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Abstract. 
At the early stage of chronic kidney disease (CKD), the systemic mineral metabolism and bone composition start to change. This alteration is known as chronic kidney disease-mineral bone disorder (CKD-MBD). It is well known that the bone turnover disorder is the most common complication of CKD-MBD. Besides, CKD patients usually suffer from vascular calcification (VC), which is highly associated with mortality. Many factors regulate the VC mechanism, which include imbalances in serum calcium and phosphate, systemic inflammation, RANK/RANKL/OPG triad, aldosterone, microRNAs, osteogenic transdifferentiation, and effects of vitamins. These factors have roles in both promoting and inhibiting VC. Patients with CKD usually have bone turnover problems. Patients with high bone turnover have increase of calcium and phosphate release from the bone. By contrast, when bone turnover is low, serum calcium and phosphate levels are frequently maintained at high levels because the reservoir functions of bone decrease. Both of these conditions will increase the possibility of VC. In addition, the calcified vessel may secrete FGF23 and Wnt inhibitors such as sclerostin, DKK-1, and secreted frizzled-related protein to prevent further VC. However, all of them may fight back the inhibition of bone formation resulting in fragile bone. There are several ways to treat VC depending on the bone turnover status of the individual. The main goals of therapy are to maintain normal bone turnover and protect against VC.


1. Introduction
CKD is a complex disease which impacts millions of people. Progression of CKD is associated with a number of serious complications, including hypertension, hyperlipidemia, anemia, hyperkalemia, mineral bone disorder, and cardiovascular disease. CKD patients always experience both renal bone disease and VC [1–5] and especially experience the more severe complications of these two conditions while on hemodialysis [6]. Compared with the non-CKD population, the cardiovascular death rate is at least 10 times higher and in young subjects this risk is more than 100-fold [7]. When the estimated glomerular filtration rate (eGFR) is less than 60 mL/min/1.73 m2, the cardiovascular risk is increased [8, 9]. A 30% decrease in eGFR is associated with a 20–30% increased risk of major cardiovascular events and all-cause mortality in patients with CKD [10].
Examination of CKD patients who have VC reveals two different but overlapping arterial pathologies: atherosclerosis and arteriosclerosis [11]. Atherosclerosis is primarily an intimal disease, with patchy plaques that spread and occur preferentially in medium-sized arteries. By contrast, arteriosclerosis is calcification of the media layer, which usually occurs along the elastic lamina which may lead to increased arterial stiffness [7].
In CKD patients, dysregulation of calcium and phosphate metabolism is the main contribution to VC. Elevated calcium and phosphate have direct effects on vascular smooth muscle cells (VSMCs). In turn, the VSMCs stimulate osteogenic/chondrogenic differentiation, vesicle release, apoptosis, loss of inhibitors, and extracellular matrix degradation to drive VC [12].
Twenty years ago, a meaningful inverse association between bone mineral density and aortic calcification was suggested [13]. Some reports have pointed to a perplexing connection between VC and impaired bone metabolism and increased mortality [13–17]. Moreover, severe VCs are likely to be related to an increased frequency of nontraumatic fractures in both the general population and dialysis patients [17]. Usually, osteoporosis and VC are considered to be disorders of aging. However, a new study suggests that besides aging, there are other biological factors influencing the connection between VC and impaired bone metabolism, which contribute to arteriosclerosis and osteoporosis [18]. This review discusses both the pathophysiology of VC and its relationship to impaired bone metabolism in CKD patients (Figure 1).



	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	



	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
		
	






	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
			
			
			
			
		
	



Figure 1: Scheme for possible mechanisms of vascular calcification in CKD. Vascular calcification is a prominent feature of arterial disease in CKD and may have an impact on cardiovascular mortality through modulating both arteriosclerosis (arterial stiffening) and atherosclerosis. In CKD, abnormal mineral metabolism, predominantly hyperphosphatemia and hypercalcemia, facilitates the progression of the active process of osteogenesis in vascular smooth muscle cells (VSMCs) resulting in arteriosclerosis calcification. However, the disruption of endothelial-derived relaxing factors may signal an early stage in atherosclerosis. Hyperlipidemia, hypertension, metabolic syndrome, and CKD are the major causes of endothelial injury, partly through increase of inflammation or oxidative stress. Major cell players are endothelial cells (or valve interstitial cells; VICs), leukocytes, and intimal smooth muscle cells (SMC). Focal calcification within atherosclerotic plaques is due to both active (osteogenic) and passive (cellular necrosis) processes. The phenotypic osteocyte in calcified vessels/valves may secrete Wnt inhibitors, which may fight back inhibition of bone formation.


2. Histoanatomic Classification of Cardiovascular Calcification in CKD
Depending on the site, there are two main kinds of calcification: vascular wall calcification and cardiac valve calcification. Furthermore, VC can be divided into atherosclerosis and arteriosclerosis. This means it could be only one disease or two distinct ones existing at the same time. In CKD patients, most patients have two kinds of calcification simultaneously and overlapping pathological processes [7] (Figure 2).




	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	






	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
		
	







































	
		
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	



	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	





	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	





































Figure 2: Risk factors associated with medial arterial calcification (MAC) versus atherosclerosis in CKD (above). Simplified histopathology pictures of the MAC and atherosclerotic calcification (below). Disordered mineral metabolism in CKD with its associated characteristics of hyperphosphatemia, hypercalcemia, and renal osteodystrophy, as well as vitamin D perturbation and klotho deficiency, increases the risk for MAC. Oxidative stress and chronic inflammation in uremia also accelerate atherosclerosis. A number of risk factors can drive both pathologies. Both atherosclerotic calcification and medial calcification stiffen arterial conduit vessels, impairing heart function. The eccentric remodeling of atherosclerotic calcification also reduces lumen diameter and predisposes to acute thrombosis.


