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The chronic kidney disease-mineral bone disorder (CKD-MBD) is a complex multi-component syndrome occurring during kidney disease and its progression. Here, we update progress in the components of the syndrome, and synthesize recent investigations, which suggest a potential mechanism of the bone-vascular paradox. The discovery that calcified arteries in chronic kidney disease inhibit bone remodeling lead to the identification of factors produced by the vasculature that inhibit the skeleton, thus providing a potential explanation for the bone-vascular paradox. Among the factors produced by calcifying arteries, sclerostin secretion is especially enlightening. Sclerostin is a potent inhibitor of bone remodeling and an osteocyte specific protein. Its production by the vasculature in chronic kidney disease identifies the key role of vascular cell osteoblastic/osteocytic transdifferentiation in vascular calcification and renal osteodystrophy. Subsequent studies showing that inhibition of sclerostin activity by a monoclonal antibody improved bone remodeling as expected, but stimulated vascular calcification, demonstrate that vascular sclerostin functions to brake the Wnt stimulation of the calcification milieu. Thus, the target of therapy in the chronic kidney disease-mineral bone disorder is not inhibition of sclerostin function, which would intensify vascular calcification. Rather, decreasing sclerostin production by decreasing the vascular osteoblastic/osteocytic transdifferentiation is the goal. This might decrease vascular calcification, decrease vascular stiffness, decrease cardiac hypertrophy, decrease sclerostin production, reduce serum sclerostin and improve skeletal remodeling. Thus, the therapeutic target of the chronic kidney disease-mineral bone disorder may be vascular osteoblastic transdifferentiation, and sclerostin levels may be a useful biomarker for the diagnosis of the chronic kidney disease-mineral bone disorder and the progress of its therapy.
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INTRODUCTION
The Chronic Kidney Disease–Mineral Bone Disorder (CKD-MBD) is an important contributor to the mortality associated with CKD. Matsushita et al. (2015); Block et al. (2013) Specifically, the CKD-MBD contributes to cardiovascular mortality, the major cause of death in patients with CKD; Go et al. (2004); Tonelli et al. (2006); Navaneethan et al. (2015) The CKD-MBD is a multi-component syndrome consisting of: disordered mineral metabolism, hyperphosphatemia, calcitriol and vitamin D deficiency, secondary hyperparathyroidism, elevated fibroblast growth factor 23 (FGF23), Klotho deficiency, renal osteodystrophy, vascular calcification and cardiac disease, complicating CKD (Figure 1). Hruska et al. (2022) Up to the present - 2022, treatment of the CKD-MBD has focused on the components that develop late in the course of the syndrome. That is, nephrologists use phosphate binders, calcimimetics and calcitriol to control hyperphosphatemia, secondary hyperparathyroidism and treat renal osteodystrophy. Inhibitors of hydroxyapatite are proposed to approach vascular calcification. Raggi et al. (2020) However, these treatments have not affected cardiovascular outcomes in clinical trials (Figure 2).Raggi et al. (2011), Investigators et al. (2012), Raggi et al. (2020), Ogata et al. (2021), Sutherland et al. (2022) This raises the question as to the appropriate outcome of trials to treat the CKD-MBD. Hedayati (2020) As a result, the CKD-MBD is a syndrome without an effective therapy, and in need of therapeutic target identification. Additionally, the field needs biomarker development to guide diagnosis, treatment and prognosis.
[image: Figure 1]FIGURE 1 | The components of the CKD-MBD— 3 organ dysfunctions, 4 endocrine factors and 2 mineral metabolism dysfunctions. Green arrows show direct effects of renal injury/repair on individual syndrome components, dotted arrows indirect effects. Thick gray arrow indicates that each of the endocrine components regulate mineral homeostasis. Blue arrows show effects of FGF23 and αklotho on organ dysfunction.
[image: Figure 2]FIGURE 2 | The components of the CKD-MBD, and the targets of clinical trials of attempted therapy. Clinical trials in the CKD-MBD to date have targeted late components of the syndrome, and have not altered cardiovascular outcomes. Small observational trials of romosozumab targeting the skeleton in dialysis patients (not shown in the figure) reveal increased bone mineral density at lumbar and femoral bone sites at 12 and 24 mos. See section on bone—vascular paradox.
The finding that in the face of normal Ca, Pi, calcitriol, and PTH, CKD still produced renal osteodystrophy lead to the hypothesis that renal injury/repair factors released to the circulation produce systemic complications of CKD. Lund et al. (2004) Renal development factors reactivated during injury and attempted repair in kidney disease include members of the Wnt and TGFβ families (Surendran et al., 2002; Surendran et al., 2005; Lima et al., 2019; Malik et al., 2020). Reactivation of Wnts and Activin (TGFβ family) transcriptionally stimulate the family of Wnt inhibitors in the process of attempted repair and progression of disease (Niida et al., 2004; Kamiya et al., 2010; Loots et al., 2012; Edeling et al., 2016; Sebastian and Loots, 2017; Zuo and Liu, 2018; Malik et al., 2020). For example, TGFβ and Activin stimulate sclerostin expression (Figure 3). Additionally, other Wnt and BMP inhibitors such as Sostdc1 (also known as USAG-1 and Wise) are induced in diseased kidneys. Yanagita et al. (2004); Yanagita et al. (2006) The Wnt and BMP inhibitors appear in the circulation and contribute to the pathogenesis of renal osteodystrophy (Surendran et al., 2005; Sabbagh et al., 2012; Fang et al., 2014a; Graciolli et al., 2017). The Wnt inhibitor family members produced in kidney disease include sclerostin, Sostdc1, DKK1 (Dickkopf 1), and SFRP4 (Soluble frizzled related protein 4). Surendran et al. (2005); Hruska et al. (2017) In relation to CKD, Dkk1 and sclerostin have been studied, and even though both inhibit the Wnt ligand–LRP5/6–Frizzled interaction, their downstream responses are different (Evenepoel et al., 2015; Behets et al., 2017). In CKD patients, the association of serum Dkk1 with mineral and bone parameters is minimal, while sclerostin strongly associates (Cejka et al., 2011; Behets et al., 2017). There is a consensus that, activation of Wnts and TGFβ family members (Activin A) during kidney diseases produce circulating Wnt inhibitors, inhibiting skeletal remodeling and contributing early in disease to the development of the CKD-MBD.
[image: Figure 3]FIGURE 3 | Transcriptional regulation of SOST in the CKD-MBD context: Parathyroid hormone (PTH) inhibits SOST expression through a HDAC5 effect on MEF2 which regulates ECR5. Depending on the cellular context, TGFβ/Activin signaling (via Smad2/3) either up-regulates SOST expression by acting through ECR5 or down-regulates SOST. Hypoxia (via HIF-1α), glucocorticoids and Vitamin D up- or down-regulate SOST expression in a context-dependent manner. TNFα, through a NF-κβ dependent mechanism, and BMP signaling, via Smad1/5/8, increase SOST transcription by targeting the promoter. SOST transcription is negatively regulated by mechanical loading, promoter methylation (DNA-Met) and by epigenetic modifications induced by SIRT1. Zfp467 and transcription factors RUNX2 and SP7 bind to the SOST promoter and activate SOST expression. Adapted from Sebastian and Loots (Bone 96: 76-84, 2018). Graphic created with BioRender.com
Here, in providing updates on the CKD-MBD components, focusing on vascular calcification and the concept of kidney disease produced disruption of homeostasis; the bone vascular paradox is potentially explained. The synthesis of recent studies involving Wnt inhibitors produces the suggestion of the putative CKD-MBD therapeutic target and the identification of sclerostin levels as a useful biomarker for diagnosis and progress of therapy.
UPDATES IN THE CHRONIC KIDNEY DISEASE-MINERAL BONE DISORDER COMPONENTS
Vascular
Vascular calcification (VC) has been extensively studied since its addition to the CKD-MBD. Moe et al. (2006), Olgaard and Olgaard (2006) Numerous investigators show that it is an organized cellular based program rather than a passive process; that reduction of inhibitors is cellular function based; and that VC is related to autophagy and matrix vesicles. There are many excellent reviews, including recent ones (Paloian and Giachelli, 2014; Lee et al., 2020; Nelson et al., 2020; Lanzer et al., 2021). The science shows that vascular calcification is an important factor in the progression of CKD and the development of cardiac complications of CKD (Yun et al., 2022). The pathogenesis of vascular calcification in CKD is complex, and pathologically, is of two types, neointimal and arterial medial (Shanahan et al., 2011; Lanzer et al., 2021). The pathogenesis of atherosclerotic neointimal and arterial medial calcification involves activation of an osteoblastic differentiation program in cells of the neointima of atherosclerotic plaques and in cells of arterial media (Shanahan et al., 1994; Demer, 1995). In translational models of atherosclerosis and diabetes, mild renal insufficiency (equivalent to human stage 2 CKD) reduces the levels of aortic proteins involved in the contractile apparatus of smooth muscle. Fang et al. (2014b) This is in agreement with evidence that vascular smooth muscle cells move into a dedifferentiated synthetic state from their normal contractile differentiated state in disease (Towler et al., 1998; Kokubo et al., 2009). Thus, early in kidney disease arterial smooth muscle dedifferentiation is present (Fang et al., 2014b; Monroy et al., 2015). Dedifferentiated vascular smooth muscle cells are susceptible to lineage transition within the developmental programs of mesenchymal stem cells and early progenitor cells, including the lineage program of osteoblasts. Osteoblastic transition of cells in the arterial walls produces CKD stimulated calcification of atherosclerotic plaques and the vascular media (Giachelli et al., 1993; Shanahan et al., 1994; Shanahan et al., 1999; Moe et al., 2002; Davies et al., 2003; Williams et al., 2018). In addition, vascular cell osteoblastic differentiation proceeds to osteocytic differentiation, just as in the skeleton, as shown by vascular expression of osteocyte specific genes such as SOST (gene for sclerostin) and E11 (gene regulating osteocytogenesis) (Staines et al., 2016; Bisson et al., 2019). SOST expression in VSMC subtypes was confirmed by single cell transcriptome analysis in aortas of high fat fed mice (Kan et al., 2021). The source of the osteoblastic differentiating cells may be mesenchymal progenitors from the adventia moving into the media and expressing both smooth muscle and osteoblastic transcriptional programs, Kramann et al. (2016) although other lineage tracing studies support vascular smooth muscle cell transdifferentiation (Speer et al., 2009; Naik et al., 2012; Durham et al., 2018).
In osteoblastic differentiation, Wnt/β-catenin signaling is critical for differentiation from mesenchymal stem cells, Gaur et al. (2005) and it induces RUNX2, a master transcription factor of the osteoblast transcriptome (Franceschi and Xiao, 2003; Komori, 2010; Cai et al., 2016). RUNX2 regulates osteoblastic differentiation through stimulating expression of several bone-important proteins, such as osterix, osteocalcin, alkaline phosphatase and sclerostin. RUNX2 is critical for VSMC transdifferentiation, and in turn is epigenetically regulated, also critical in VSMC transdifferentiation (Xia et al., 2015; Liu et al., 2021; Li et al., 2022). Sclerostin expression by inhibiting Lrp5/6, the co-receptors with Frizzled for Wnts, antagonizes canonical Wnt signaling providing a feedback break on RUNX2 induction and RUNX2 mediated VSMC transdifferentiation (Li et al., 2005).
In early CKD, the increase in circulating Wnt inhibitors directly affects the skeleton through Wnt inhibition, de Oliveira et al. (2013) but since Wnt signaling induces RUNX2, the Wnt inhibitors cannot be the basis for the vascular RUNX2 expression. RUNX2 is Wnt stimulated, and Wnts and RUNX2 are at the start of vascular osteoblastic/osteocytic transdifferentiation. So how does CKD activate vascular Wnt signaling? There are other signals from kidney disease, besides the Wnt inhibitors, activating vascular Wnts or other pathways leading to RUNX2 expression.
The transcriptome stimulated by vascular RUNX2 includes alkaline phosphatase, an important contributor to the CKD-induced decrease in inhibitors of calcification since it catabolizes pyrophosphate. Other inhibitors of calcification diminished in the circulation during CKD include fetuin-A (Shroff et al., 2008). Fetuin-A, synthesized in the liver, is glycoprotein that binds calcium in calciprotein complexes and prevents calcium salt crystallization (Heiss et al., 2010). Other inhibitors of calcification during CKD, such as osteopontin and MGP (matrix gla protein), are more complex than mere association with their circulating levels. MGP is discussed below in the skeletal section on Gla proteins. Osteopontin is a very complex protein in regards to vascular calcification. It is highly phosphorylated (thus Ca binding), exists as multiple splice variants with different functionality, is a cytokine stimulating the immune system, has an RGD integrin and CD44 binding domain, and is a SIBLING protein. SIBLING proteins (small integrin-binding ligand, N-linked glycoprotein) are components of the extracellular matrix of bone. There they play key roles in the mineralization of the tissue. Osteopontin is upregulated in calcified vessels as part of osteoblastic differentiation (Shen and Christakos, 2005), but serum levels do not correlate with calcific burden (Giachelli et al., 2005; Barreto et al., 2011). Osteopontin null mice have increased vascular calcification (Speer et al., 2002). In vitro and in vivo studies suggest that osteopontin not only inhibits mineral deposition but also actively promotes its dissolution by physically blocking hydroxyapatite crystal growth and inducing expression of carbonic anhydrase II in monocytic cells and promoting acidification of the extracellular milieu (Steitz et al., 2002). Despite its protective role in vascular calcification, circulating osteopontin has been implicated in the lung disease stimulated by kidney injury (Khamissi et al., 2022).
