it would =~ 319
be possible to either silence or overexpress it to control or modify a vascular outcome. 320

4.6. Cellular senescence 321

Cellular senescence, the irreversible growth arrest of mitotic cells, is triggered by ox- 322
idative stress, telomere shortening and/or activated oncogenes. The accumulation of se- 323
nescent cells within tissues can potentially lead to biological dysfunction and manifesta- 324
tion of disease associated with ageing. Senescent VSMC are also involved in the develop- 325
ment of VC, with an increase expression of inflammatory and pro calcifying genes 326
(RUNX-2, ALP, type I collagen and BMP-2) [108, 109]. 327

328
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5. Figures and Schemes 329

330
Figure 1. X-ray image of a 71 years old woman with aortic calcifications, low bone density and a 331
vertebral fracture. 332
i Calcification
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Figure 2. Promoters and inhibitors of vascular calcification. RANKL, receptor activator of nuclear 334
factor-kappa B Ligand; LDL, low-density lipoprotein; ALP, alkaline phosphatase; Ca, calcium; BMP, 335
bone morphogenetic proteins; P, phosphate; TNF-a, tumor necrosis factor-alpha; Vit D3, calcitriol; 336
MGP, matrix GLA protein, HDL, High-density lipoprotein; OPG, osteoprotegerin; OPN, osteopon- 337
tin; FGF23, fibroblast growth factor 23. (Modified with permission of Oxford University Press from 338
Nephrol Dial Transplant. 2011; 26, 3429-3436). 339
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Figure 3. Main pathways of bone metabolism (RANK-RANKL-OPG-LGR4 System and Wnt/p- 341
catenin) and their involvement in vascular calcification. Main effects of parathyroid hormone (PTH) 342
and phosphorus (P) on both pathways. In bone, the osteoblast synthesizes and secretes RANKL and 343
OPG. The binding of RANKL to RANK in the osteoclast precursors induces its activation, matura- 344
tion and survival, and therefore osteoclastogenesis and bone resorption. The osteoblast also synthe- 345
sizes OPG that prevents the RANKL-RANK union, inhibiting osteoclastogenesis. In addition 346
RANKL can bind LGR4 triggering bone formation signals and bone mineralization. In vascular 347
smooth muscle cells (VSMC), the binding of RANKL to both RANK and LGR4 induces mineraliza- 348
tion signals and vascular calcification. The union of RANKL to OPG, prevents the calcification of 349
VSMC.The Wnt/p-catenin pathway activation promotes the transcription of bone forming genes, 350
regulating the pre-osteoblast differentiation and the osteoblast activity. The Wnt/B-catenin pathway 351
has several inhibitors such us Dickkopfl (Dkk1), sclerostin (Sost), and the secreted Frizzle related 352
proteins (sFRPs), which are able to block the Wnt/p-catenin pathway, inhibiting the osteoblast dif- 353
ferentiation and survival. The Wnt/B-catenin pathway is also involved in the process of vascular 354
calcification, though there is still controversy regarding the regulation of inhibitors of the Wnt/8- 355
catenin pathway in the process of vascular calcification. The microRNAs (miRNAs) can regulate 356
bone formation and/or resorption and mineralization but also can promote or inhibit VSMC calcifi- 357
cation. Pointed arrow means activation and stop arrow means inhibition or blockage. In case of 358
controversy in the literature, the most accepted option has been included in the figure but accom- 359
panied by a “?* symbol. 360

361

362
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365
6. Summary and conclusions 366

This review shows that VC and bone loss that often coincide in aging individuals, 367
share numerous pathophysiological mechanisms. In this context, PTH, the 368
RANK/RANKL/OPG system and the Wnt/-catenin pathway are the most studied factors. 369
High PTH increases bone resorption and bone loss, but also triggers mechanisms that fa- 370
vor VC involving the RANK/RANKL/OPG and Wnt/B-catenin pathways. Furthermore, 371
other closely related factors such as calcium, phosphate, FGF23, Klotho, vitamin D and 372
other regulatory factors that regulate PTH make these interactions extremely complex. 373
The presence of low and high PTH levels, and consequently low and high bone turnover, 374
facilitate the process of deposition hydroxyapatite in the wall of the vessels. Thus, when 375
these conditions remain during long periods, VC progresses becoming severe, a fact that 376
seems to increase vascular molecular signals with the aim to reduce “bone deposition in 377
the vessels”, which in turn could favor the reduction of bone formation in the bones [21, 378
55]. Thus, in the presence of severe VC, a vicious circle can be established, further reducing 379
bone mass. 380

The increase or decrease in tissue and/or serum levels of any these factors may play 381
a pathogenic role but also can be used as a marker of bone and cardiovascular diseases. 382
However, serum markers should be interpreted with caution, for instance, higher serum 383
levels of sclerostin have been associated with VC and poor outcomes, but this relationship 384
could be not due to a negative action of sclerostin, but to a potential overproduction of 385
sclerostin as a protective factor against VC. Similarly, serum sclerostin levels have been 386
positively, and not negatively, associated with higher bone mass [110]. 387

Although the pathogenesis and progression of VC and bone loss shares several fac- 388
tors and pathways, it remains difficult to know what is first, the chicken or the egg, i.e. 389
whether bone loss is driving VC or the opposite, or whether there is a higher level of 390
dysregulation through aging processes that impacts on both tissues simultaneously but 391
through similar mechanisms. 392
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