2.1. Atherosclerosis
The intimal layer consists mainly of endothelial cells with some subendothelial connective tissues. Inflammation, thickening, and calcification of the intimal layer are called atherosclerosis [6]. The characteristics of atherosclerosis are lipid-laden plaques, primarily limited to the tunica intima of the arterial wall, and microinflammation of the atherosclerotic plaque [19]. Atherosclerotic burden starts at a young age and continually progresses, occurring mostly in medium-sized arteries and near arterial branch points. Atherosclerosis is patchy and focal in its distribution and predominantly affects medium-sized conduit arteries such as the epicardial coronary, carotid, iliac, and femoral arteries [20].
2.2. Arteriosclerosis or Medial Arterial Calcification (MAC)
The medial layer contains VSMCs and an elastin-rich extracellular matrix. The deeper layer of calcification in the media elastic matrix of the arterial wall is termed arteriosclerosis [16]. Arteriosclerosis is the fibrosis, thickening, stiffening, and calcification of the medial arterial layer in the large- and medium-sized arteries and may lead to left ventricular hypertrophy [16]. In contrast with the focal and patchy distribution of atherosclerosis, arteriosclerosis effects the tunica media in a diffuse contiguous style [19]. Several studies have demonstrated that medial artery calcification (MAC) is associated with major changes in the microstructure of the arterial wall, including increased extracellular matrix deposition, elastin degradation, and apoptotic bodies. Unlike atherosclerosis, lipid-laden plaques are not a specific feature of MACs [19].
Recent studies suggest that altered mineral metabolism, such as high or low bone turnover disorders in CKD, may promote arteriosclerosis, and inflammation is not characteristic of MAC lesions [21], whereas increased inflammation and oxidative stress, such as hyperlipidemia, hypertension, metabolic syndrome, and CKD, may contribute to atherosclerosis as well. Atherosclerosis and MAC can usually be easily distinguished as spotty calcifications versus linear tram-track calcifications on plain radiographs [22].
2.3. Cardiac Valve Calcification
Calcification of the cardiac valve leaflets can change the mechanical properties of the tissue and cause stenosis [6]. Calcification of the valves is commonly associated with hyperlipidemia and aging and is the most common pathology seen in excised native valves [23]. Because of the long-standing action of mechanical stress and proinflammatory factors, the aortic valve is usually affected by dystrophic calcification [24, 25]. In the early stages of valve calcification, the lesion includes abundant subendothelial lipids and extracellular matrix, with displacement of the elastic lamina. As the disease worsens, lipids, extracellular matrix, osteoblastogenesis, and the presence of calcifying vascular cells (CVCs) [26–28] are increased, with evidence of breakdown and disarrangement of the elastic lamina [29]. All of these chronic inflammatory factors will cause circulating osteoprogenitors, endothelial-mesenchymal transition, and annular chondrocytes and result in cardiac valve calcification. On the other way, the chronic inflammation will promote bone turnover disorders to stimulate vascular wall calcification, but not cardiac valve calcification [30].
Potential roles for calcific aortic valve disease in the pathogenesis are lipoprotein retention and signaling, oxidative stress, and renin-angiotensin system activation [31]. The calcification of the aortic valve stroma does not exhibit similar evident features of atherosclerotic changes [25]; however, it may be proof that the early stages of calcification of the valve cusps proceed by different mechanisms and may predict atherosclerosis progression in coronary arteries [32]. Similarly, the mitral valve can be found to have calcium deposits and the annulus of the valve to contain cartilaginous metaplasia [33].
3. Pathophysiology of VC
There are many factors impacting VC, which is a precise complex process. In CKD patients, these factors often include abnormal activities and serum levels, such as hyperphosphatemia, which is a major important contributor to VC [34]. Calcification starts after release of vesicular structures from VSMCs, which contain hydroxyapatite [35]. The calcification process includes active and passive processes. The active process is the transformation of VSMCs to an osteogenic/chondrogenic phenotype that promotes the release of the vesicular structures. Mineralization in these structures is stimulated by osteoblastic proteins. The key transcription factors involved in osteoblast differentiation and translation of bone proteins, such as alkaline phosphatase and bone morphogenetic protein 2 (BMP2), are all components of the osteoblastic transformation of VSMCs [36]. On the other hand, the passive process involves mineral precipitation from the extracellular fluid surrounding the VSMCs in the vascular walls [18]. It has been recognized recently that there are many promoters as well as inhibitors of calcification that may have general or local effects on VC.
3.1. Calcification Promoting Factors
The relationship of vascular calcification between promoters and inhibitors is really unclear, but they could counterbalance each other in the general population. However, in CKD patients, inhibitory systems, such as matrix glutamate protein (MGP), pyrophosphate, and fetuin-A [19], are overwhelmed by a multitude of promoters agents that induce VSMC damage and cell death resulting in vascular calcification [37].
3.1.1. Calcium/Phosphate Homeostasis
Normal Phosphorus Metabolism. Fibroblast growth factor 23 (FGF23), klotho, parathyroid hormone (PTH), and 1,25-dihydroxyvitamin D are basic regulators of phosphorus metabolism. About 50–80% of dietary phosphate is absorbed by the gastrointestinal tract via the sodium-phosphate cotransporters, NaPi-2b (SLC34A2) and PiT-1 (SLC20A1), or by passive paracellular pathways [38, 39]. FGF23 and PTH increase kidney phosphate excretion by downregulating the NaPi-2a (SLC34A1) and NaPi-2c (SLC34A3) channels in the proximal tubules [40–42]. Klotho is a transmembrane protein that acts as an essential cofactor for FGF23 at its receptor but can also promote phosphaturia independently of FGF23 by inactivating NaPi-2a [43]. The 1,25-dihydroxyvitamin D enhances intestinal phosphate absorption by increasing the expression of NaPi-2b and also regulates PTH and FGF23 [44].
Dysregulation of Phosphate and Calcium Homeostasis in CKD. In the past decade, hyperphosphatemia has been proved as an independent factor for cardiovascular events and decreasing bone mineral density [45, 46]. Abnormal phosphate metabolism occurs early in patients with an eGFR less than 60 mL/min, as evidenced by increased serum FGF23 levels, which occur before PTH increases [47, 48]. FGF23 also directly contributes to active vitamin D deficiency by inhibiting 1
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-hydroxylase in the kidney [49]. In addition, increased FGF23 influences other systems as well by promoting left ventricular hypertrophy and deteriorating renal function, thereby increasing mortality [50].
Calcium regulation also relies on the VSMC phenotypic circumstance [51, 52]. Differentiated contractile VSMCs can display high levels of the voltage-activated L-type calcium channels, which take up extracellular calcium, and the sarcoplasmic reticulum intracellular calcium release channel, the ryanodine receptor. However, VSMCs endure phenotypic modulation, which coincides with the beginning of osteogenic/chondrogenic differentiation. Increased expression of the low-voltage-activated T-type channels and downregulation of L-type channel expression occur in VSMCs. The ryanodine receptor is also downregulated, which is compensated for by increased expression of other sarcoplasmic reticulum ion pumps [51]. Thus, changes in both intracellular and extracellular calcium pools are likely to dramatically influence VSMC function [12].