In VSMC transdifferentiation, there is an increase in the release of matrix vesicles, which resemble those released by osteoblasts (Kapustin et al., 2015). Matrix vesicles are a form of extracellular vesicle implicated in both apoptosis and the calcification environment (Figure 4). Schurgers et al. (2018) They colocalize with collagen and elastin fibrils, and they have phospholipid membranes containing molecular cargo (protein, RNA, or lipid). Some of the matrix vesicles are exosomes formed by the endosomal pathway through multivesicular bodies (MVB) (Figure 4). In the pathway of CKD stimulation of osteoblastic exosome production, tumor necrosis factor α (TNFα) stimulates neutral sphingomyelinase 2 (nSM2) (Figure 4). Many cells and cell types release matrix vesicles in response to cell activation or apoptosis. These vesicles act serve as nucleation sites in calcification. They have the capacity for extracellular matrix production. Evidence suggests that these vesicles may permit cross-talk among VSMCs and between endothelial cells and VSMC (Lin et al., 2016; Chen et al., 2018a). This may support bidirectional positive feedback between intimal and medial calcification (Bardeesi et al., 2017). Also, nanotubes bridging cells are another potential mechanism of cell to cell communication in calcification (Figure 4). Vesicles that contain genotypic and/or phenotypic information such as microRNA, may either induce or inhibit nearby pro-calcific phenotypic change depending on the sequences released by VSMC (Goettsch et al., 2013; Dusso et al., 2018). Changes in relative collagen composition and the degradation of elastin produced by the vesicles may promote hydroxyapatite formation and provide scaffolding for further mineralization (Pai and Giachelli, 2010; Hodroge et al., 2017).
[image: Figure 4]FIGURE 4 | Vascular smooth muscle cell (VSMC) exosome biogenesis and release. See text for interpretation. miR145, micro RNA 145; ER, endoplasmic reticulum; TNF-α, tumor necrosis factor alpha; MVB, multivesicular bodies; nSM2, neutral sphingomyelinase 2; SNARES (Soluble NSF Attachment protein Receptor Superfamily). Adapted from Dusso et al. (2018) with permission.
Besides matrix vesicles, apoptotic cell bodies can act similarly (Proudfoot et al., 2000). Furthermore, under the stress of CKD, autophagy is impaired, promoting DNA damage and leading to increased apoptosis (Tang et al., 2020). CKD is a state of early senescence, which impairs autophagy, promotes apoptosis and vascular calcification (Dai et al., 2019). In CKD, increased activin may affect negatively vascular autophagy through inhibition of MTORC2 (Chang et al., 2020).
Clinically, abnormalities of the vasculature found in early CKD, produce vascular stiffness and contribute to left ventricular hypertrophy (Mitsnefes et al., 2005; Ix et al., 2009; Seifert et al., 2013). Vascular calcification further intensifies stiffness and development of left ventricular hypertrophy, all processes that contribute to cardiovascular risk and excess cardiac mortality. The surprising fact is that despite many clinical trials targeting vascular calcification, there has been modest at best attenuation of the process and no demonstration of improved cardiovascular outcomes (Figure 2). Raggi et al. (2020), Xu et al. (2022) Thus, there is dire need for refocus on the therapeutic target, and new therapeutic approaches.
Skeletal
Abnormalities of bone in the CKD-MBD begin with the renal response to injury due to activation of Wnt pathways in the kidney. Surendran et al. (2004), Zhou et al. (2016) Canonical Wnt signaling transcriptionally stimulates production of DKK1, Aaron (2001), Niida et al. (2004), Fang et al. (2014a) and DKK1 and SOST are both downstream targets of TGFβ family signaling activated by renal injury (Figure 3). Kamiya et al. (2010) Since the Wnt inhibitors are circulating factors, kidney injury directly inhibits bone remodeling which is homeostatically Wnt dependent. Bafico et al. (2001), Gong et al. (2001), Little et al. (2002) Inhibition of Beta catenin signaling in the skeleton, increased SOST expression, and increased expression of osteocytic FGF23 are seen after a relatively mild reduction in the glomerular filtration rate (GFR), as seen in stage 2 CKD. Pereira et al. (2009), Graciolli et al. (2010), Sabbagh et al. (2012) These abnormalities predominately affect cortical bone where osteocytes reside in early CKD, and progress to decreased cortical bone volume and porosity. Malluche et al. (2013), Nickolas et al. (2013), Fang et al. (2014b) Abnormalities of remodeling, mineralization and the material properties of bone develop in CKD, leading to major decreases in structural strength, fractures and deformity associated with long term disease. Moe and Nickolas (2016), Damasiewicz and Nickolas (2018), El-Husseini et al. (2022) Recent studies demonstrate the progressive development of a remodeling imbalance during CKD due to stimulation of osteoclast number and function, but a relative decrease in osteoblast function in view of increased osteoblast number that fails to increase bone formation as expected. Sugatani et al. (2017), Williams et al. (2018) This is fueled by acidosis and hyperparathyroidism in collaboration with activin/activin receptor type II signaling. Williams et al. (2018), Levy et al. (2023) The progression of the skeletal remodeling disorder in CKD to the familiar high turnover state related to hyperparathyroidism begins from a low turnover state produced by CKD induced Wnt inhibition in early CKD. Graciolli et al. (2010), Sabbagh et al. (2012), Fang et al. (2014a) The effect of PTH to stimulate remodeling in CKD is in part due to suppression of osteocyte SOST expression (Figure 3). SOST is regulated by a distal enhancer, ECR5, a 255-base pair evolutionarily conserved sequence within the von Buchanan deletion region. ECR5 contains a response element for the MEF2 family of transcription factors (MEF2A–D) (Leupin et al., 2007). In mice, deletion of Mef2c in the osteoblast/osteocyte lineage cells results in a high bone mass phenotype, suggesting that MEF2C is a major regulator of ECR5 dependent SOST expression (Collette et al., 2012). The class IIa histone deacetylase, HDAC5, is a negative regulator of MEF2C driven SOST expression in osteocytes (Wein et al., 2015). PTH stimulation of HDAC5 is a mechanism of its inhibition of SOST expression (Leupin et al., 2007).
Included in the abnormalities of skeletal remodeling and mineralization in CKD are disorders in the non-collagenous bone matrix proteins, matrix Gla protein (MGP) and osteocalcin (OC). MGP and OC belong to the mineral-binding Gla-protein family. These proteins contain a variable number (from 3 in osteocalcin to 5 in MGP) of glutamic acid (Gla) residues. Gla residues undergo γ-carboxylation making the proteins active in calcium binding. γ-Carboxylation is vitamin K–dependent. Undercarboxylated Gla proteins are less active.
OC is an abundant non-collagenous protein of bone. Its association with bone remodeling rates has made it a biomarker of renal osteodystrophy. OC is involved with the mineralization process through modulation of the shape and size of hydroxyapatite crystals. The mineralization function of OC requires activation through vitamin K–dependent carboxylation of Gla residues. Additionally, OC also modulates osteoblast and osteoclast activity, interacting with the G-protein–coupled receptor 6A (GPRC6A). Hormonal activity of OC was discovered by the finding that OC null mice develop a type 2 diabetes-like phenotype. The concept is that under-carboxylated OC (ucOC) acts as a hormone to increase pancreatic β-cell growth, insulin secretion, and insulin sensitivity. However, this concept is controversial and confirmatory research has not uniformly supported it. Karsenty (2020); Manolagas (2020) Circulating ucOC originates from bone, where osteoclastic bone resorption produces under carboxylation and renders the molecule able to reach the circulation. Plasma levels of OC have been linked with glucose homeostasis in type 2 diabetes and with metabolic syndrome (Saleem et al., 2010). These data suggest that bone is not only essential in mineral metabolism, but also regulates glucose and energy metabolism. This may be true independent of whether ucOC is a hormonal factor.
Besides bone, MGP is synthesized in several tissues, including VSMCs. Mice lacking MGP have intense medial calcification, demonstrating the role of MGP in VC (Luo et al., 1997), The mechanism of MGP and OC action include inhibition of calcium phosphate recipitation, regulation of osteoblastic differentiation, VSMC transdifferentiation, and regulation of osteoblast and VSMC-derived matrix vesicles (MVs), which, in turn, affect calcification. MGP binds to bone morphogenetic protein (BMP)-2, thus inhibiting the osteo-inductive properties of this cytokine (Wallin et al., 2000). MGP prevents VSMC apoptosis, and apoptotic bodies induce calcification. Studies in CKD-5D patients show increased levels of under carboxylated MGP (ucMGP, ie, non-functional) (Westenfeld et al., 2012). ucMGP correlated significantly with mineralization and cardiovascular disease in CKD (Cranenburg et al., 2008).
Cardiac
Cardiac hypertrophy is highly prevalent in CKD. We found in a cohort of patients with CKD stage 3 from a single center clinic and a mean eGFR of 50 mL/min/1.73m2, an 80% incidence of left ventricular hypertrophy (LVH) by CT scanning (Seifert et al., 2014). This is in concert with larger population studies (Foley et al., 1998; Di Lullo et al., 2015). Cardiac hypertrophy is an early stage of cardiovascular disease leading to high rates of heart failure, sudden death, and even ischemic myocardial infarction (Foley et al., 1998). The causes of cardiac hypertrophy in CKD are multifactorial including vascular stiffness, FGF23, Gutierrez et al. (2009) valvular calcification and decreased αklotho - all components of the CKD-MBD (Figure 1). Increased vascular stiffness is a result of vascular calcification. The high levels of FGF23 causing cardiomyocyte hypertrophy are also late in CKD compared to the early elevations in FGF23 referred to above and elsewhere in this review (Chmielewski et al., 2009). Cardiac valvular calcification is not distinct from the vascular calcification pathogenesis discussed above in terms of the role of osteoblastic differentiation of cells in the valvular interstitium (Marwick et al., 2019). However, the CaLIPSO study found a major difference in SNF472 effect between the aortic valve and thoracic aorta, perhaps challenging this concept (Raggi et al., 2020). The role of αklotho in cardiac hypertrophy is discussed below in the FGF23 and αklotho sections.
ENDOCRINE COMPONENTS OF THE CHRONIC KIDNEY DISEASE-MINERAL BONE DISORDER: FIBROBLAST GROWTH FACTOR 23, KLOTHO, CALCITRIOL, PARATHYROID HORMONE (PTH)
FGF23 (fibroblast growth factor 23)
FGF23 was discovered as the cause of autosomal dominant hypophosphatemic rickets in 2000 (ADHR Consortium, 2000). Shortly, thereafter it was shown to be dysregulated in CKD (Fliser et al., 2007). Its circulating levels strongly associate with mortality and CV outcome in CKD (Gutierrez et al., 2008; Isakova et al., 2018). Furthermore, the elevations in FGF23 begin prior to abnormalities in Ca, Pi, calcitriol and PTH in early CKD (Isakova et al., 2011). Most FGF-23 is produced by skeletal osteoblasts and osteocytes. The mediators of its release remain incompletely understood (Martin et al., 2012). Associations of FGF23 levels with PTH (Kawata et al., 2007), iron deficiency (Wolf and White, 2014), calcium (David et al., 2013), and vitamin D, Liu et al. (2006) have been consistently observed. The main functions of FGF-23 are to regulate phosphate and calcium homeostasis by stimulating urinary phosphate excretion and decreasing calcitriol levels (Wolf, 2012). The activity of FGF-23 to regulate phosphate homeostasis in the kidney requires the presence of αklotho, a co-receptor that facilitates binding of FGF-23 to the FGF-receptors (FGFR-1-3) (Cancilla et al., 2001; Chen et al., 2018b). FGF-23 excess is associated with poor outcomes in CKD, but its role in vascular calcification is less clear. Multiple studies have produced conflicting results. Human and animal VSMCs exposed to FGF-23 in the presence or absence of αklotho, and in the presence of normal or high phosphate, reveal increased, decreased, or no effect at all on mineralization of the matrix (Moe and Nickolas, 2016; Sugatani et al., 2017; Damasiewicz and Nickolas, 2018; El-Husseini et al., 2022; Levy et al., 2023). These conflicting results suggest a complex role of FGF-23 in vascular calcification, or the possibility that FGF-23 is not a causal factor.
FGF23 may be a causal factor in the LVH associated with CKD. Faul et al., demonstrate in studies in vitro and in vivo that FGF23 stimulates cardiomyocyte hypertrophy through the FGFR4 independent of klotho (Faul et al., 2011; Grabner et al., 2015). However, following the studies of Chen et al. (2018b) showing that soluble klotho was a co-receptor for FGF23 this concept has been modified, and it is discussed below in the αklotho section. It appears that the function of FGF23/FGFR4 is dependent on the co-receptor. When co-receptor function is served by heparin sulfate, myocyte hypertrophy is stimulated through activation of NFATC1, but if klotho serves as the co-receptor, hypertrophy is not stimulated (Leifheit-Nestler et al., 2021).
αklotho (hereafter klotho)