Phosphate can lead to changes in the vessel wall by promoting calcification, and this calcification is not simply the result of calcium and phosphorus precipitation from the circulation [53]. Hyperphosphatemia may stimulate endothelial cells (ECs) to form microparticles. Then, the microparticles thrown off by the ECs will decrease the secretion of annexin II, reduce angiogenesis, increase the production of reactive oxygen species (ROS), enhance inflammation, and result in apoptosis of the ECs [54]. VSMCs cultured in phosphorus concentrations ranging from 1.6 to 3 mmol/L (5 to 9.3 mg/dL) fail to express smooth muscle proteins and begin expressing genes recognized as markers of osteoblasts such as Runx2/Cbf
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1, osteopontin, and alkaline phosphatase [55, 56]. Resembling normal bone formation, these transdifferentiated VSMCs deposit minerals in the extracellular matrix via matrix vesicles [36, 57] in a tightly regulated sequence, and the degree of calcification corresponds to the phosphate dose [55]. Additionally, a study showed that Stanniocalcin 2 can inhibit phosphate-induced ectopic calcification in VSMCs and may play a role in the treatment of VC [58].
3.1.2. Osteochondrogenesis
Hyperphosphatemia induces calcification by upregulating mRNA expression for osteogenic factors including BMP 2, Runx2/Cbf
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1, Msx2, and osteocalcin [59]. Runx2 is an important transcription factor in osteoblastic and chondrocytic differentiation, causing the expression of major bone matrix components such as osteocalcin, type I collagen, and osteopontin (OPN). Hyperphosphatemia also leads the activation of the Wnt/
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-catenin signaling pathway by the translocation of 
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-catenin into the smooth muscle cell nucleus, increasing the expression of direct target genes such as cyclin D1, axin 2, and VCAN/versican [59].
In fact, the role of BMP and Wnt signaling on VC is still unclear [60]. Both proteins regulate bone mass by promoting osteogenesis by stimulating Runx2 gene expression [59], but the molecular interactions between these pathways in osteogenesis and bone formation are not completely defined [61]. Therefore, hyperphosphatemia can induce osteogenic/chondrogenic phenotype changes, the ultrastructural characteristics of which are the formation of bone matrix vesicles containing apatite and calcifying collagen fibrils on the surface of VSMCs [57]. Furthermore, these vesicles almost certainly act as early nucleation sites for calcification in the vascular wall [59].
3.1.3. Apoptosis
Hyperphosphatemia has been shown to induce VSMC apoptosis [36, 62]. Some studies report that VSMCs are unable to adapt to the high-phosphate environment then become bone-like cells and follow the cell-death route [62]. As VSMCs undergo apoptosis, they excrete large numbers of apoptotic bodies from their cell surface. Both matrix vesicles and apoptotic bodies promote extracellular calcification by acting as nucleation sites for mineral deposition in the extracellular matrix. As a result, calcium and phosphorus deposition occurs [57, 63].
3.1.4. Circulating Calciprotein Particles
Calciprotein particles consisted of fetuin-A, albumin, and other acidic proteins as well as calcium and phosphate. In Heiss et al., fetuin-A was important for the formation and stabilization of the calciprotein particle bodies [64]. Serum levels of these particles seem to rise as renal function deteriorates, with the highest level of particles detected in dialysis patients. Previous studies showed that the concentration of calciprotein particles may be a more sensitive measure of extraosseous calcification than total fetuin-A serum concentrations in dialysis patients [65].
3.1.5. Matrix Degradation/Modification
The collagens, elastins, fibronectins, heparan sulfates, proteoglycans, and chondroitin sulfate proteoglycans frame the complex, highly structured extracellular matrix to encompass VSMCs [66–68]. Elastin is secreted from VSMCs as the soluble monomer, tropoelastin [69]. In people with CKD and hyperphosphatemia and in animal models, the accumulation of linear mineral deposits along the arterial elastic lamina is a key feature of the predominant type of arterial medial calcification [66–68].
Recent studies suggest that elastin fragmentation may enhance arterial calcification in end-stage renal disease (ESRD). Elastin degradation causes the extracellular matrix to have a higher affinity for calcium and facilitates epitactic growth of hydroxyapatite along the elastic fibers [44]. Elastin fragments bind not only to elastin laminin receptors located on the surface of VSMCs, but also through transforming growth factor-
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 signaling [69], which can promote proliferation and upregulate Runx2, leading to osteogenic differentiation [70, 71].
3.2. A Decrease in Factors That Inhibit VC
There are many endogenous factors that inhibit calcification of the arterial wall under healthy conditions, such as matrix glutamate protein (MGP), fetuin-A, and pyrophosphate.
3.2.1. Decreased Matrix Glutamate Protein
MGP synthesized by VSMCs [72] is found at the interface between normal tissue and the mineralized lesions of calcified arteries in patients with CKD or diabetes [73]. The precise mechanism of MGP is unclear; it may inhibit BMP2 and BMP4 to block the induction of the VSMC osteoblastic phenotype, or it may directly bind to hydroxyapatite [74]. Previous studies have shown that vitamin K-dependent 
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-carboxylation of glutamate residues is mandatory for MGP’s ability to chelate minerals and inhibit calcification [75, 76]. In addition, MGP deficiency may cause severe arterial calcifications [75, 77].
3.2.2. Decrease in Fetuin-A
Fetuin-A, a calcium-binding glycoprotein present at high concentrations in human blood, is secreted by hepatocytes and safely cleared by the liver. Fetuin-A is principally responsible for inhibiting spontaneous mineral precipitation from serum [78]. It inhibits de novo calcium phosphate precipitation [79] and also inhibits calcification within VSMCs, preventing vesicular-mediated precipitation of calcium phosphate [80]. Many studies show that low serum fetuin-A levels are linked to the progression of atherosclerosis, aortic calcification, and increased cardiovascular disease mortality in ESRD patients [81–84].
3.2.3. Decreased Pyrophosphate (PPi)
Pyrophosphate concentrations are lower in dialysis patients compared to healthy controls and are one of the reasons why dialysis patients are more susceptible to VC [85]. Pyrophosphate can directly reduce hydroxyapatite formation within VSMCs as well as decrease nanocrystal formation [63]. The tissue nonspecific alkaline phosphatase hydrolyzes pyrophosphate to produce inorganic phosphorus, which will enhance calcifying VSMCs to undergo osteogenic differentiation and worsen VC [19, 86].
3.3. Inflammation and Reactive Oxygen Species
Inflammation and reactive oxygen species are two additional factors associated with VC. Inflammation may promote VC by releasing “tumor necrosis factor 
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,” which triggers the Wnt signaling pathway, resulting in osteogenic differentiation of VSMCs [18, 87–90]. In addition, several other factors related to oxidative stress may be involved. Among them, hydrogen peroxide has been reported to stimulate Cbf
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-1 directly [91] as well as BMP2, which increases osteoblastic differentiation of calcifying cells and may also reduce the expression of MGP [92].
3.4. Downregulation of the PTH Receptor
PTH and PTH-related peptide (PTHrP) may act as mediators of VC. Both PTH and PTHrP avoid VSMC calcification in a dose-dependent manner by inhibiting alkaline phosphate activity [93]. While PTH fragments 1–34 were shown to inhibit VC in an animal study [94], PTH 7–84 might increase the risk of VC [95]. In CKD patients, downregulation of the PTH receptor in VSMCs attenuates the protective effects of PTH on VC [96]. However, no data as yet link PTH to Cbf
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-1 expression in VSMCs [97]. But, other studies showed that PTH levels are proportional to calcification scores [98]. In contrast, other researches demonstrated that PTH cannot induce VC but have a synergistic effect with phosphate, probably because of an indirect association with bone remodeling and osteoclastic activity with a damaging result [99].

3.5. Magnesium
Magnesium can replace Ca in carbonated hydroxyapatite and destabilize the crystal structure of hydroxyapatite; thus, it may contribute to its potential solubility. A study demonstrated that magnesium inhibited the transformation of VSMCs into osteoblast-like cells as well as hydroxyapatite crystal formation [100]. Several clinical studies suggested inverse relationships between serum magnesium levels and VC [101].
3.6. Role of Vitamins in Calcification
3.6.1. Vitamin K
There are two forms of vitamin K: vitamin K1 (phylloquinone, mainly derived from vegetables) and vitamin K2 (menaquinone, mainly derived from fermented food such as cheese). Vitamin K2 has a specific role in osteoblast, chondrocyte, and VSMC function [101]. In general, vitamin K2 carboxylates extrahepatic Gla proteins such as MGP and osteocalcin [102]. MGP, a vitamin K-dependent protein, could be activated by 
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-carboxylation, whereas undercarboxylated proteins are inactive. In a human study, vitamin K1 could be converted into vitamin K2 by the intrinsic enzyme, UbiA prenyltransferase domain-containing 1 [103]. In another pilot study in dialysis patients, VC was inversely associated with plasma concentrations of desphospho-carboxylated MGP, and the plasma levels of desphospho-undercarboxylated MGP could be significantly reduced (−27%) by daily supplementation with vitamin K2, suggesting a shift to the active, carboxylated MGP isoform within the vessel wall [104].
Warfarin is commonly prescribed to patients with CKD because of their higher incidence of atrial fibrillation [105]. Use of warfarin results in a phenotype similar to that seen in MGP-deficient mice [106]. This condition may disrupt vitamin K-dependent gamma-carboxylation (activation) of MGP. Therefore, warfarin is a strong risk factor for VC, not only in dialysis patients [107, 108], but also in the general population [97]. Additionally, unfractionated heparin will increase osteoclast activity and promote VC [109].
3.6.2. Vitamin C (Ascorbic Acid: AA)
The biochemical role of AA has been described for several decades [110]. From the molecular mechanisms of VC, AA promotes the pathogenesis of this process. AA plays an essential role in different biological functions, such as mesenchymal [111] and chondrocyte differentiation [112].
AA exposure will increase the phenotype of important genes implicated in bone mineralization as well as VC, such as collagen II, Cbf
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1/RUNX2, Sox 9, and collagen X. Moreover, AA heightened Erk activation, whereas Erk inhibition weakened AA-induced differentiation [112]. Furthermore, AA also enhances calcitriol synthesis through upregulation of the vitamin D receptor. Therefore, AA may increase vitamin D receptor-dependent genomic responses to calcitriol, leading to promotion of terminal differentiation [113]. Ciceri et al. found synergistic effects of AA and phosphate in promoting VC. This role of AA may be to act as a cofactor in intracellular collagen biosynthesis, bone mineralization, expression of key genes (Cbf
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/RUNX2), and extracellular calcium deposition in osteoblast-like cells [114].
3.6.3. Vitamin E
How vitamin E induces VC is unclear, but in bone remodeling vitamin E enhances the expression of dendritic cell-specific transmembrane protein (DC-STAMP) which increases the size of osteoclasts, their number of nuclei, and bone-resorbing ability [115]. Vitamin E also stimulates RANKL secretion and mergers of osteoclast cells. One study showed that the vitamin E isoform enhances protein kinase signaling, leading to phosphorylation and stimulating the transcriptional regulator, microphthalmia-associated transcription factor to bind to the promoter of the gene encoding DC-STAMP (Tm7sf4), thereby promoting VC [116].
3.6.4. Role of Vitamin D
Treatment with high doses of calcitriol or toxic doses of vitamin D3 causes vascular and soft-tissue calcifications [117–120]. Mizobuchi et al. demonstrated that calcitriol and doxercalciferol, but not paricalcitol, induced severe medial calcification in 5/6 nephrectomized rats, despite using doses that efficiently lowered elevated levels of PTH [121]. Calcitriol induces RANKL expression on osteoblastic cells. RANKL enhances a signal for osteoclast differentiation and activation through its receptor RANK present on osteoclast progenitors and promoted osteoclast function [122]. By comparing vitamin D receptor-null (VDR−/−) and VDR+/+ mice, high-dose calcitriol was found to induce VC regardless of vitamin D receptors in the aortas. Therefore, vitamin D promotes VC due to its systemic effect [123]. VSMCs manifest vitamin D receptors [124] and high calcitriol doses induce matrix mineralization of VSMCs in vitro [93]. It is most likely that calcitriol may improve bone health but deteriorate vascular calcification through increase mineral burden in CKD. However, the physiological function of vitamin D receptor activation in VSMCs is inhibitory to matrix mineralization through its stimulation of smooth muscle differentiation and repression of osteoblastic transition [125].
The effects of vitamin D on calcification of VSMCs can proceed in two opposite (contradictory) directions. The first is the procalcific effects, which include direct influences on VSMCs, promoting VC by raising phosphate and calcium levels, and oversuppression of PTH leading to adynamic bone disease and low bone turnover. In contrast, the other has protective effects, which are pleiotropic anti-inflammatory and immunomodulatory effects on the cardiovascular system [126], inhibiting the production of renin and myocyte proliferation [127] and preventing hyperparathyroidism. Generally speaking, in CKD patients with low levels of nutritional vitamin D, supplementation with low-dose vitamin D has been proved to reduce mortality [128].
3.7. Role of Aldosterone
Elevated serum phosphate may stimulate FGF23 production, which in turn may inhibit the angiotensin converting enzyme (ACE) 2, resulting in increased angiotensin II (Figure 3) and aldosterone levels in CKD [129]. VSMCs express mineralocorticoid receptors and their activation by mineralocorticoids promotes VC [130, 131]. High-plasma aldosterone concentrations are related to vascular stiffening, vascular damage, and atherosclerosis [132–134]. Aldosterone could directly regulate the type III sodium-dependent phosphate transporter-phosphate transporter 1 (Pit-1) in vitro. Pit-1 is required for the subsequent TNF
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/Msx2 cascade, causing chondroosteogenic transformation as well [135]. In addition, aldosterone also upregulates vascular TNF
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 promotes the differentiation of VSMCs into cells that are characteristic of chondroblastic/osteoblastic cells [137]. TNF
	