In 1997, Kuro-o et al., reported a klotho hypomorph mouse displaying a phenotype of shortened lifespan, multiple organ degeneration, vascular calcification (VC), cardiovascular disease (CVD), abnormal phosphate and mineral regulation and frailty, similar to that of premature aging in humans (Kuro-o et al., 1997). Klotho is produced as a transmembrane protein of renal epithelial cells, with a large extracellular domain and only a few intracellular amino acids. Klotho serves as the cofactor for fibroblast growth factor 23 (FGF-23) to bind to its cognate receptor and regulate phosphorus and vitamin D metabolism (Kurosu et al., 2006; Urakawa et al., 2006). Cleavage of the extracellular domain produces the soluble form of klotho, which has been shown to be an endocrine factor. Klotho has antiaging properties, which are mediated by multiple systemic effects including regulation of insulin signaling, Wnt signaling, and prevention of vascular calcium deposits, oxidative stress, and fibrosis (Kuro-o et al., 1997; Kurosu et al., 2005; Doi et al., 2011; Hu et al., 2011). The kidney has the highest levels of klotho expression and is the major source of soluble klotho (Lindberg et al., 2014; Hu et al., 2016) by proteolytic cleavage of the transmembrane form as well as alternative gene transcription (Imura et al., 2004). CKD has been reported as a condition of klotho deficiency, with animal models of CKD demonstrating decreased klotho gene expression, lower klotho levels in kidney tissue, and lower circulating soluble klotho (Asai et al., 2012; Sakan et al., 2014). The decrease in renal Klotho in CKD may be stimulated Wnt signaling activation. This suggests the design of new strategies directed to increase Klotho levels could be considered as a strategy to reduce morbidity and mortality associated with kidney and heart diseases. Recent studies of a peptide from the KL1 domain of klotho show that it inhibits formation of TGFβ signal complex and decreases renal fibrosis confirming previous studies of sKL actions (Yuan et al., 2022).
Regarding vascular calcification, unlike FGF-23, evidence in vitro and in vivo support a protective role of klotho. (Toussaint et al., 2020). Klotho directly suppressed Pit-1 and Pit-2 activity and subsequently prevented phosphate-induced osteogenic transdifferentiation when added to a rodent VSMC line. In addition, models of klotho deficiency demonstrate increased expression of Pit-1 and Pit-2 receptors. This suggests that the klotho deficiency observed in CKD might result in upregulation of these receptors, promoting phosphate uptake and driving VSMC transdifferentiation.
Soluble Klotho protects against cardiomyopathy in CKD independent of FGF23 and phosphate (Xie et al., 2015). The mechanism may be through downregulation of TRPC6 channels in cardiomyocytes (Xie et al., 2012). However, recent studies show that the FGF23/FGFR4 stimulation of cardiomyocyte hypertrophy is dependent on co-receptors (Yanucil et al., 2022). FGF23/FGFR4/heparin sulfate complexes stimulate hypertrophy, while FGF23/FGFR4/klotho complexes inhibit it. Yanucil et al. (2022) All These studies have led to the development of recombinant klotho and klotho derived peptides as therapeutic approaches to progression of CKD and associated cardiomyopathy (Zhou et al., 2015; Hu et al., 2017; Yuan et al., 2022). The Alpha Young LLC is a biotech start up developing a klotho mimetic as a CKD therapeutic agent. However, as Isakova et al. point out, pharmacological properties of the agents, including bioactivity and stability, need to be improved, and the mechanism of action still needs further elucidation (Isakova et al., 2022).
Calcitriol, vitamin D
Because of the elevations in FGF23 in early CKD, and its function to stimulate hydroxylation of 25-hydroxy vitamin D to 24,25- dihydroxy vitamin D in the catabolic pathway, vitamin D deficiency is a uniform complication of CKD. In addition, inhibition of proximal tubular 1alpha hydroxylase by FGF23 produces calcitriol (1,25 dihydroxy cholecalciferol) deficiency late in the course of CKD and promotes hyperparathyroidism. Calcitriol deficiency and secondary hyperparathyroidism were central components to the CKD-MBD, even before the syndrome was coined, and are critical to the development of renal osteodystrophy.
The effects of calcitriol are protean. It is a steroid hormone regulating cellular function through the nuclear vitamin D receptor (VDR), and VDR response elements (VDRE) in the promotors of many genes. This includes the PTH gene in which the VDRE serves to decrease transcription. Its actions on vascular calcification are “U-shaped”, with both low and high levels promoting medial vascular calcification. Zittermann et al. (2007) Calcitriol regulation of osteocyte sclerostin production is a factor in its actions on vascular calcification (Figure 3). Nguyen-Yamamoto et al. (2019) Osteocyte specific calcitriol deficiency blocked CKD stimulation of sclerostin levels, increased BMP2 in the skeleton, and increased CKD stimulated VC. Recent studies suggest that vitamin D deficiency in CKD induces reductions in aortic microRNA-145 stimulating osteogenic differentiation along with hyperphosphatemia (Figure 4). Carrillo-López et al. (2022).
In tubulopathies producing the Fanconi syndrome, calcitriol deficiency is associated with childhood osteomalacia.
Calcitriol is thought to regulate cardiac hypertrophy, see Covic et al. for review.Covic et al. (2010) Observational studies have indicated that vitamin D treatment was associated with a significant reduction of cardiovascular death among dialysis patients, and a reduction in LVH (Shoji et al., 2004). However, the PRIMO clinical trial looked to analyze this effect in CKD, and benefit of an active Vit D analogue (paricalcitol) on LVH was not detected (Figure 2) (Thadhani et al., 2012). A modern non-linear Mendelian randomization study continues to show that vitamin D deficiency increases mortality (Sutherland et al., 2022).
PTH
PTH is a central component of the pathogenesis of renal osteodystrophy and it is the major factor driving the high turnover remodeling state seen in late CKD and CKD treated with hemodialysis. The mechanism of transition from the early CKD low turnover state produced by Wnt inhibitors including sclerostin, to the high turnover state stimulated by PTH was discussed above in the skeletal section. PTH has also been implicated in vascular calcification, although the effects are complex. Several lines of evidence support a direct role of PTH. Elevated PTH is associated with higher rates of vascular atherosclerotic disease (Hagström et al., 2014). Animal models with synthetic PTH infusion develop extensive calcification independent of hypercalcemia (Neves et al., 2007). In subtotally nephrectomized rats, suppression of PTH by treatment with a calcimimetic or parathyroidectomy slows aortic calcification independent of serum calcium and phosphate concentrations (Kawata et al., 2008; Jung et al., 2012). Clinical trials using cinacalcet have not successfully affected vascular calcification or cardiovascular outcomes despite lowering PTH levels (Figure 2) (Raggi et al., 2011; Investigators et al., 2012).
Treatment of hyperparathyroidism in CKD, with use of calcium-containing phosphate binders, can result in low bone turnover and reduced mineralization. This may potentiate vascular calcification (Raggi et al., 2005). States of low bone turnover and reduced mineralization are likely to attenuate the skeletal capacity for effective calcium and phosphate buffering and homeostasis. A reduction in skeletal buffering capacity exposes the vasculature to greater fluctuations in extracellular calcium and phosphate, thereby increasing the propensity for vascular calcification (Persy and D'Haese, 2009).
MINERAL COMPONENTS OF THE CHRONIC KIDNEY DISEASE-MINERAL BONE DISORDER: PHOSPHATE (PI), CALCIUM (CA)
The proximal tubule of the kidney regulates phosphate excretion. However, the balance of bone formation and resorption is also a contributor to serum levels (Mathew et al., 2008). Hormonal regulation of phosphate at the renal and gastrointestinal levels by parathyroid hormone (PTH), fibroblast growth factor-23 (FGF-23), klotho and 1,25-dihydroxyvitamin D (calcitriol) maintains phosphate levels in serum from 2.5 to 4.5 mg/dl. As impaired kidney function progresses to advanced stages, with reduction in functional nephron mass, phosphate excretion is impaired, PTH is stimulated, bone remodeling produces excess resorption, and together with persistent dietary intake, serum phosphate concentrations rise.
Multiple studies demonstrate the association between hyperphosphatemia and vascular calcification (Raggi et al., 2002; Adeney et al., 2009), especially in patients on hemodialysis (Block et al., 2004; Chertow et al., 2004). Since phosphate is a component of hydroxyapatite crystals, it is conceivable that increased serum levels alone in the context of CKD could contribute directly to precipitation of hydroxyapatite in tissue (Shanahan et al., 2011). Despite this possibility, not all patients with sustained hyperphosphatemia develop vascular calcification.
Furthermore, hyperphosphatemia is an active stimulator of signal transduction leading to vascular calcification. Seminal observations in vitro demonstrated a process wherein exposure to elevated phosphate stimulated a dose- and time-dependent phenotypic change in vascular smooth muscle cells (VSMCs) (Jono et al., 2000; Steitz et al., 2001). Upregulation of phosphate transporters (Pit-1 and Pit-2) occurs in the context of hyperphosphatemia. Signal transduction from Pit-1 and Pit-2 mediate transdifferentiation of VSMCs to an osteochodrogenic cell phenotype (Figure 5) (Villa-Bellosta et al., 2007; Pai and Giachelli, 2010). The VSMC transdifferentiation is inhibited by competitive antagonism of Pit-1. Furthermore, phosphate-induced autophagy counteracts vascular calcification by reducing matrix vesicle release (Dai et al., 2013).
[image: Figure 5]FIGURE 5 | A potential explanation of the CKD-MBD bone-vascular paradox. CKD induces osteoblastic/osteocytic transdifferentiation of vascular smooth muscle cells. The osteoblastic/osteocytic cells stimulate vascular calcification and express high levels of sclerostin as shown by Mace et al. (2021); Mace et al. (2022) and others. Sclerostin secretion to the circulation decreases skeletal remodeling and inhibits skeletal calcification (an explanation of the paradox). Skeletal osteocytes also contribute to the elevated circulating sclerostin levels in CKD. How CKD stimulates VSMC transdifferentiation is unknown, although hyperphosphatemia is a contributor in the late stages of the syndrome.
Phosphate overload downregulates renal Klotho expression through inhibition of peroxisome proliferator-activated receptor gamma (PPARγ) and the activation of the Wnt/β-catenin signaling pathway, thus contributing to the development of vascular calcification and the alteration of the regulation of mineral metabolism (Hu et al., 2013; Liu et al., 2018; Maique et al., 2020; Muñoz-Castañeda et al., 2020). Failure of clinical trials directed at hyperphosphatemia to affect vascular calcification may be related to the minimal to modest effect of interventions on hyperphosphatemia (Figure 2) (Toussaint et al., 2020; Ogata et al., 2021; Xu et al., 2022). However, an open label trial comparing sevelamer and calcium carbonate has detected an effect on all cause mortality, while others have failed (Di Iorio et al., 2012). Recent progress has lead to a FDA advisory committee recommendation of an NHE3 inhibitor (tenapanor) producing decreased intestinal sodium absorption and secondarily phosphate absorption. (Ardelyx press release 17 Nov 2022) The effect on serum phosphate is similar to that of phosphate binders, and tenapanor can be combined with phosphate binders for increased effect (Pergola et al., 2021). The effects of this approach on clinical outcomes will be forthcoming in the next years.
THE BONE—VASCULAR PARADOX AND POSSIBLE IDENTIFICATION OF THE CHRONIC KIDNEY DISEASE-MINERAL BONE DISORDER THERAPEUTIC TARGET ALONG WITH A BIOMARKER
The bone–vascular paradox (also referred to as the calcification paradox and the bone vascular axis) in the CKD-MBD consists of the observation that as vascular calcification (heterotopic mineralization) is stimulated, bone formation (orthotopic mineralization) is inhibited (Persy and D'Haese, 2009; Evenepoel et al., 2019). In this scenario, the worse the vascular calcification the greater the inhibition of skeletal remodeling (El-Husseini et al., 2022). In agreement with this concept, patients with the worst vascular calcification are often osteoporotic. Recent studies have provided insight and a possible basis of the paradox (Figure 5). Mace et al. used the novel model of aortic transplantation (Atx) in isogenic rats (Mace et al., 2021). Using aortas from rats with CKD and severe vascular calcification transplanted into normal rats (uremic Atx), they demonstrated decreased trabecular bone mineral density (BMD) 14 weeks following aortic transplantation (Mace et al., 2021). Bone histomorphometry analysis showed significant lower osteoid area in uremic ATx compared with normal ATx along with a trend toward fewer osteoblasts as well as more osteoclasts in the erosion lacunae. Furthermore, skeletal RUNX2, osteopontin, ANKH (progressive ankyloses protein), alkaline phosphatase, and type 1 collagen alpha 2 genes and proteins were induced in rats transplanted with calcified aortas from uremic rats. This is a key observation demonstrating that the calcified transplanted vasculature from rats with CKD regulated skeletal gene expression, transcription and bone resorption leading to decreased BMD. Transplantation of aortas from normal rats into normal rats produced no effects. Tissue culture of calcified aortic rings from rats with CKD revealed secretion of large amounts of sclerostin into the media, while the aortic ring cultures derived from normal rats did not secrete sclerostin. Studies in vitro showed that the calcified uremic aortic rings inhibited matrix mineralization by osteoblast cell lines compared to aortic rings from normal rats (Mace et al., 2022). The uremic calcified aortic rings stimulated the same gene expression and protein levels that were demonstrated in the experiments in vivo, and inhibited canonical Wnt/Beta catenin signaling and activated activin receptor signaling.