		
			

				𝛼
			

		
	
 stimulates the expression of the chondroosteogenic transcription factors osterix and Cbf
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1/Runx2. This step includes the transcription factors Nf-
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B and Msx2 [138]. Cbf
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1/Runx2 is another key factor in triggering VC [139].


	
		
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	






	
		
			
			
			
			
			
			
			
			
			
			
			
		
	








	
		
			
			
			
		
	


	
		
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
		
	




	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
		
	













	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	








	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	












	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	


	
		
		
			
		
	




	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	


	
		
			
			
			
			
			
		
	






	
		
			
			
			
			
			
			
			
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	




	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
			
			
			
			
		
		
			
		
		
			
		
	



Figure 3: Factors related to the osteogenic transdifferentiation of vascular smooth muscle cells in chronic kidney disease (CKD). Hyperphosphatemia stimulates the secretion of FGF-23 from osteocytes in the bone, which inhibit the activity of angiotensin-converting enzyme 2 (ACE2). FGF23 blocks the conversion of angiotensin II into angiotensin (1-7). Therefore, angiotensin II will enhance the production of aldosterone. Phosphate and calcium stimulate the Na-Pi cotransporter, and aldosterone also contributes to activate the Na-Pi cotransporter, resulting in increased phosphate entrance into VSMCs. In addition, aldosterone accentuates the inflammatory status in part by TNF
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. Both oxidative/inflammatory status and increased intracellular phosphate levels promote VSMCs to transdifferentiate into phenotypic osteoblast cells, which causes the ossification of the vascular wall to progress. As a whole, the calcified vessels have more prominent bone formation characteristic than bone resorption ones. In addition, osteogenic cells may secrete sclerostin (SOST) and FGF23. The secreted FGF23 from the calcified vessel may contribute further increased FGF23 serum levels.


3.8. MicroRNAs: New Players in VC
MicroRNAs are small, noncoding, single-stranded RNAs that function in transcriptional and posttranscriptional regulation of gene expression [140]. MicroRNAs bind to complementary sequences on target mRNAs, usually leading to gene silencing through translational repression or target degradation [141]. The role of microRNAs in cardiovascular biology is currently under intense investigation, and specific microRNAs have been associated with various cardiovascular disorders, including vascular remodeling, cardiac hypertrophy, heart failure, and postmyocardial infarction remodeling [142]. One study stated that specific miR-143 and miR-145 in VSMCs were reduced in patients with CKD and/or atherosclerosis. By contrast, inflammatory miR-223 and miR-126 were elevated in patients with more advanced CKD [143]. However, increasing evidence shows that the reduction of microRNAs may play a pivotal role in increasing Runx2 and decreasing myocardin, contributing to VC [144].
3.9. Indoxyl Sulfate
CKD patients accumulate uremic substances in their body because of impaired kidney function. These uremic substances, called uremic toxins (UTx), have been reported to injure various organs. Indoxyl sulfate (IS) is one of the uremic toxins and is derived from tryptophan. It is excreted mainly from the proximal renal tubules into urine. Decrease renal clearance as occurs in chronic renal failure will increase IS levels in the blood, so levels are approximately 30 times higher in patients with CKD stages 4-5 (not yet on dialysis) patients and 80 times higher in patients before initiation of dialysis than in healthy persons [145]. A study of Dahl salt-sensitive hypertensive rats proved that IS significantly increased aortic calcifications [6], but IS concentration is also positively related to aortic calcification in patients with CKD [146].
In addition, Mozar et al. confirmed that IS directly inhibits osteoclast differentiation and activity [147]. Furthermore, Kim et al. illustrated that IS inhibits osteoblast differentiation and induces apoptosis via the caspase (cysteine aspartate protease) pathway [148, 149]. Therefore, as a bone toxin, IS may deteriorate the outcomes of low bone turnover diseases and attenuate the chemical composition of bone in patients with CKD. This mechanism may explain the increased incidence of hip fractures in CKD patients [150]. Oral administration of the indole-absorbing agent, AST-120, prevents the progression of VC [151] and improves the low bone turnover status in patients with CKD [145].
4. Bone-Vascular Axis and VC
4.1. RANK/RANKL/OPG and VC
It is obvious that impaired bone metabolism has an important role in the development of VC [18]. More and more researchers now advise that VC, like bone remodeling, is an actively regulated process, including both stimulatory and inhibitory processes [152]. There are three key elements that influence the bone formation process: receptor activator of NF-
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B (RANK), receptor activator of NF-
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B ligand (RANKL), and osteoprotegerin (OPG). RANK, a type I membrane protein on the surface of osteoclast cells, is involved in osteoclast cell stimulation when bound with receptor activator of NF-
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B ligand (RANKL) produced by osteoblasts [153].
In addition, mounting evidence suggests that the RANK/RANKL/OPG triad is involved in bone metabolism and may be important in VC. OPG, RANKL, and RANK exist in extraosseous calcifications such as atherosclerotic calcifications and cardiac valve calcifications. Also, their relative expression levels are different depending on the stage of the disease [154, 155]. RANKL/RANK signaling not only regulates the formation of multinucleated osteoclast cells from their precursors, but also influences their activation and survival during normal bone remodeling and in a variety of pathologic conditions [156]. OPG, the other protein secreted from osteoblast cells, is a potent inhibitor of osteoclast differentiation and protects the skeleton from excessive bone resorption by acting as a decoy receptor for RANKL and preventing RANKL from binding to its receptor, RANK [153]. Thus, the RANKL/OPG ratio is a significant determinant of bone formation.
Panizo et al. stated that RANKL directly increased VSMC calcification by binding to RANK and stimulating BMP4 secretion by the alternative NF-
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B pathway [157]. Thus, RANK/RANKL may be crucial in stimulating VC, whereas OPG inhibits VC. OPG appears to be the molecular link between bone resorption and VC, which may help recognize the close relationship between atherosclerosis and osteoporosis in postmenopausal women [32]. Shargorodsky et al. stated that serum OPG level is an independent predictor of early cardiovascular events in osteoporotic postmenopausal women [158].
4.2. Altered Bone Turnover and VC in Patients with CKD
The bone has a complex connection with the vascular system. Both have similar and mutual changes in mineralization, a situation called the bone-vascular axis [159]. In the past 20 years, it was repeatedly reported that the association between bone fragility and VC was because of a significant inverse correlation between bone mineral density and aortic calcification [13]. But, this correlation is poorly understood and underlying relationships have not yet been well-characterized. Besides, CKD is usually thought to represent a state of low bone turnover, which reduces the bone’s ability to buffer mineral metabolites such as calcium and phosphate, which promotes VC [160]. Therefore, low bone turnover is associated with coronary artery calcium (CAC) score progression in hemodialysis patients [161].
Some initial studies also revealed that low bone turnover or mineralized bone volume is inversely related to the degree of coronary artery calcification and vascular stiffness [162]. Rodríguez-García et al. analyzed hemodialysis patients and found that calcification in the large and medium arteries is associated with a higher possibility of vertebral fractures [4]. This study showed that both VC and vertebral fractures were associated with increased mortality among research samples [4].
However, the relationship between low bone turnover and VC remains unclear [98]. Recent publications examining low or even high bone turnover discovered that VC is not influenced by bone turnover itself but is related to situations where bone resorption is greater than bone formation (Figure 4). These researchers found that VC can occur at any level of bone turnover [98]. As previously stated, serum phosphate may be one of the connections between bone turnover and VC. When bone turnover is low, as with adynamic bone, the amount of interchangeable calcium and phosphate is decreased, leading to higher concentrations associated with intake. Furthermore, bone resorption is more prominent than bone formation, interfering with the buffering function of the skeleton for extra phosphate. By contrast, when high bone turnover is present as in secondary hyperparathyroidism, a lot of phosphate is released from bone and, again, the reservoir function of the skeleton is destroyed [18]. Therefore, correcting the balance in bone, either high or low, will protect against the progression of VC [161].