The high levels of sclerostin secretion from the calcified uremic aortas are in agreement with studies from other investigators, showing that sclerostin is expressed in association with vascular calcification vasculature (Zhu et al., 2011; Rukov et al., 2016; Bisson et al., 2019). This suggests that a significant portion of the elevated sclerostin levels in patients with CKD may derive from vascular and non-skeletal sources, (Zhou et al., 2017; Li et al., 2019). Although, not all human investigations have found high levels of vascular sclerostin (Qureshi et al., 2015) However, the strong direct association between circulating sclerostin levels and vascular calcification are much more a consensus (Qureshi et al., 2015; Zhou et al., 2017; Li et al., 2019). The studies raise the question of the role of vascular sclerostin (Claes et al., 2013) and FGF23 (Fang et al., 2014b) in the process of vascular calcification. The vascular expression of these mineralization inhibitors would be expected to be protective against vascular calcification, acting as a brake on Wnt stimulation of vascular RUNX2 and osteoblastic transdifferentiation (Figure 5).
Recent studies analyzing vascular calcification models in SOST deficient mice and sclerostin antibody treated mice confirm the expectations. De Mare et al., show that adenine-exposed Sost−/− mice compared to adenine exposed wild type mice had much more CKD-induced cardiac vessel and renal artery calcification (De Maré et al., 2022). They also showed that the vascular calcification produced by the warfarin model of rat vascular calcification was intensified by treatment with a neutralizing antibody to sclerostin (De Maré et al., 2022). Thus, inhibition of sclerostin activity may not the objective of CKD-MBD treatment, rather reduction of sclerostin levels by inhibition of its production may be the goal (Figure 6).
[image: Figure 6]FIGURE 6 | Treatment of the CKD-MBD inhibits VSMC transdifferentiation to osteocytic type cells, inhibiting vascular calcification, decreasing sclerostin secretion, and stimulating bone formation. This would produce expected efficacy in cardiovascular and skeletal outcomes. The changes in sclerostin levels during treatment make it a biomarker of progress.
The role of sclerostin in cardiovascular disease has been studied in other settings outside of CKD; see Golledge and Thanigaimani for an exhaustive review (Golledge and Thanigaimani, 2022). Developmentally, sclerostin is widely expressed in VSMC throughout the cardiovascular system, and postnatally, it is implicated in a number of vascular diseases. Despite some conflicting studies, the majority of animal models suggest that sclerostin deficiency increases aortic aneurysm, atherosclerosis, and cardiac rupture, and have found its upregulation at sites of arterial calcification.
Golledge and Thanigaimani state that “human studies report that genetic variants causing lower arterial sclerostin expression increase the prevalence of hypertension and diabetes and elevate the risk of cardiovascular events.” Other “human studies have associated high circulating sclerostin levels with the diagnosis of a variety of different cardiovascular diseases, surrogate markers of cardiovascular disease and high risk of cardiovascular events in some populations.” There are a number of possible explanations for the findings of human genetic studies, which suggest that low arterial sclerostin promotes cardiovascular disease, but human biomarker studies showing high serum sclerostin is associated with cardiovascular disease and events. One explanation is that the high blood sclerostin concentrations in participants with cardiovascular disease represent a response to the disease serving as a brake rather than a cause. The De Mare et al. studies discussed above support this concept (De Maré et al., 2022).
Romosozumab is an anti-sclerostin antibody approved for the treatment of osteoporosis, Cosman et al. (2016) but the label contains a black box warning about a potential increase in cardiovascular events. This has led to additional studies and controversy (Hólm et al., 2021). In a meta-analysis of randomized controlled trials of romosozumab, administration of the sclerostin blocking antibody may have increased the risk of major adverse cardiovascular events or cardiovascular death (Bovijn et al., 2020; Lv et al., 2020). Overall, currently available data as reviewed elsewhere, including the aforementioned metanalyses (Golledge and Thanigaimani, 2022) does not show conclusive evidence that sclerostin inhibition increases the risk of cardiovascular events. Limited data on the use of romosozumab in CKD patients on dialysis is emerging (Figure 7) (Sato et al., 2021; Saito et al., 2022). There is progression of vascular calcification, but no evidence of increased cardiovascular events, though the study sizes are small.
[image: Figure 7]FIGURE 7 | Treatment of the CKD-MBD using the antibody to sclerostin increases VSMC Wnt activity and osteoblastic transdifferentiation, stimulating vascular calcification, but blocking systemic and skeletal sclerostin effects, thus stimulating bone formation. This would produce expected efficacy in skeletal outcomes but worsen cardiovascular disease.
The structural properties of the 24 kDa sclerostin protein reveal a tertiary structure consisting of three loops, a cysteine-knot motif with three disulfide bonds and N- and C-terminal spacer arms (Wijenayaka et al., 2016; Omran et al., 2022). Sclerostin interacts with heparin sulfate mediating transportation to the cell surface and embedding in the extracellular matrix. Sclerostin interacts also with the co-receptors LRP4, 5, and 6 and thereby impedes the binding of mainly Wnt1 but also Wnt3a. Both Wnt1 and sclerostin interact with the E1 and E2 ectodomains of LRP6 (Boschert et al., 2013). This interaction inhibits directly the binding of Wnt1 and allosterically prevents the binding of Wnt3a to LRP6 and thereby prevents receptor-coupling with Frizzled on osteoblasts. Recent studies dissecting the functions of components of the sclerostin protein suggest that while the loop 3 peptide is inhibitory to the skeleton, it did not protect in an aortic aneurysm model (Yu et al., 2022). In the ApoE −/−model of atherosclerosis, inhibiting the sclerostin loop 3 did not increase vascular calcification, but did increase bone remodeling (Yu et al., 2022). These studies, if confirmed, provide a new approach to targeting sclerostin with a therapeutic agent.
The idea that sclerostin might be a biomarker of the CKD-MBD was originally put forth by Cejka et al. (2011) and by others (Behets et al., 2017; Figurek et al., 2020; Omran et al., 2022). The recent studies clarify this potential role and clarify the path forward. Elevated sclerostin levels in CKD could indicate that VSMC transdifferentiation has occurred, and treatment showing a reduction in levels could indicate decreased vascular calcification and improved skeletal homeostasis. The multi-site production of sclerostin in CKD weakens the possibilities of a clear biomarker status, but future research needs to clarify the possibility. The clinical application of sclerostin levels has not yet occurred due in part to variability and lack of reproducibility between various sclerostin assays. The topic of sclerostin assay is beyond the scope of this review and has been analyzed in depth recently (Omran et al., 2022).
CONCLUSION
The CKD-MBD is a complex multifactorial syndrome. Recent progress continues to clarify its pathophysiology, and suggests that a target of therapy would be to reduce the vascular injury associated with CKD. Reduction of vascular osteoblastic/osteocytic transdifferentiation would decrease, possibly prevent, vascular calcification and stimulate skeletal homeostasis (Figure 6). Reduction of sclerostin levels due to inhibition of osteocytic vascular transdifferentiation would be associated with reduced vascular calcification and improved bone remodeling in the CKD-MBD. Whereas, if significant portions of circulating sclerostin are of vascular origin in CKD, inhibition of sclerostin function by a monoclonal antibody would worsen vascular calcification while improving bone remodeling/formation (Figure 7). This suggests that the therapeutic target of the CKD-MBD may be osteoblastic/osteocytic vascular cell transdifferentiation with the primary outcome of clinical trials being cardiovascular events. Furthermore, sclerostin levels may be a useful biomarker, both diagnostically and as a means of following therapeutic efficacy. Successful studies in the treatment of the CKD-MBD would lead to studies proving or not, that CKD-MBD treatment independent of other mechanisms decreases the mortality associated with CKD.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
NIH RO1 DK127186 to KH, and Department of Pediatrics, Washington University School of Medicine in Saint Louis.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aaron M. (2001). Wnt signalling: Antagonistic dickkopfs. Curr. Biol. 11, R592–R595. doi:10.1016/s0960-9822(01)00360-8
 Adeney K. L., Siscovick D. S., Ix J. H., Seliger S. L., Shlipak M. G. Jenny N. S., et al. (2009). Association of serum phosphate with vascular and valvular calcification in moderate CKD. J. Am. Soc. Nephrol. 20, 381–387. doi:10.1681/ASN.2008040349
 ADHR Consortium (2000). Autosomal dominant hypophosphataemic rickets is associated with mutations in FGF23. Nat. Genet. 26, 345–348. doi:10.1038/81664
 Asai O., Nakatani K., Tanaka T., Sakan H., Imura A. Yoshimoto S., et al. (2012). Decreased renal α-Klotho expression in early diabetic nephropathy in humans and mice and its possible role in urinary calcium excretion. Kidney Int. 81 (6), 539–547. doi:10.1038/ki.2011.423
 Bafico A., Liu G., Yaniv A., Gazit A., Aaronson S. A., Yaniv A. (2001). Novel mechanism of Wnt signalling inhibition mediated byDickkopf-1 interaction with LRP6/Arrow. Nat. Cell Biol. 3, 683–686. doi:10.1038/35083081
 Bardeesi A. S. A., Gao J., Zhang K., Yu S., Wei M. Liu P., et al. (2017). A novel role of cellular interactions in vascular calcification. J. Transl. Med. 15 (1), 95. doi:10.1186/s12967-017-1190-z
 Barreto D. V., Lenglet A., Liabeuf S., Kretschmer A., Barreto F. C. Nollet A., et al. (2011). Prognostic implication of plasma osteopontin levels in patients with chronic kidney disease. Nephron Clin. Pract. 117 (4), 363–372. doi:10.1159/000321520
 Behets G. J., Viaene L., Meijers B., Blocki F., Brandenburg V. M. Verhulst A., et al. (2017). Circulating levels of sclerostin but not DKK1 associate with laboratory parameters of CKD-MBD. PLOS ONE 12 (5), e0176411. doi:10.1371/journal.pone.0176411
 Bisson S-K., Ung R-V., Picard S., Valade D., Agharazii M. Larivière R., et al. (2019). High calcium, phosphate and calcitriol supplementation leads to an osteocyte-like phenotype in calcified vessels and bone mineralisation defect in uremic rats. J. Bone Mineral Metabolism 37 (2), 212–223. doi:10.1007/s00774-018-0919-y
 Block G. A., Kilpatrick R. D., Lowe K. A., Wang W., Danese M. D. (2013). CKD–Mineral and bone disorder and risk of death and cardiovascular hospitalization in patients on hemodialysis. Clin. J. Am. Soc. Nephrol. 8 (12), 2132–2140. doi:10.2215/CJN.04260413
 Block G. A., Klassen P. S., Lazarus J. M., Ofsthun N., Lowrie E. G., Chertow G. M. (2004). Mineral metabolism, mortality, and morbidity in maintenance hemodialysis. J. Am. Soc. Nephrol. 15, 2208–2218. doi:10.1097/01.ASN.0000133041.27682.A2
 Boschert V., van Dinther M., Weidauer S., van Pee K., Muth E-M. ten Dijke P., et al. (2013). Mutational analysis of sclerostin shows importance of the flexible loop and the cystine-knot for wnt-signaling inhibition. PLOS ONE 8 (11), e81710. doi:10.1371/journal.pone.0081710
 Bovijn J., Krebs K., Chen C. Y., Boxall R., Censin J. C. Ferreira T., et al. (2020). Evaluating the cardiovascular safety of sclerostin inhibition using evidence from meta-analysis of clinical trials and human genetics. Sci. Transl. Med. 12 (549), eaay6570. doi:10.1126/scitranslmed.aay6570
 Cai T., Sun D., Duan Y., Wen P., Dai C. Yang J., et al. (2016). WNT/β-catenin signaling promotes VSMCs to osteogenic transdifferentiation and calcification through directly modulating Runx2 gene expression. Exp. Cell Res. 345 (2), 206–217. doi:10.1016/j.yexcr.2016.06.007
 Cancilla B., Davies A., Cauchi J. A., Risbridger G. P., Bertram J. F. (2001). Fibroblast growth factor receptors and their ligands in the adult rat kidney. Kidney Int. 60 (1), 147–155. doi:10.1046/j.1523-1755.2001.00781.x
 Carrillo-López N., Panizo S., Arcidiacono M. V., de la Fuente S., Martínez-Arias L. Ottaviano E., et al. (2022). Vitamin D treatment prevents uremia-induced reductions in aortic microRNA-145 attenuating osteogenic differentiation despite hyperphosphatemia. Nutrients 14 (13), 2589. doi:10.3390/nu14132589
 Cejka D., Herberth J., Branscum A. J., Fardo D. W., Monier-Faugere M. C. Diarra D., et al. (2011). Sclerostin and dickkopf-1 in renal osteodystrophy. Clin. J. Am. Soc. Nephrol. 6 (4), 877–882. doi:10.2215/CJN.06550810
 Chang K., Kang P., Liu Y., Huang K., Miao T. Sagona A. P., et al. (2020). TGFB-INHB/activin signaling regulates age-dependent autophagy and cardiac health through inhibition of MTORC2. Autophagy 16 (10), 1807–1822. doi:10.1080/15548627.2019.1704117
 Chen G., Liu Y., Goetz R., Fu L., Jayaraman S. Hu M-C., et al. (2018). α-Klotho is a non-enzymatic molecular scaffold for FGF23 hormone signalling. Nature 553, 461–466. doi:10.1038/nature25451
 Chen G., O'Neill K. D., Moe S. M. (2018). Matrix vesicles induce calcification of recipient vascular smooth muscle cells through multiple signaling pathways. Kidney Int. 93 (2), 343–354. doi:10.1016/j.kint.2017.07.019
 Chertow G. M., Raggi P., Chasan-Taber S., Bommer J., Holzer H., Burke S. K. (2004). Determinants of progressive vascular calcification in haemodialysis patients. Nephrol. Dial. Transplant. 19 (6), 1489–1496. doi:10.1093/ndt/gfh125
 Chmielewski M., Carrero J. J., Stenvinkel P., Lindholm B. (2009). Metabolic abnormalities in chronic kidney disease that contribute to cardiovascular disease, and nutritional initiatives that may diminish the risk. Curr. Opin. Lipidol. 20 (1), 3–9. doi:10.1097/mol.0b013e32831ef234
 Claes K. J., Viaene L., Heye S., Meijers B., d'Haese P., Evenepoel P. (2013). Sclerostin: Another vascular calcification inhibitor?J. Clin. Endocrinol. Metabolism 98 (8), 3221–3228. doi:10.1210/jc.2013-1521
 Collette N. M., Genetos D. C., Economides A. N., Xie L., Shahnazari M. Yao W., et al. (2012). Targeted deletion of Sost distal enhancer increases bone formation and bone mass. Proc. Natl. Acad. Sci. 109 (35), 14092–14097. doi:10.1073/pnas.1207188109
 Cosman F., Crittenden D. B., Adachi J. D., Binkley N., Czerwinski E. Ferrari S., et al. (2016). Romosozumab treatment in postmenopausal women with osteoporosis. N. Engl. J. Med. 375 (16), 1532–1543. doi:10.1056/NEJMoa1607948
 Covic A., Voroneanu L., Goldsmith D. (2010). The effects of vitamin D therapy on left ventricular structure and function – are these the underlying explanations for improved CKD patient survival?Nephron Clin. Pract. 116 (3), c187–c195. doi:10.1159/000317198
 Cranenburg E. C. M., Vermeer C., Koos R., Boumans M. L., Hackeng T. M. Bouwman F. G., et al. (2008). The circulating inactive form of matrix gla protein (ucMGP) as a biomarker for cardiovascular calcification. J. Vasc. Res. 45 (5), 427–436. doi:10.1159/000124863
 Dai L., Qureshi A. R., Witasp A., Lindholm B., Stenvinkel P. (2019). Early vascular ageing and cellular senescence in chronic kidney disease. Comput. Struct. Biotechnol. J. 17, 721–729. doi:10.1016/j.csbj.2019.06.015
 Dai X-Y., Zhao M-M., Cai Y., Guan Q-C., Zhao Y. Guan Y., et al. (2013). Phosphate-induced autophagy counteracts vascular calcification by reducing matrix vesicle release. Kidney Int. 83 (6), 1042–1051. doi:10.1038/ki.2012.482
 Damasiewicz M., Nickolas T. L. (2018). Rethinking bone disease in kidney disease. JBMR Plus 2, 309–322. doi:10.1002/jbm4.10117
 David V., Dai B., Martin A., Huang J., Han X., Quarles L. D. (2013). Calcium regulates FGF-23 expression in bone. Endocrinology 154 (12), 4469–4482. doi:10.1210/en.2013-1627
 Davies M. R., Lund R. J., Hruska K. A. (2003). BMP-7 is an efficacious treatment of vascular calcification in a murine model of atherosclerosis and chronic renal failure. J. Am. Soc. Nephrol. 14, 1559–1567. doi:10.1097/01.asn.0000068404.57780.dd
 De Maré A., Opdebeeck B., Neven E., D’Haese P. C., Verhulst A. (2022). Sclerostin protects against vascular calcification development in mice. J. Bone Mineral Res. 37 (4), 687–699. doi:10.1002/jbmr.4503
 de Oliveira R. B., Graciolli F. G., dos Reis L. M., Cancela A. L. E., Cuppari L. Canziani M. E., et al. (2013). Disturbances of wnt/β-catenin pathway and energy metabolism in early CKD: Effect of phosphate binders. Nephrol. Dial. Transpl. 28 (10), 2510–2517. doi:10.1093/ndt/gft234
 Demer L. L. (1995). A skeleton in the atherosclerosis closet. Circulation 92, 2029–2032. doi:10.1161/01.cir.92.8.2029
 Di Iorio B., Bellasi A., Russo D. (2012). Independent study investigators mortality in kidney disease patients treated with phosphate binders: A randomized study. Clin. J. Am. Soc. Nephrol. 7 (3), 487–493. doi:10.2215/CJN.03820411
 Di Lullo L., Gorini A., Russo D., Santoboni A., Ronco C. (2015). Left ventricular hypertrophy in chronic kidney disease patients: From pathophysiology to treatment. Cardiorenal Med. 5 (4), 254–266. doi:10.1159/000435838
 Doi S., Zou Y., Togao O., Pastor J. V., John G. B. Wang L., et al. (2011). Klotho inhibits transforming growth factor-beta1 (TGF-beta1) signaling and suppresses renal fibrosis and cancer metastasis in mice. J. Biol. Chem. 286, 8655–8665. doi:10.1074/jbc.M110.174037
 Durham A. L., Speer M. Y., Scatena M., Giachelli C. M., Shanahan C. M. (2018). Role of smooth muscle cells in vascular calcification: Implications in atherosclerosis and arterial stiffness. Cardiovasc. Res. 114 (4), 590–600. doi:10.1093/cvr/cvy010
 Dusso A., Colombo M. I., Shanahan C. M. (2018). Not all vascular smooth muscle cell exosomes calcify equally in chronic kidney disease. Kidney Int. 93 (2), 298–301. doi:10.1016/j.kint.2017.08.036
 Edeling M., Ragi G., Huang S., Pavenstädt H., Susztak K. (2016). Developmental signalling pathways in renal fibrosis: The roles of notch, Wnt and hedgehog. Nat. Rev. Nephrol. 12 (7), 426–439. doi:10.1038/nrneph.2016.54
 El-Husseini A., Abdalbary M., Lima F., Issa M., Ahmed M-T. Winkler M., et al. (2022). Low turnover renal osteodystrophy with abnormal bone quality and vascular calcification in patients with mild-to-moderate CKD. Kidney Int. Rep. 7 (5), 1016–1026. doi:10.1016/j.ekir.2022.02.022
 Evenepoel P., D'Haese P., Brandenburg V. (2015). Sclerostin and DKK1: New players in renal bone and vascular disease. Kidney Int. 88 (2), 235–240. doi:10.1038/ki.2015.156
 Evenepoel P., Opdebeeck B., David K., D'Haese P. C. (2019). Bone-vascular Axis in chronic kidney disease. Adv. Chronic Kidney Dis. 26 (6), 472–483. doi:10.1053/j.ackd.2019.09.006
 Fang Y., Ginsberg C., Seifert M., Agapova O., Sugatani T. Monier-Faugere M. C., et al. (2014). CKD-Induced wingless/integration1 inhibitors and phosphorus cause the CKD-mineral and bone disorder. J. Am. Soc. Nephrol. 25 (8), 1760–1773. doi:10.1681/ASN.2013080818
 Fang Y., Ginsberg C., Sugatani T., Faugere M. C., Malluche H., Hruska K. A. (2014). Early chronic kidney disease-mineral bone disorder stimulates vascular calcification. Kidney Int. 85 (1), 142–150. doi:10.1038/ki.2013.271
 Faul C., Amaral A. P., Oskouei B., Hu M. C., Sloan A. Isakova T., et al. (2011). FGF23 induces left ventricular hypertrophy. J. Clin. Invest. 121 (11), 4393–4408. doi:10.1172/JCI46122
 Figurek A., Rroji M., Spasovski G. (2020). Sclerostin: A new biomarker of CKD–MBD. Int. Urology Nephrol. 52 (1), 107–113. doi:10.1007/s11255-019-02290-3
 Fliser D., Kollerits B., Neyer U., Ankerst D. P., Lhotta K. Lingenhel A., et al. (2007). Fibroblast growth factor 23 (FGF23) predicts progression of chronic kidney disease: The mild to moderate kidney disease (MMKD) study. J. Am. Soc. Nephrol. 18 (9), 2600–2608. doi:10.1681/ASN.2006080936
 Foley R. N., Parfrey P. S., Sarnak M. J. (1998). Clinical epidemiology of cardiovascular disease in chronic renal disease. Am. J. Kidney Dis. 32 (5), S112–S119. doi:10.1053/ajkd.1998.v32.pm9820470
 Franceschi R. T., Xiao G. (2003). Regulation of the osteoblast-specific transcription factor, Runx2: Responsiveness to multiple signal transduction pathways. J. Cell. Biochem. 88 (3), 446–454. doi:10.1002/jcb.10369
 Gaur T., Lengner C. J., Hovhannisyan H., Bhat R. A., Bodine P. V. N. Komm B. S., et al. (2005). Canonical WNT signaling promotes osteogenesis by directly stimulating Runx2 gene expression. J. Biol. Chem. 280 (39), 33132–33140. doi:10.1074/jbc.M500608200
 Giachelli C. M., Bae N., Almeida M., Denhardt D. T., Alpers C. E., Schwartz S. M. (1993). Osteopontin is elevated during neointima formation in rat arteries and is a novel component of human atherosclerotic plaques. J. Clin. Investigation 92, 1686–1696. doi:10.1172/JCI116755
 Giachelli C. M., Speer M. Y., Li X., Rajachar R. M., Yang H. (2005). Regulation of vascular calcification: Roles of phosphate and osteopontin. Circulation Res. 96, 717–722. doi:10.1161/01.RES.0000161997.24797.c0
 Go A. S., Chertow G. M., Fan D., McCulloch C. E., Hsu C. (2004). Chronic kidney disease and the risks of death, cardiovascular events, and hospitalization. New Engl. J. Med. 351, 1296–1305. doi:10.1056/NEJMoa041031
 Goettsch C., Hutcheson J. D., Aikawa E. (2013). MicroRNA in cardiovascular calcification: Focus on targets and extracellular vesicle delivery mechanisms. Circ. Res. 112 (7), 1073–1084. doi:10.1161/CIRCRESAHA.113.300937
 Golledge J., Thanigaimani S. (2022). Role of sclerostin in cardiovascular disease. Arteriosclerosis, Thrombosis, Vasc. Biol. 42 (7), e187–e202. doi:10.1161/ATVBAHA.122.317635
 Gong Y., Slee R. B., Fukai N., Rawadi G., Roman-Roman S. Reginato A. M., et al. (2001). LDL receptor-related protein 5 (LRP5) affects bone accrual and eye development. Cell 107, 513–523. doi:10.1016/s0092-8674(01)00571-2
 Grabner A., Amaral Ansel P., Schramm K., Singh S., Sloan A. Yanucil C., et al. (2015). Activation of cardiac fibroblast growth factor receptor 4 causes left ventricular hypertrophy. Cell Metab. 22 (6), 1020–1032. doi:10.1016/j.cmet.2015.09.002
 Graciolli F. G., de Oliveira R. B., dos Reis L. M., Cancela A. L. E., Cuppari L. Canziani M. E. F., et al. (2010). Wnt pathway inhibition: Another actor in CKD-MBD pathophysiology?J. Am. Soc. Nephrol. 21, 774A. 
 Graciolli F. G., Neves K. R., Barreto F., Barreto D. V., dos Reis L. M. Canziani M. E., et al. (2017). The complexity of chronic kidney disease-mineral and bone disorder across stages of chronic kidney disease. Kidney Int. 91 (6), 1436–1446. doi:10.1016/j.kint.2016.12.029
 Gutierrez O. M., Januzzi J. L., Isakova T., Laliberte K., Smith K. Collerone G., et al. (2009). Fibroblast growth factor 23 and left ventricular hypertrophy in chronic kidney disease. Circulation 119, 2545–2552. doi:10.1161/CIRCULATIONAHA.108.844506
 Gutierrez O. M., Mannstadt M., Isakova T., Rauh-Hain J. A., Tamez H. Shah A., et al. (2008). Fibroblast growth factor 23 and mortality among patients undergoing hemodialysis. New Engl. J. Med. 359, 584–592. doi:10.1056/NEJMoa0706130
 Hagström E., Michaëlsson K., Melhus H., Hansen T., Ahlström H. Johansson L., et al. (2014). Plasma parathyroid hormone is associated with subclinical and clinical atherosclerotic disease in 2 community-based cohorts. Arteriosclerosis, Thrombosis, Vasc. Biol. 34 (7), 1567–1573. doi:10.1161/ATVBAHA.113.303062
 Hedayati S. S. (2020). A novel treatment for vascular calcification in patients with dialysis-dependent chronic kidney disease. Circulation 141 (9), 740–742. doi:10.1161/CIRCULATIONAHA.119.044801
 Heiss A., Pipich V., Jahnen-Dechent W., Schwahn D. (2010). Fetuin-A is a mineral carrier protein: Small angle neutron scattering provides new insight on fetuin-A controlled calcification inhibition. Biophysical J. 99 (12), 3986–3995. doi:10.1016/j.bpj.2010.10.030
 Hodroge A., Trécherel E., Cornu M., Darwiche W., Mansour A. Ait-Mohand K., et al. (2017). Oligogalacturonic acid inhibits vascular calcification by two mechanisms: Inhibition of vascular smooth muscle cell osteogenic conversion and interaction with collagen. Arteriosclerosis, Thrombosis, Vasc. Biol. 37 (7), 1391–1401. doi:10.1161/ATVBAHA.117.309513
 Hólm H., Sulem P., Tragante V., Thorsteinsdottir U., Gudbjartsson D. F., Stefansson K. (2021). Comment on "Evaluating the cardiovascular safety of sclerostin inhibition using evidence from meta-analysis of clinical trials and human genetics. Sci. Transl. Med. 13 (622), eabe8497. doi:10.1126/scitranslmed.abe8497
 Hruska K., Williams M. (2022). CKD-MBD syndrome: CKD produced disorders in Skeletal, Vascular, and cardiac tissues and mineral metabolism. in DeGroot’s endocrinology ed . Editor R. P. Robertson8th ed. (Amsterdam, Netherlands: Elsevier). 
 Hruska K. A., Sugatani T., Agapova O., Fang Y. (2017). The chronic kidney disease — mineral bone disorder (CKD-MBD): Advances in pathophysiology. Bone 100, 80–86. doi:10.1016/j.bone.2017.01.023
 Hu M. C., Kuro-o M., Moe O. W. (2013). Klotho and chronic kidney disease. Contrib. Nephrol. 180, 47–63. doi:10.1159/000346778
 Hu M. C., Shi M., Gillings N., Flores B., Takahashi M. Kuro-o M., et al. (2017). Recombinant α-Klotho may be prophylactic and therapeutic for acute to chronic kidney disease progression and uremic cardiomyopathy. Kidney Int. 91 (5), 1104–1114. doi:10.1016/j.kint.2016.10.034
 Hu M. C., Shi M., Zhang J., Addo T., Cho H. J. Barker S. L., et al. (2016). Renal production, uptake, and handling of circulating αKlotho. J. Am. Soc. Nephrol. 27 (1), 79–90. doi:10.1681/ASN.2014101030
 Hu M. C., Shi M., Zhang J., Qui+Ýones H., Griffith C. Kuro-o M., et al. (2011). Klotho deficiency causes vascular calcification in chronic kidney disease. J. Am. Soc. Nephrol. 22, 124–136. doi:10.1681/ASN.2009121311
 Imura A., Iwano A., Tohyama O., Tsuji Y., Nozaki K. Hashimoto N., et al. (2004). Secreted klotho protein in sera and CSF: Implication for post-translational cleavage in release of klotho protein from cell membrane. FEBS Lett. 565 (1–3), 143–147. doi:10.1016/j.febslet.2004.03.090
 Investigators T. E. T., Chertow G. M., Block G. A., Correa-Rotter R., Drueke T. B. Floege J., et al. (2012). Effect of cinacalcet on cardiovascular disease in patients undergoing dialysis. N. Engl. J. Med. 367 (26), 2482–2494. doi:10.1056/NEJMoa1205624
 Isakova T., Cai X., Lee J., Xie D., Wang X. Mehta R., et al. (2018). Longitudinal FGF23 trajectories and mortality in patients with CKD. J. Am. Soc. Nephrol. 29 (2), 579–590. doi:10.1681/ASN.2017070772
 Isakova T., Wahl P., Vargas G. S., Gutierrez O. M., Scialla J. Xie H., et al. (2011). Fibroblast growth factor 23 is elevated before parathyroid hormone and phosphate in chronic kidney disease. Kidney Int. 79 (12), 1370–1378. doi:10.1038/ki.2011.47
 Isakova T., Yanucil C., Faul C. (2022). A klotho-derived peptide as a possible novel drug to prevent kidney fibrosis. Am. J. Kidney Dis. 80, 285–288. doi:10.1053/j.ajkd.2022.03.006
 Ix J. H., de Boer I. H., Peralta C. A., Adeney K. L., Duprez D. A. Jenny N. S., et al. (2009). Serum phosphorus concentrations and arterial stiffness among individuals with normal kidney function to moderate kidney disease in MESA. Clin. J. Am. Soc. Nephrol. 4, 609–615. doi:10.2215/CJN.04100808
 Jono S., McKee M. D., Murry C. E., Shioi A., Nishizawa Y. Mori K., et al. (2000). Phosphate regulation of vascular smooth muscle cell calcification. Circulation Res. 87 (7), e10–E17. doi:10.1161/01.res.87.7.e10
 Jung S., Querfeld U., Müller D., Rudolph B., Peters H., Krämer S. (2012). Submaximal suppression of parathyroid hormone ameliorates calcitriol-induced aortic calcification and remodeling and myocardial fibrosis in uremic rats. J. Hypertens. 30 (11), 2182–2191. doi:10.1097/HJH.0b013e328357c049
 Kamiya N., Kobayashi T., Mochida Y., Yu P. B., Yamauchi M. Kronenberg H. M., et al. (2010). Wnt inhibitors Dkk1 and Sost are downstream targets of BMP signaling through the type IA receptor (BMPRIA) in osteoblasts. J. Bone Mineral Res. 25 (2), 200–210. doi:10.1359/jbmr.090806
 Kan H., Zhang K., Mao A., Geng L., Gao M. Feng L., et al. (2021). Single-cell transcriptome analysis reveals cellular heterogeneity in the ascending aortas of normal and high-fat diet-fed mice. Exp. Mol. Med. 53 (9), 1379–1389. doi:10.1038/s12276-021-00671-2
 Kapustin A. N., Chatrou M. L. L., Drozdov I., Zheng Y., Davidson S. M. Soong D., et al. (2015). Vascular smooth muscle cell calcification is mediated by regulated exosome secretion. Circulation Res. 116 (8), 1312–1323. doi:10.1161/CIRCRESAHA.116.305012
 Karsenty G. (2020). The facts of the matter: What is a hormone?PLOS Genet. 16 (6), e1008938. doi:10.1371/journal.pgen.1008938
 Kawata T., Imanishi Y., Kobayashi K., Miki T., Arnold A. Inaba M., et al. (2007). Parathyroid hormone regulates fibroblast growth factor-23 in a mouse model of primary hyperparathyroidism. J. Am. Soc. Nephrol. 18 (10), 2683–2688. doi:10.1681/ASN.2006070783