	
		
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	




	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	




	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
		
	




	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	






	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
		
	




	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	








	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
		
	


	
		
		
			
		
	



Figure 4: Bone turnover and vascular ossification in chronic kidney disease (CKD). Basically, bone cells have less vitality in patients with CKD than in normal persons. Thus, low bone turnover is part of the innate character of CKD. High PTH serum levels will overcome the indolent bone cells and lead to high turnover bone disease with the characteristics of relatively higher bone resorption than bone resorption. The high turnover status in SHPT can induce increased bone demineralization, which will increase calcium and inorganic phosphate release from bone into circulation. In contrast, overtreatment of CKD patients with Ca-salts, VDRA, or aluminum may cause them to develop low turnover bone disorders and low serum PTH levels. In patients with low bone turnover status, the decreased bone mineralization makes it difficult for calcium and inorganic phosphate to enter into bone, resulting in increased serum calcium and inorganic phosphate. Both high and low bone turnover disorders are characterized by a relatively higher degree of bone resorption than bone formation, which may contribute to the elevated serum calcium and inorganic phosphate levels, and aggravate vascular calcification/ossification.


4.3. Calcified Vessel Impaired Bone Metabolism
VC and impaired bone metabolism, the important causes of mortality and morbidity, are common in patients with CKD or osteoporosis, and in those who are aging [163]. The Wnt signaling pathway is a complicated network of several proteins that can regulate normal physiologic bone formation processes [164]. The consequence of Wnt signaling in bone is mediated by stimulation of stem cells and proliferation of preosteoblasts, induction of osteoblastogenesis, inhibition of osteoblast and osteocyte apoptosis, and attenuation of osteoclastogenesis [165, 166]. Thus, the physiological mechanisms of Wnt signaling lead to both formation and antiresorption benefits at the same time [167]. The effect of Wnt signaling depends on a transmembrane receptor complex composed of the frizzled receptor and the low-density lipoprotein receptor-related protein- (LRP-) 5 or LRP-6 coreceptors [165, 166]. Recent evidence supports the notion that there are inhibitors associated with the Wnt signaling pathway, such as sclerostin, secreted frizzled proteins 2 and 4, and Dickkopf-related protein-1 (DKK-1), that enhance osteoclast function and link VC and bone loss [168, 169] (Figure 5). Pinzone et al. stated that DKK-1 increases the osteolytic activity and decreases osteoblast differentiation [170].














	
		
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	














	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	








	
		
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	



	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	








	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	






	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	



Figure 5: Calcified vessels on bone turnover in chronic kidney disease (CKD). The phenotypic osteoblast/osteocyte in calcified vessels may secrete sclerostin (SOST), secreted frizzled-related protein (sFRP), and Dickkopf-related protein 1 (DKK1), which prevent further calcification of the affected vessel. The secreted SOST and sFRP will process autocrine or paracrine effects to inhibit Wnt signaling effects on osteogenic transdifferentiation of VSMCs, which will prevent further calcification of the vessel wall. As the SOST and sFRP secreted from calcified vessel are released into circulation, they may inhibit Wnt signaling in osteoblast in the bone. This inhibition of bone osteoblasts reduces bone accretion and turnover, resulting in a fragile bone, which may also contribute elevated serum inorganic phosphates. In addition, DKK1 enhances RANKL levels, and the increased RANKL : OPG ratio activates osteoclast activity, leading to the increase of bone resorption.


Sclerostin, a glycoprotein inhibitor of osteoblastogenesis, is secreted by osteocytes and travels through osteocyte canaliculi to the bone surface where it binds to LRP-5 and LRP-6 coreceptors. Consequently, sclerostin prevents frizzled proteins from colonizing on bone and blocks Wnt signaling to reduce osteoblastogenesis and bone formation [164]. Then, sclerostin may have a negative feedback role in osteoblasts signaling at the onset of osteoid mineralization [171, 172]. Additionally, more recent evidence suggests that the Wnt signaling pathway not only plays an important role in bone metabolism, but also is involved in medial artery and aortic valve calcification [173–175]. Increased sclerostin expression has also been demonstrated in vascular and aortic valve calcification [175]. Because sclerostin secreted from either the osteoid or the calcified vessel may spread to the circulation, Drake et al. stated that bone marrow plasma and peripheral serum sclerostin levels were strongly correlated [176]. Thus, sclerostin may be a significant communicator between bone and vascular soft tissue calcification [46].
Some evidence suggests that ageing, diabetes, male gender, and low PTH levels are all associated with high circulating sclerostin levels [177–180]. Particularly, sclerostin levels also increase with the progression of CKD and correlate inversely with histological parameters of bone turnover, and osteoblast number and function in hemodialysis patients [172].
As described above, sclerostin spreads from the calcified vessel and may deteriorate bone structure and retard further mineralization [46, 175]. This may clarify why VC is negatively associated with bone density and positively related to fractures [4, 181]. To sum up, sclerostin may be a master mineralization regulator in VC [175] and impaired bone metabolism [182]. Therefore, sclerostin may play an important role in the bone-vascular axis [18].
5. Treatment of VC (Table 1)
Table 1: The possible treatments of vascular calcification in CKD. 
	

	General principle	 
	(1) Treat hypertension, hyperlipidemia, and hyperglycemia as usual	 
	(2) Body weight control	 
	(3) Control serum and urine phosphate	 
	(4) Avoid hypercalcemia	 
	(5) Avoid magnesium, Iron, and L-lysine deficiency	 
	(6) Nutritional vitamin-D (NVD) supplement (avoid high dose of VDRAs)	 
	(7) Possible fractionated heparin for dialysis	 
	(8) AST-120	 
	

	Manipulating the complex biology of vascular calcification	 
	(1) Pyrophosphate	 
	(2) Na thiosulfate	 
	(3) Vit-K (especially in warfarin user)	 
	(4) Avoid zinc deficiency 	 
	(5) Avoid excess of vit-E, vit-A, vit-C, and fluoride 	 
	(6) Antioxidants (?)	 
	

	Patients with high turnover bone disorder (e.g., hyperparathyroid bone disorder; iPTH > 300 pg/mL + high level BAP)	 
	(1) VDRA (paricalcitol/calcitriol) + NVD (cholecalciferol/ergocalciferol) or calcimimetics + NVD	 
	(2) Non-metal-containing phosphate binders—sevelamer (for phosphorus)	 
	(3) Bisphosphonate + VDRA/NVD (for high PTH + hypercalcemia + low bone mass)	 
	(4) Denosumab + VDRA/NVD (for high PTH + hypercalcemia + low bone mass)	 
	

	Patients with low turnover bone disorder (e.g., adynamic bone disorder; bone alkaline phosphatase < 20 ng/mL, and iPTH < 100 pg/mL)	 
	(1) NVD + low dose VDRA	 
	(2) Teriparatide	 
	(3) Non-metal-containing phosphate binders—sevelamer (for oxidative stress and inflammation)	 
	