 Kawata T., Nagano N., Obi M., Miyata S., Koyama C. Kobayashi N., et al. (2008). Cinacalcet suppresses calcification of the aorta and heart in uremic rats. Kidney Int. 74 (10), 1270–1277. doi:10.1038/ki.2008.407
 Khamissi F. Z., Ning L., Kefaloyianni E., Dun H., Arthanarisami A. Keller A., et al. (2022). Identification of kidney injury-released circulating osteopontin as causal agent of respiratory failure. Sci. Adv. 8 (8), eabm5900. doi:10.1126/sciadv.abm5900
 Kokubo T., Ishikawa N., Uchida H., Chasnoff S. E., Xie X. Mathew S., et al. (2009). CKD accelerates development of neointimal hyperplasia in arteriovenous fistulas. J. Am. Soc. Nephrol. 20, 1236–1245. doi:10.1681/ASN.2007121312
 Komori T. (2010). Regulation of osteoblast differentiation by Runx2. Adv. Exp. Med. Biol. 658, 43–49. doi:10.1007/978-1-4419-1050-9_5
 Kramann R., Goettsch C., Wongboonsin J., Iwata H., Schneider Rebekka K. Kuppe C., et al. (2016). Adventitial MSC-like cells are progenitors of vascular smooth muscle cells and drive vascular calcification in chronic kidney disease. Cell Stem Cell 19 (5), 628–642. doi:10.1016/j.stem.2016.08.001
 Kuro-o M., Matsumura Y., Aizawa H., Kawaguchi H., Suga T. Utsugi T., et al. (1997). Mutation of the mouse klotho gene leads to a syndrome resembling ageing. Nature 390, 45–51. doi:10.1038/36285
 Kurosu H., Ogawa Y., Miyoshi M., Yamamoto M., Nandi A. Rosenblatt K. P., et al. (2006). Regulation of fibroblast growth factor-23 signaling by Klotho. J. Biol. Chem. 281 (10), 6120–6123. doi:10.1074/jbc.C500457200
 Kurosu H., Yamamoto M., Clark J. D., Pastor J. V., Nandi A. Gurnani P., et al. (2005). Suppression of aging in mice by the hormone klotho. Science 309 (5742), 1829–1833. doi:10.1126/science.1112766
 Lanzer P., Hannan Fadil M., Lanzer Jan D., Janzen J., Raggi P. Furniss D., et al. (2021). Medial arterial calcification: JACC state-of-the-art review. J. Am. Coll. Cardiol. 78 (11), 1145–1165. doi:10.1016/j.jacc.2021.06.049
 Lee S. J., Lee I-K., Jeon J-H. (2020). Vascular calcification-new insights into its mechanism. Int. J. Mol. Sci. 21 (8), 2685. doi:10.3390/ijms21082685
 Leifheit-Nestler M., Wagner M. A., Richter B., Piepert C., Eitner F. Böckmann I., et al. (2021). Cardiac fibroblast growth factor 23 excess does not induce left ventricular hypertrophy in healthy mice. Front. Cell Dev. Biol. 9, 745892. doi:10.3389/fcell.2021.745892
 Leupin O., Kramer I., Collette N. M., Loots G. G., Natt F. Kneissel M., et al. (2007). Control of the SOST bone enhancer by PTH using MEF2 transcription factors. J. Bone Mineral Res. 22 (12), 1957–1967. doi:10.1359/jbmr.070804
 Levy R., McMahon D., Agarwal S., Demptster D., Zhou H. Misof B., et al. (2023). Comprehensive associations between acidosis and the skeleton in patients with kidney disease. J. Am. Soc. Nephrol. 13, 272–278. 
 Li M., Zhou H., Yang M., Xing C. (2019). Relationship between serum sclerostin, vascular sclerostin expression and vascular calcification assessed by different methods in ESRD patients eligible for renal transplantation: A cross-sectional study. Int. Urology Nephrol. 51 (2), 311–323. doi:10.1007/s11255-018-2033-4
 Li W., Feng W., Su X., Luo D., Li Z. Zhou Y., et al. (2022). SIRT6 protects vascular smooth muscle cells from osteogenic transdifferentiation via Runx2 in chronic kidney disease. J. Clin. Investigation 132 (1), e150051. doi:10.1172/JCI150051
 Li X., Zhang Y., Kang H., Liu W., Liu P. Zhang J., et al. (2005). Sclerostin binds to LRP5/6 and antagonizes canonical Wnt signaling. J. Biol. Chem. 280 (20), 19883–19887. doi:10.1074/jbc.M413274200
 Lima F., Mawad H., El-Husseini A. A., Davenport D. L., Malluche H. H. (2019). Serum bone markers in ROD patients across the spectrum of decreases in GFR: Activin A increases before all other markers. Clin. Nephrol. 91 (4), 222–230. doi:10.5414/CN109650
 Lin X., He Y., Hou X., Zhang Z., Wang R., Wu Q. (2016). Endothelial cells can regulate smooth muscle cells in contractile phenotype through the miR-206/arf6&ncx1/exosome Axis. PLOS ONE 11 (3), e0152959. doi:10.1371/journal.pone.0152959
 Lindberg K., Amin R., Moe O. W., Hu M-C., Erben R. G. Östman Wernerson A., et al. (2014). The kidney is the principal organ mediating klotho effects. J. Am. Soc. Nephrol. 25 (10), 2169–2175. doi:10.1681/ASN.2013111209
 Little R. D., Carulli J. P., DelMastro R. G., Dupuis J., Osborne M. Folz C., et al. (2002). A mutation in the LDL receptor-related protein 5 gene results in the autosomal dominant high-bone-mass trait. Am. J. Hum. Genet. 70, 11–19. doi:10.1086/338450
 Liu L., Liu Y., Zhang Y., Bi X., Nie L. Liu C., et al. (2018). High phosphate-induced downregulation of PPARγ contributes to CKD-associated vascular calcification. J. Mol. Cell. Cardiol. 114, 264–275. doi:10.1016/j.yjmcc.2017.11.021
 Liu M., Espinosa-Diez C., Mahan S., Du M., Nguyen A. T. Hahn S., et al. (2021). H3K4 di-methylation governs smooth muscle lineage identity and promotes vascular homeostasis by restraining plasticity. Dev. Cell 56 (19), 2765–2782. doi:10.1016/j.devcel.2021.09.001
 Liu S., Tang W., Zhou J., Stubbs J. R., Luo Q. Pi M., et al. (2006). Fibroblast growth factor 23 is a counter-regulatory phosphaturic hormone for vitamin D. J. Am. Soc. Nephrol. 17, 1305–1315. doi:10.1681/ASN.2005111185
 Loots G. G., Keller H., Leupin O., Murugesh D., Collette N. M., Genetos D. C. (2012). TGF-β regulates sclerostin expression via the ECR5 enhancer. Bone 50 (3), 663–669. doi:10.1016/j.bone.2011.11.016
 Lund R. J., Davies M. R., Brown A. J., Hruska K. A. (2004). Successful treatment of an adynamic bone disorder with bone morphogenetic protein-7 in a renal ablation model. J. Am. Soc. Nephrol. 15 (2), 359–369. doi:10.1097/01.asn.0000109671.99498.08
 Luo G., Ducy P., McKee M. D., Pinero G. J., Loyer E. Behringer R. R., et al. (1997). Spontaneous calcification of arteries and cartilage in mice lacking matrix GLA protein. Nature 386, 78–81. doi:10.1038/386078a0
 Lv F., Cai X., Yang W., Gao L., Chen L. Wu J., et al. (2020). Denosumab or romosozumab therapy and risk of cardiovascular events in patients with primary osteoporosis: Systematic review and meta-analysis. Bone 130, 115121. doi:10.1016/j.bone.2019.115121
 Mace M. L., Gravesen E., Nordholm A., Egstrand S., Morevati M. Nielsen C., et al. (2021). Chronic kidney disease-induced vascular calcification impairs bone metabolism. J. Bone Min. Res. 36 (3), 510–522. doi:10.1002/jbmr.4203
 Mace M. L., Gravesen E., Nordholm A., Egstrand S., Morevati M. Olgaard K., et al. (2022). The calcified vasculature in chronic kidney disease secretes factors that inhibit bone mineralization. JBMR Plus 6 (4), e10610. doi:10.1002/jbm4.10610
 Maique J., Flores B., Shi M., Shepard S., Zhou Z. Yan S., et al. (2020). High phosphate induces and klotho attenuates kidney epithelial senescence and fibrosis. Front. Pharmacol. 11, 1273. doi:10.3389/fphar.2020.01273
 Malik S. A., Modarage K., Goggolidou P. (2020). The role of Wnt signalling in chronic kidney disease (CKD). Genes 11 (5), 496. doi:10.3390/genes11050496
 Malluche H. H., Porter D. S., Pienkowski D. (2013). Evaluating bone quality in patients with chronic kidney disease. Nat. Rev. Nephrol. 9 (11), 671–680. doi:10.1038/nrneph.2013.198
 Manolagas S. C. (2020). Osteocalcin promotes bone mineralization but is not a hormone. PLOS Genet. 16 (6), e1008714. doi:10.1371/journal.pgen.1008714
 Martin A., David V., Quarles L. D. (2012). Regulation and function of the FGF23/klotho endocrine pathways. Physiol. Rev. 92 (1), 131–155. doi:10.1152/physrev.00002.2011
 Marwick T. H., Amann K., Bangalore S., Cavalcante J. L., Charytan D. M. Craig J. C., et al. (2019). Chronic kidney disease and valvular heart disease: Conclusions from a kidney disease: Improving global outcomes (KDIGO) controversies conference. Kidney Int. 96 (4), 836–849. doi:10.1016/j.kint.2019.06.025
 Mathew S., Tustison K. S., Sugatani T., Chaudhary L. R., Rifas L., Hruska K. A. (2008). The mechanism of phosphorus as a cardiovascular risk factor in CKD. J. Am. Soc. Nephrol. 19 (6), 1092–1105. doi:10.1681/ASN.2007070760
 Matsushita K., Sang Y., Ballew S. H., Shlipak M., Katz R. Rosas S. E., et al. (2015). Subclinical atherosclerosis measures for cardiovascular prediction in CKD. J. Am. Soc. Nephrol. JASN. 26 (2), 439–447. doi:10.1681/ASN.2014020173
 Mitsnefes M. M., Kimball T. R., Kartal J., Witt S. A., Glascock B. J. Khoury P. R., et al. (2005). Cardiac and vascular adaptation in pediatric patients with chronic kidney disease: Role of calcium-phosphorus metabolism. J. Am. Soc. Nephrol. 16, 2796–2803. doi:10.1681/ASN.2005030291
 Moe S., Drueke T., Cunningham J., Goodman W., Martin K. Olgaard K., et al. (2006). Definition, evaluation, and classification of renal osteodystrophy: A position statement from kidney disease: Improving global outcomes (kdigo). Kidney Int. 69 (11), 1945–1953. doi:10.1038/sj.ki.5000414
 Moe S. M., Nickolas T. L. (2016). Fractures in patients with CKD: Time for action. Clin. J. Am. Soc. Nephrol. CJASN. 11 (11), 1929–1931. doi:10.2215/CJN.09500916
 Moe S. M., O'Neill K. D., Duan D., Ahmed S., Chen N. X. Leapman S. B., et al. (2002). Medial artery calcification in ESRD patients is associated with deposition of bone matrix proteins. Kidney Int. 61, 638–647. doi:10.1046/j.1523-1755.2002.00170.x
 Monroy M. A., Fang J., Li S., Ferrer L., Birkenbach M. P. Lee I. J., et al. (2015). Chronic kidney disease alters vascular smooth muscle cell phenotype. Front. Biosci. (Landmark Ed. 20 (4), 784–795. doi:10.2741/4337
 Muñoz-Castañeda J. R., Rodelo-Haad C., Pendon-Ruiz de Mier M. V., Martin-Malo A., Santamaria R., Rodriguez M. (2020). Klotho/FGF23 and Wnt signaling as important players in the comorbidities associated with chronic kidney disease. Toxins (Basel) 12 (3), 185. doi:10.3390/toxins12030185
 Naik V., Leaf E. M., Hu J. H., Yang H-Y., Nguyen N. B. Giachelli C. M., et al. (2012). Sources of cells that contribute to atherosclerotic intimal calcification: An in vivo genetic fate mapping study. Cardiovasc. Res. 94 (3), 545–554. doi:10.1093/cvr/cvs126
 Navaneethan S. D., Schold J. D., Arrigain S., Jolly S. E., Nally J. V. (2015). Cause-specific deaths in non–dialysis-dependent CKD. J. Am. Soc. Nephrol. 26 (10), 2512–2520. doi:10.1681/ASN.2014101034
 Nelson A. J., Raggi P., Wolf M., Gold A. M., Chertow G. M., Roe M. T. (2020). Targeting vascular calcification in chronic kidney disease. JACC Basic Transl. Sci. 5 (4), 398–412. doi:10.1016/j.jacbts.2020.02.002
 Neves K. R., Graciolli F. G., dos Reis L. M., Graciolli R. G., Neves C. L. Magalhães A. O., et al. (2007). Vascular calcification: Contribution of parathyroid hormone in renal failure. Kidney Int. 71 (12), 1262–1270. doi:10.1038/sj.ki.5002241
 Nguyen-Yamamoto L., Tanaka K-I., –Arnaud StR., Goltzman D. (2019). Vitamin D–regulated osteocytic sclerostin and BMP2 modulate uremic extraskeletal calcification. JCI Insight 4 (13), e126467. doi:10.1172/jci.insight.126467
 Nickolas T. L., Stein E. M., Dworakowski E., Nishiyama K. K., Komandah-Kosseh M. Zhang C. A., et al. (2013). Rapid cortical bone loss in patients with chronic kidney disease. J. Bone Mineral Res. 28 (8), 1811–1820. doi:10.1002/jbmr.1916
 Niida A., Hiroko T., Kasai M., Furukawa Y., Nakamura Y. Suzuki Y., et al. (2004). DKK1, a negative regulator of Wnt signaling, is a target of the β-catenin/TCF pathway. Oncogene 23 (52), 8520–8526. doi:10.1038/sj.onc.1207892
 Ogata H., Fukagawa M., Hirakata H., Kagimura T., Fukushima M. Akizawa T., et al. (2021). Effect of treating hyperphosphatemia with lanthanum carbonate vs calcium carbonate on cardiovascular events in patients with chronic kidney disease undergoing hemodialysis: The LANDMARK randomized clinical trial. JAMA 325 (19), 1946–1954. doi:10.1001/jama.2021.4807
 Olgaard K. (2006). in KDIGO:Clinical guide to bone and mineral metabolism in CKD ed . Editor K. Olgaard (New York: National Kidney Foundation). 
 Omran A., Atanasova D., Landgren F., Magnusson P. (2022). Sclerostin: From molecule to clinical biomarker. Int. J. Mol. Sci. 23 (9), 4751. doi:10.3390/ijms23094751
 Pai A. S., Giachelli C. M. (2010). Matrix remodeling in vascular calcification associated with chronic kidney disease. J. Am. Soc. Nephrol. 21 (10), 1637–1640. doi:10.1681/ASN.2010040349
 Paloian N. J., Giachelli C. M. (2014). A current understanding of vascular calcification in CKD. Am. J. Physiol. Ren. Physiol. 307 (8), F891–F900. doi:10.1152/ajprenal.00163.2014
 Pereira R. C., Juppner H., Azucena-Serrano C. E., Yadin O., Salusky I. B., Wesseling-Perry K. (2009). Patterns of FGF-23, DMP1 and MEPE expression in patients with chronic kidney disease. Bone 45 (6), 1161–1168. doi:10.1016/j.bone.2009.08.008
 Pergola P. E., Rosenbaum D. P., Yang Y., Chertow G. M. (2021). A randomized trial of tenapanor and phosphate binders as a dual-mechanism treatment for hyperphosphatemia in patients on maintenance dialysis (AMPLIFY). J. Am. Soc. Nephrol. 32 (6), 1465–1473. doi:10.1681/ASN.2020101398
 Persy V., D'Haese P. (2009). Vascular calcification and bone disease: The calcification paradox. Trends Mol. Med. 15 (9), 405–416. doi:10.1016/j.molmed.2009.07.001
 Proudfoot D., Skepper J. N., Hegyi L., Bennett M. R., Shanahan C. M., Weissberg P. L. (2000). Apoptosis regulates human vascular calcification in vitro: Evidence for initiation of vascular calcification by apoptotic bodies. Circulation Res. 87, 1055–1062. doi:10.1161/01.res.87.11.1055
 Qureshi A. R., Olauson H., Witasp A., Haarhaus M., Brandenburg V. Wernerson A., et al. (2015). Increased circulating sclerostin levels in end-stage renal disease predict biopsy-verified vascular medial calcification and coronary artery calcification. Kidney Int. 88 (6), 1356–1364. doi:10.1038/ki.2015.194
 Raggi P., Bellasi A., Bushinsky D., Bover J., Rodriguez M. Ketteler M., et al. (2020). Slowing progression of cardiovascular calcification with SNF472 in patients on hemodialysis: Results of a randomized phase 2b study. Circulation 141 (9), 728–739. doi:10.1161/CIRCULATIONAHA.119.044195
 Raggi P., Boulay A., Chasan-Taber S., Amin N., Dillon M. Burke S. K., et al. (2002). Cardiac calcification in adult hemodialysis patients. A link between end-stage renal disease and cardiovascular disease?J. Am. Coll. Cardiol. 39, 695–701. doi:10.1016/s0735-1097(01)01781-8
 Raggi P., Chertow G. M., Torres P. U., Csiky B., Naso A. Nossuli K., et al. (2011). The ADVANCE study: A randomized study to evaluate the effects of cinacalcet plus low-dose vitamin D on vascular calcification in patients on hemodialysis. Nephrol. Dial. Transpl. 26 (4), 1327–1339. doi:10.1093/ndt/gfq725
 Raggi P., James G., Burke S. K., Bommer J., Chasan-Taber S. Holzer H., et al. (2005). Decrease in thoracic vertebral bone attenuation with calcium-based phosphate binders in hemodialysis. J. Bone Mineral Res. 20 (5), 764–772. doi:10.1359/JBMR.041221
 Rukov J. L., Gravesen E., Mace M. L., Hofman-Bang J., Vinther J. Andersen C. B., et al. (2016). Effect of chronic uremia on the transcriptional profile of the calcified aorta analyzed by RNA sequencing. Am. J. Physiology - Ren. Physiology 310 (6), F477–F491. doi:10.1152/ajprenal.00472.2015
 Sabbagh Y., Graciolli F. G., O'Brien S., Tang W., dos Reis L. M. Ryan S., et al. (2012). Repression of osteocyte Wnt/β-catenin signaling is an early event in the progression of renal osteodystrophy. J. Bone Min. Res. 27 (8), 1757–1772. doi:10.1002/jbmr.1630
 Saito T., Mizobuchi M., Kato T., Suzuki T., Fujiwara Y. Kanamori N., et al. (2022). One-year romosozumab treatment followed by one-year denosumab treatment for osteoporosis in patients on hemodialysis: An observational study. Calcif. Tissue Int. 112, 34–44. doi:10.1007/s00223-022-01031-6
 Sakan H. N. K., Asai O., Imura A., Tanaka T. Yoshimoto S., et al. (2014). Reduced renal α-klotho expression in CKD patients and its effect on renal phosphate handling and vitamin D metabolism. PLoS ONE 9 (1), e86301. doi:10.1371/journal.pone.0086301
 Saleem U., Mosley T. H., Kullo I. J. (2010). Serum osteocalcin is associated with measures of insulin resistance, adipokine levels, and the presence of metabolic syndrome. Arteriosclerosis, Thrombosis, Vasc. Biol. 30 (7), 1474–1478. doi:10.1161/ATVBAHA.110.204859
 Sato M., Inaba M., Yamada S., Emoto M., Ohno Y., Tsujimoto Y. (2021). Efficacy of romosozumab in patients with osteoporosis on maintenance hemodialysis in Japan; an observational study. J. Bone Min. Metab. 39 (6), 1082–1090. doi:10.1007/s00774-021-01253-y
 Schurgers L. J., Akbulut A. C., Kaczor D. M., Halder M., Koenen R. R., Kramann R. (2018). Initiation and propagation of vascular calcification is regulated by a concert of platelet- and smooth muscle cell-derived extracellular vesicles. Front. Cardiovasc. Med. 5, 36. doi:10.3389/fcvm.2018.00036
 Sebastian A., Loots G. G. (2017). Transcriptional control of Sost in bone. Bone 96, 76–84. doi:10.1016/j.bone.2016.10.009
 Seifert M. E., De las Fuentes L., Rothstein M., Dietzen D. J., Bierhals A. J. Cheng S. C., et al. (2013). Effects of phosphate binder therapy on vascular stiffness in early-stage chronic kidney disease. Amer J. Nephrol. 38 (2), 158–167. doi:10.1159/000353569
 Seifert M. E., Ginsberg C., Rothstein M., Dietzen D. J., Cheng S. C. Ross W., et al. (2014). Left ventricular mass progression despite stable blood pressure and kidney function in stage 3 chronic kidney disease. Am. J. Nephrol. 39, 392–399. doi:10.1159/000362251
 Shanahan C. M., Cary N. R. B., Metcalfe J. C., Weissberg P. L. (1994). High expression of genes for calcification-regulating proteins in human atherosclerotic plaques. J. Clin. Invest. 93, 2393–2402. doi:10.1172/JCI117246
 Shanahan C. M., Cary N. R. B., Salisbury J. R., Proudfoot D., Weissberg P. L., Edmonds M. E. (1999). Medial localization of mineralization-regulating proteins in association with Monckeberg's sclerosis: Evidence for smooth muscle cell-mediated vascular calcification. Circulation 100, 2168–2176. doi:10.1161/01.cir.100.21.2168
 Shanahan C. M., Crouthamel M. H., Kapustin A., Giachelli C. M. (2011). Arterial calcification in chronic kidney disease: Key roles for calcium and phosphate. Circ. Res. 109, 697–711. doi:10.1161/CIRCRESAHA.110.234914
 Shen Q., Christakos S. (2005). The vitamin D receptor, Runx2, and the notch signaling pathway cooperate in the transcriptional regulation of osteopontin. J. Biol. Chem. 280 (49), 40589–40598. doi:10.1074/jbc.M504166200
 Shoji T., Shinohara K., Kimoto E., Emoto M., Tahara H. Koyama H., et al. (2004). Lower risk for cardiovascular mortality in oral 1alpha-hydroxy vitamin D3 users in a haemodialysis population. Nephrol. Dial. Transpl. 19 (1), 179–184. doi:10.1093/ndt/gfg513
 Shroff R. C., Shah V., Hiorns M. P., Schoppet M., Hofbauer L. C. Hawa G., et al. (2008). The circulating calcification inhibitors, fetuin-A and osteoprotegerin, but not Matrix Gla protein, are associated with vascular stiffness and calcification in children on dialysis. Nephrol. Dial. Transplant. 23, 3263–3271. doi:10.1093/ndt/gfn226
 Speer M. Y., McKee M. D., Guldberg R. E., Liaw L., Yang H. Y. Tung E., et al. (2002). Inactivation of the osteopontin gene enhances vascular calcification of matrix Gla protein-deficient mice: Evidence for osteopontin as an inducible inhibitor of vascular calcification in vivo. J. Exp. Med. 196, 1047–1055. doi:10.1084/jem.20020911
 Speer M. Y., Yang H. Y., Brabb T., Leaf E., Look A. Lin W. L., et al. (2009). Smooth muscle cells give rise to osteochondrogenic precursors and chondrocytes in calcifying arteries. Circ. Res. 104, 733–741. doi:10.1161/CIRCRESAHA.108.183053
 Staines K. A., Prideaux M., Allen S., Buttle D. J., Pitsillides A. A., Farquharson C. (2016). E11/Podoplanin protein stabilization through inhibition of the proteasome promotes osteocyte differentiation in murine in vitro models. J. Cell Physiol. 231 (6), 1392–1404. doi:10.1002/jcp.25282
 Steitz S. A., Speer M. Y., Curinga G., Yang H-Y., Haynes P. Aebersold R., et al. (2001). Smooth muscle cell phenotypic transition associated with calcification: Upregulation of Cbfa1 and downregulation of smooth muscle lineage markers. Circulation Res. 89, 1147–1154. doi:10.1161/hh2401.101070
 Steitz S. A., Speer M. Y., McKee M. D., Liaw L., Almeida M. Yang H., et al. (2002). Osteopontin inhibits mineral deposition and promotes regression of ectopic calcification. Am. J. Pathol. 161 (6), 2035–2046. doi:10.1016/S0002-9440(10)64482-3
 Sugatani T., Agapova O. A., Fang Y., Berman A. G., Wallace J. M. Malluche H. H., et al. (2017). Ligand trap of the activin receptor type IIA inhibits osteoclast stimulation of bone remodeling in diabetic mice with chronic kidney disease. Kidney Int. 91 (1), 86–95. doi:10.1016/j.kint.2016.07.039
 Surendran K., McCaul S. P., Simon T. C. (2002). A role for Wnt-4 in renal fibrosis. Am. J. Physiol. Ren. Physiol. 282, F431–F441. doi:10.1152/ajprenal.0009.2001
 Surendran K., Schiavi S., Hruska K. A. (2005). Wnt-dependent- β-catenin signaling is activated after unilateral ureteral obstruction, and recombinant secreted frizzled-related protein 4 alters the progression of renal fibrosis. J. Am. Soc. Nephrol. 16, 2373–2384. doi:10.1681/ASN.2004110949
 Surendran K., Schiavi S. C., Hruska K. (2004). A putative Wnt antagonist secreted frizzled-related protein 4 (sFRP4) suppresses the progression of renal fibrosis follwoing unilateral ureteral obstruction. J. Am. Soc. Nephrol. 15, 245A. 
 Sutherland J. P., Zhou A., Hypponen E. (2022). Vitamin D deficiency increases mortality risk in the UK biobank: A nonlinear mendelian randomization study. Ann. Intern. Med. 175 (11), 1552–1559. doi:10.7326/M21-3324
 Tang C., Livingston M. J., Liu Z., Dong Z. (2020). Autophagy in kidney homeostasis and disease. Nat. Rev. Nephrol. 16 (9), 489–508. doi:10.1038/s41581-020-0309-2
 Thadhani R., Appelbaum E., Pritchett Y., Chang Y., Wenger J. Tamez H., et al. (2012). Vitamin d therapy and cardiac structure and function in patients with chronic kidney disease: The PRIMO randomized controlled trial. JAMA 307 (7), 674–684. doi:10.1001/jama.2012.120
 Tonelli M., Wiebe N., Culleton B., House A., Rabbat C. Fok M., et al. (2006). Chronic kidney disease and mortality risk: A systematic review. J. Am. Soc. Nephrol. 17 (7), 2034–2047. doi:10.1681/ASN.2005101085
 Toussaint N. D., Pedagogos E., Lioufas N. M., Elder G. J., Pascoe E. M. Badve S. V., et al. (2020). A randomized trial on the effect of phosphate reduction on vascular end points in CKD (IMPROVE-CKD). J. Am. Soc. Nephrol. 31 (11), 2653–2666. doi:10.1681/ASN.2020040411
 Towler D. A., Bidder M., Latifi T., Coleman T., Semenkovich C. F. (1998). Diet-induced diabetes activates an osteogenic gene regulatory program in the aortas of low density lipoprotein receptor-deficient mice. J. Biol. Chem. 273, 30427–30434. doi:10.1074/jbc.273.46.30427
 Urakawa I., Yamazaki Y., Shimada T., Iijima K., Hasegawa H. Okawa K., et al. (2006). Klotho converts canonical FGF receptor into a specific receptor for FGF23. Nature 444, 770–774. doi:10.1038/nature05315
 Villa-Bellosta R., Bogaert Y. E., Levi M., Sorribas V. (2007). Characterization of phosphate transport in rat vascular smooth muscle cells: Implications for vascular calcification. Arterioscler. Thromb. Vasc. Biol. 27, 1030–1036. doi:10.1161/ATVBAHA.106.132266
 Wallin R., Cain D., Hutson S. M., Sane D. C., Loeser R. (2000). Modulation of the binding of matrix Gla protein (MGP) to bone morphogenetic protein-2 (BMP-2). Thromb. Haemost. 84 (6), 1039–1044. doi:10.1055/s-0037-1614168
 Wein M. N., Spatz J., Nishimori S., Doench J., Root D. Babij P., et al. (2015). HDAC5 controls MEF2C-driven sclerostin expression in osteocytes. J. Bone Mineral Res. 30 (3), 400–411. doi:10.1002/jbmr.2381
 Westenfeld R., Krueger T., Schlieper G., Cranenburg E. C. M., Magdeleyns E. J. Heidenreich S., et al. (2012). Effect of vitamin K2 supplementation on functional vitamin K deficiency in hemodialysis patients: A randomized trial. Am. J. Kidney Dis. 59 (2), 186–195. doi:10.1053/j.ajkd.2011.10.041
 Wijenayaka A. R., Prideaux M., Yang D., Morris H. A., Findlay D. M. Anderson P. H., et al. (2016). Early response of the human SOST gene to stimulation by 1α,25-dihydroxyvitamin D3. J. Steroid Biochem. Mol. Biol. 164, 369–373. doi:10.1016/j.jsbmb.2015.12.006
 Williams M. J., Sugatani T., Agapova O. A., Fang Y., Gaut J. P. Faugere M-C., et al. (2018). The activin receptor is stimulated in the skeleton, vasculature, heart, and kidney during chronic kidney disease. Kidney Int. 93 (1), 147–158. doi:10.1016/j.kint.2017.06.016
 Wolf M. (2012). Update on fibroblast growth factor 23 in chronic kidney disease. Kidney Int. 82 (7), 737–747. doi:10.1038/ki.2012.176
 Wolf M., White K. E. (2014). Coupling fibroblast growth factor 23 production and cleavage: Iron deficiency, rickets, and kidney disease. Curr. Opin. Nephrol. Hypertens. 23 (4), 411–419. doi:10.1097/01.mnh.0000447020.74593.6f
 Xia Z. Y., Hu Y., Xie P. L., Tang S. Y., Luo X. H. Liao E. Y., et al. (2015). Runx2/miR-3960/miR-2861 positive feedback loop is responsible for osteogenic transdifferentiation of vascular smooth muscle cells. Biomed. Res. Int. 2015, 624037. doi:10.1155/2015/624037
 Xie J., Cha S-K., An S-W., Kuro-o M., Birnbaumer L., Huang C-L. (2012). Cardioprotection by Klotho through downregulation of TRPC6 channels in the mouse heart. Nat. Commun. 3, 1238. doi:10.1038/ncomms2240
 Xie J., Yoon J., An S-W., Kuro-o M., Huang C-L. (2015). Soluble klotho protects against uremic cardiomyopathy independently of fibroblast growth factor 23 and phosphate. J. Am. Soc. Nephrol. 26 (5), 1150–1160. doi:10.1681/ASN.2014040325
 Xu C., Smith E. R., Tiong M. K., Ruderman I., Toussaint N. D. (2022). Interventions to attenuate vascular calcification progression in chronic kidney disease: A systematic review of clinical trials. J. Am. Soc. Nephrol. 33 (5), 1011–1032. doi:10.1681/ASN.2021101327
 Yanagita M., Oka M., Watabe T., Iguchi H., Niida A. Takahashi S., et al. (2004). USAG-1: A bone morphogenetic protein antagonist abundantly expressed in the kidney. Biochem. Biophysical Res. Commun. 316, 490–500. doi:10.1016/j.bbrc.2004.02.075
 Yanagita M., Okuda T., Endo S., Tanaka M., Takahashi K. Sugiyama F., et al. (2006). Uterine sensitization-associated gene-1 (USAG-1), a novel BMP antagonist expressed in the kidney, accelerates tubular injury. J. Clin. Invest. 116, 70–79. doi:10.1172/JCI25445
 Yanucil C., Kentrup D., Campos I., Czaya B., Heitman K. Westbrook D., et al. (2022). Soluble alpha-klotho and heparin modulate the pathologic cardiac actions of fibroblast growth factor 23 in chronic kidney disease. Kidney Int. 102 (2), 261–279. doi:10.1016/j.kint.2022.03.028
 Yu Y., Wang L., Ni S., Li D., Liu J. Chu H. Y., et al. (2022). Targeting loop3 of sclerostin preserves its cardiovascular protective action and promotes bone formation. Nat. Commun. 13 (1), 4241. doi:10.1038/s41467-022-31997-8
 Yuan Q., Ren Q., Li L., Tan H., Lu M. Tian Y., et al. (2022). A Klotho-derived peptide protects against kidney fibrosis by targeting TGF-β signaling. Nat. Commun. 13 (1), 438. doi:10.1038/s41467-022-28096-z
 Yun H-R., Joo Y. S., Kim H. W., Park J. T., Ik Chang T. Son N-H., et al. (2022). Coronary artery calcification score and the progression of chronic kidney disease. J. Am. Soc. Nephrol. 33, 1590–1601. doi:10.1681/asn.2022010080
 Zhou D., Tan R. J., Fu H., Liu Y. (2016). Wnt/β-catenin signaling in kidney injury and repair: A double-edged sword. Lab. Investig. 96 (2), 156–167. doi:10.1038/labinvest.2015.153
 Zhou H., Yang M., Li M., Cui L. (2017). Radial artery sclerostin expression in chronic kidney disease stage 5 predialysis patients: A cross-sectional observational study. Int. Urology Nephrol. 49 (8), 1433–1437. doi:10.1007/s11255-017-1604-0
 Zhou L., Mo H., Miao J., Zhou D., Tan R. J. Hou F. F., et al. (2015). Klotho ameliorates kidney injury and fibrosis and normalizes blood pressure by targeting the renin-angiotensin system. Am. J. Pathology 185 (12), 3211–3223. doi:10.1016/j.ajpath.2015.08.004
 Zhu D., Mackenzie N. C., Millán J. L., Farquharson C., MacRae V. E. (2011). The appearance and modulation of osteocyte marker expression during calcification of vascular smooth muscle cells. PLoS One 6 (5), e19595. doi:10.1371/journal.pone.0019595
 Zittermann A., Schleithoff S. S., Koerfer R. (2007). Vitamin D and vascular calcification. Curr. Opin. Lipidol. 18 (1), 41–46. doi:10.1097/MOL.0b013e328011c6fc
 Zuo Y., Liu Y. (2018). New insights into the role and mechanism of Wnt/β-catenin signalling in kidney fibrosis. Nephrology 23 (4), 38–43. doi:10.1111/nep.13472
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Williams, White, Joseph and Hruska. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1120308-g005.gif