5.1. Phosphate Binders
To improve clinical outcomes in CKD patients, one of the key therapeutic goals is to lower the phosphate load and maintain serum phosphorus levels within the normal range [183]. Another new strategic therapy in patients with CKD is to avoid high urinary phosphate excretion because high urine phosphate will induce kidney tubular injury and interstitial fibrosis. Thus, using phosphate binders in the early stages of CKD can not only lower urine phosphate, but also lower FGF23 in blood [184]. Several human trials in CKD support the notion that reducing serum phosphate levels can slow the mineralization of soft tissue [185, 186]. Treatments that reduce intestinal phosphate absorption include a low-phosphate diet and phosphate binders [183]. Phosphate binders are divided into two main types: calcium-containing binders and calcium-free binders. Currently, there are four types of non-calcium-based phosphate binders available: sevelamer, lanthanum carbonate, magnesium salts, and sucroferric oxyhydroxide (or PA21) [183, 187]. In addition, aluminum-containing agents have been commonly prescribed in the past but are not currently widely used because of their toxicity [183]. Although either calcium-containing binders or calcium-free binders have the same effects in decreasing serum phosphate levels, only the calcium-containing binder is believed to contribute to VC development and progression [186].
Sevelamer, the non-calcium-containing binder, is an ion-exchange resin with no concern for systemic accumulation and has pleiotropic effects, such as decreased LDL-cholesterol level, diminished inflammation, increased fetuin-A, and protection of cardiovascular function [188]. In contrast, lanthanum carbonate and magnesium salts are absorbed in the gut and excreted through bile for lanthanum and through the urine for magnesium [183].
Most patients on dialysis are currently taking many forms of phosphate binders. Clinical studies suggest that non-calcium-containing phosphate binders should be used in patients with a high risk for VC [185, 186]. In high turnover renal bone diseases, sevelamer, lanthanum, and PA21 can lower serum phosphate while avoiding hypercalcemia to decrease VC. Moreover, sevelamer and lanthanum can improve low bone turnover situations [187].
5.2. Vitamin D Receptor Agonists (Active Vitamin D and Nutritional Vitamin D)
Vitamin D is involved in regulating mineral metabolism; therefore, vitamin D deficiency is associated with early mortality in patients with CKD [6]. Vitamin D receptor agonists (VDRAs) are given to patients with CKD to correct the deterioration caused by hyperparathyroidism and vitamin D deficiency [6]. In hemodialysis patients, VDRA therapy can improve the survival rate, but its real mechanism is not fully understood [189].
From a study of animals with CKD, VDRA therapy significantly decreased aortic calcification because the benefits of VDRA therapy were associated with increasing levels of klotho and osteopontin [190]. Recent studies revealed that nutritional vitamin D supplementation can have long-term beneficial effects on cell proliferation and cardiovascular and immune disorders as well as on survival rates [191, 192]. Even in the presence of low bone turnover, nutritional vitamin D and low-dose active vitamin D could activate osteoblasts because 1α-hydroxylase is present in all three major bone cell types, including osteoblasts, osteoclasts, and osteocytes [193–195]. However, repletion of active rather than nutritional vitamin D will result in elevated 1,25(OH)2D levels, which will inhibit hepatic 25-hydroxylation, resulting in nutritional vitamin D deficiency [196, 197]. In addition, Mizobuchi et al. have stated that calcitriol and doxercalciferol induce severe medial calcification in rats with CKD, in spite of supplement doses that decreased the elevated levels of parathyroid hormone [121]. Therefore, a bimodal effect of vitamin D analogues can be postulated with regard to regulation of calcification [101].
5.3. Vitamin K
Vitamin K, a group of cofactor vitamins, is involved in coagulation and various metabolic pathways. The enzyme gamma-glutamate carboxylase requires vitamin K to modify MGP to its active carboxylated form [198]. Active MGP inhibits calcification, but the exact mechanism is still quite unclear. The other possible reasons are binding to crystals and blocking more enlargement, or binding to bone morphogenic protein and preventing osteogenic cell differentiation [199]. Higher serum levels of undercarboxylated MGP (ucMGP) are associated with VC, and vitamin K2 supplements can increase levels of carboxylated MGP (cMGP) in dialysis patients to reduce VC [104].
5.4. Calcimimetics
Calcimimetics are compounds that mimic the effects of calcium and have potential as agents for treating secondary hyperparathyroidism and extraosseous calcifications. The mechanism of calcimimetics in controlling secondary hyperparathyroidism in CKD patients is to bind calcium-sensing receptors (CaRs) in the parathyroid glands, decreasing serum levels of both calcium and phosphate [200]. Calcimimetics are allosteric regulators of CaRs, making the CaRs more sensitive to serum calcium, thereby lowering circulating calcium levels and inhibiting secretion of PTH [201]. From both animal models and human trials, calcimimetics have been demonstrated to reduce VC [201, 202]. In addition, from the ADVANCE study in hemodialysis patients, therapy with a calcimimetic and VDRA was superior in slowing the progression of VC than VDRA therapy alone [202].
5.5. Sodium Thiosulfate
Sodium thiosulfate has been used successfully in the treatment of calciphylaxis. It is a small molecule that acts as a vasodilator, antioxidant, and calcium chelator. This compound can reduce inflammation and improve local circulation, to effectively correct VC [203–205]. The mechanism of sodium thiosulfate is to bind to calcium and form calcium thiosulfate, which is highly soluble and can be excreted from the body [203]. In addition, the antioxidant action of sodium thiosulfate may help repair endothelial cell dysfunction and help vasodilatation in injured tissues [206]. A pilot study of sodium thiosulfate in hemodialysis patients for 5 months of treatment indicated that it may be safe to use without apparent side effects [205].
5.6. Bisphosphonates
Bisphosphonates have been used successfully to treat osteoporosis for almost 40 years. The mechanism of bisphosphonates in improving bone density is that they, as pyrophosphate analogs, bind to hydroxyapatite and are taken up by osteoclasts then destroy normal osteoclast function to reduce bone resorption [6]. Thus, bisphosphonates should not be used in patients with low bone turnover disorders.
The molecular structure of bisphosphonates, phosphorus-carbon-phosphorus (P-C-P), is very stable because the bonds cannot be hydrolyzed by alkaline phosphatases [207, 208]. The mechanism of bisphosphonates in inhibiting VC remains unclear. They may inhibit osteoclast function, reduce bone resorption, decrease serum calcium and phosphate, and limit their deposition in the vascular wall or their ability to influence the activity of the VSMC NaPi cotransporter [209]. In addition, bisphosphonates can block hydroxyapatite nucleation and growth.
Some case studies indicate that bisphosphonates such as etidronate [210] and pamidronate [208] are useful in treating calciphylaxis (uremic arteriolopathy) in patients with high bone turnover [208], which is a life-threatening complication of CKD. In studies of dialysis patients, etidronate has been found to limit the further progression of VC [207]. However, while alendronate and ibandronate can limit the progression of VC in animal studies, they had no effects in humans [211].
5.7. Denosumab
Denosumab is a human IgG2 monoclonal antibody that targets RANKL. Inhibition of RANKL prevents the formation, function, differentiation, and survival of osteoclasts, thereby decreasing bone resorption and bone loss. Thus, denosumab is one of the newest therapies for treating high bone turnover diseases such as osteoporosis [6]. However, it should not be used in patients with low bone turnover. Denosumab reduces calcium release from bone and blocks the direct effects of RANKL on promoting VSMC calcification [157] and TRAP+ osteoclast-like cell formation [212]. One study showed that denosumab could reduce VC in a mouse model of glucocorticoid-induced calcification [213].
5.8. Teriparatide (Human Parathyroid Hormone 1–34)
Teriparatide is a recombinant form of parathyroid hormone. It is an effective bone formation agent and is used to treat patients with osteoporosis in an intermittent daily administration style [214]. Because PTH can regulate calcium and phosphate levels, it is thought that it might be a way to prevent VC. In addition, teriparatide may increase serum osteopontin levels. In an animal study, teriparatide appeared to reduce the extent of aortic and cardiac valve calcification [94, 214]. Thus, it appeared to be beneficial for both bone and vessels in the absence of hyperparathyroidism.
5.9. Avoid Zinc Deficiency
Zinc is a rare element in the human body. Research suggested that high concentrations of phosphate with zinc deficiency could decrease VSMC cell viability, a situation that would increase the risk of VC [215].
5.10. RAAS Blocker
Clinical studies have suggested that increased angiotensin II levels in hypertensive patients have a harmful effect by increasing bone resorption and inhibiting mineralization [216]. Angiotensin II downregulates the expression of Cbfa1 but upregulates RANKL expression. By altering the ratio of Cbfa1/RANKL expression via the cAMP-dependent pathway, angiotensin II differently regulates osteoblast and osteoclast differentiation and can lead to enhanced bone resorption and reduced bone formation [217]. Other animal studies showed ARB might exert the potent protective effect on the vascular calcification in CKD as well [218].
6. Conclusions
Compared with other populations, CKD patients often have serious and advanced extraosseous calcification, especially in cardiovascular system. Generally, there are two main kinds of VC in CKD: atherosclerosis and arteriosclerosis. However, the pathological processes for atherosclerosis and arteriosclerosis may differ but also overlap. The risk of atherosclerotic events, such as myocardial infarction and stroke, is elevated. In contrast, arteriosclerosis is the predominant pathophysiological process involving fibrosis and thickening of the medial arterial layer, which results in increased arterial stiffness, causing left ventricular hypertrophy, fibrosis, and heart failure. VC is an active and complicated process that may involve numerous mechanisms responsible for leading to osteogenic/chondrogenic conversion of VSMCs in the vascular wall.
Abnormal calcium and phosphate homeostasis is the main reason for stimulating VSMC calcification in patients with CKD. In addition, there are many other factors associated with CKD that may also influence VSMC calcification. These are promoting factors, such as inflammation, calciprotein particles, matrix degradation, and aldosterone, and decreased levels of inhibiting factors such as MGP, fetuin-A, and pyrophosphate that also enhance calcification. In addition, elevated calcium and phosphate can act directly on VSMCs to drive dissimilar and coinciding pathways that predispose to calcification. Recent evidence showed an inverse correlation between VC and bone formation. There is good evidence to suggest that impaired bone turnover, particularly low or high bone turnover, promotes progression of VC. Conversely, VC will enhance the release of sclerostin and sFRP which will attenuate bone turnover and result in increased bone fragility. These hormones also have been identified as possible links between bone and calcification of soft tissues, but a greater understanding of the key elements of VC is still required.
VC can be treated in several ways depending on individual bone turnover status. However, it is necessary to tailor the treatment to each individual. Because the evidence from practice is insufficient, the significance for bone metabolism should be thoughtfully considered in the design of new treatments specifically targeting VC in order to avoid potentially dangerous effects on bone health. Therefore, for CKD patients, retaining benefits for bone health is essential to maintaining good cardiovascular health.
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