OPS/images/fphys-14-1120308-g006.gif





OPS/images/fphys-14-1120308-g003.gif
] (ecbonkiootvn |

Omasiear] (mws) (] [oe] [






OPS/images/fphys-14-1120308-g004.gif
e

5 omogune st

e v

P

i oo

oy






OPS/images/fphys-14-1120308-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Updates in the chronic kidney disease-mineral bone disorder show the role of osteocytic proteins, a potential mechanism of the bone—Vascular paradox, a therapeutic target, and a biomarker		Introduction

		Updates in the chronic kidney disease-mineral bone disorder components		Vascular

		Skeletal

		Cardiac





		Endocrine components of the chronic kidney disease-mineral bone disorder: Fibroblast growth factor 23, klotho, calcitriol, parathyroid hormone (PTH)		FGF23 (fibroblast growth factor 23)

		αklotho (hereafter klotho)

		Calcitriol, vitamin D

		PTH





		Mineral components of the chronic kidney disease-mineral bone disorder: phosphate (Pi), calcium (Ca)

		The bone—vascular paradox and possible identification of the chronic kidney disease-mineral bone disorder therapeutic target along with a biomarker

		Conclusion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Physiology

Updates in the chronic kidney
disease-mineral bone disorder
show the role of osteocytic
proteins, a potential mechanism
of the bone—Vascular paradox,
a therapeutic target, and a
biomarker





OPS/images/fphys-14-1120308-g001.gif





OPS/images/fphys-14-1120308-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





