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The role of osteoprotegerin in the crosstalk between vessels and bone: its potential utility as a marker of cardiometabolic diseases

Among the numerous molecules that are being studied for their potential utility as biomarkers of cardiovascular diseases, much interest has been shown in the superfamily of tumor necrosis factor (TNF) receptors. Members of this family include osteoprotegerin (OPG) and its ligands, which are receptor activators of nuclear factor kB ligand (RANKL) and TNF-related apoptosis-inducing ligand (TRAIL). These signals may be expressed and regulated, and their functions could be involved in several physiological and pathological processes. The relationship between bone regulatory proteins and vascular biology has attracted attention, and it has been suggested that OPG may mediate vascular calcification and cardiometabolic diseases. OPG is steadily released from vascular endothelial cells in response to inflammatory stimuli, suggesting that it plays a modulatory role in vascular injury, inflammation, and atherosclerosis. Vascular calcification, a hallmark of atherosclerosis, is similar to bone remodeling. It is an actively regulated mechanism that includes both inductive and inhibitory processes. There is a temporal link between the development of osteoporosis and vascular calcification, which is particularly marked in post-menopausal women and the elderly. The precise nature of the link between bone metabolism, vascular calcification and cardiovascular disease is largely unknown but increasing evidence suggests that the triad of RANK/RANKL/OPG may be important in the initiation of various diseases. An increased release of OPG is associated with increased cardiovascular risk and it is suggested that increased OPG levels resulting from vascular damage correspond to a protective mechanism. Circulating OPG levels could be used as independent biomarkers of cardiovascular disease in patients with acute or chronic cardiometabolic disease and thus an improved prognosis.
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1-Introduction

Cardiovascular diseases (CVD) remain a major cause of premature death and chronic disability for all regions of the world. Ischemic heart disease (IHD) and stroke account for the majority of health lost to CVD. Moreover, current predictions estimate that by the year 2020 cardio-metabolic diseases, notably atherosclerosis and diabetes, will become the leading global cause of total disease burden.

Diabetes mellitus affects 1 in 10 US adults, with 90% to 95% of cases being type 2 diabetes mellitus [START_REF] Roth | Global and regional patterns in cardiovascular mortality from 1990 to 2013[END_REF][START_REF] Writing Group | Executive Summary: Heart Disease and Stroke Statistics--2016 Update: A Report From the American Heart Association[END_REF].

Primary and secondary preventive actions are required to limit or stop the development of CVD. The identification of markers able to detect the early stages of such diseases is essential so that action can be taken to attenuate the deteriorating clinical situation.

Among the numerous molecules being studied for their potential utility as CVD biomarkers, much attention is being paid to the superfamily of tumor necrosis factor (TNF) receptors. Members of this family include osteoprotegerin (OPG), and its ligands, which are receptor activators of nuclear factor kappa-B ligand (RANKL) and TNF-related apoptosis-inducing ligand (TRAIL). Classically, the OPG/RANK/RANKL network is involved in bone remodeling and regulates the differentiation and activation of osteoclasts and hence the critical balance between bone formation and bone resorption [START_REF] Theoleyre | The molecular triad OPG/RANK/RANKL: involvement in the orchestration of pathophysiological bone remodeling[END_REF][START_REF] Walsh | Biology of the RANKL-RANK-OPG System in Immunity, Bone, and Beyond[END_REF].

Recently, a relationship between bone regulatory proteins and vascular biology has attracted attention, and it has been suggested that OPG may mediate vascular calcification. Vascular calcification has a variety of forms, including intimal calcification and medial calcification, but can also be found in the valves of the heart. Vascular calcification is a hallmark of atherosclerosis and is associated with diabetes, cardiovascular diseases and kidney diseases, especially chronic kidney disease (CKD) [START_REF] Cianciolo | Importance of vascular calcification in kidney transplant recipients[END_REF][START_REF] Nicoll | Diabetes and Hypertension Consistently Predict the Presence and Extent of Coronary Artery Calcification in Symptomatic Patients: A Systematic Review and Meta-Analysis[END_REF].

Patients with vascular calcification are at higher risk for adverse cardiovascular events [START_REF] Nakahara | Coronary Artery Calcification: From Mechanism to Molecular Imaging[END_REF]. Vascular calcification, like bone remodeling, is an actively regulated process that includes both inductive and inhibitory processes. The precise nature of the link between vascular calcification and cardiovascular disease is largely unknown but growing evidence suggests that the triad of RANK/RANKL/OPG may be important in vascular calcification [START_REF] Harper | Vascular calcification in type-2 diabetes and cardiovascular disease: Integrative roles for OPG, RANKL and TRAIL[END_REF].

The objective of this review article is 1) to provide an overview of the main physiological and pathophysiological aspects of OPG and 2) to encourage diagnostic value of serum OPG levels for clinical use and assess its potential utility as a marker of cardio-metabolism. In the first part of the following section, we summarize the main characteristics of bone mineralization and vascular calcification.

2-Overview of the regulation of bone mineralization

Bone is a dynamic organ, once formed it is continually broken-down and reformed by the action of osteoblasts, which mediate bone formation, and osteoclasts, which mediate bone resorption.

Coupling between bone formation and bone resorption (remodeling) refers to a process within multicellular units.

The blood vessels in bone are necessary for nearly all skeletal functions, including development, homeostasis, and repair. A dense vascular network delivers oxygen and nutrients (minerals such as calcium) to all 206 bones in the human body [START_REF] Tomlinson | Skeletal Blood Flow in Bone Repair and Maintenance[END_REF]. Osteoclasts are the main mineral-resorbing cells in the body [START_REF] Tomlinson | Skeletal Blood Flow in Bone Repair and Maintenance[END_REF] and require coordinated co-stimulation by several signaling pathways to initiate and regulate their cellular differentiation. They are formed from fusing mononuclear precursor cells of the myeloid lineage and differentiate in response to cytokines, including macrophage colony-stimulating factor (M-CSF) RANK and RANKL [START_REF] Iwai | RGS18 acts as a negative regulator of osteoclastogenesis by modulating the acid-sensing OGR1/NFAT signaling pathway[END_REF]. RANK is a type I membrane protein expressed on the surface of osteoclasts [START_REF] Sims | Coupling the activities of bone formation and resorption: a multitude of signals within the basic multicellular unit[END_REF][START_REF] Bach | Endothelial cells and the IGF system[END_REF].

Most adult skeletal diseases such as osteoporosis (OP) result from the disruption of bone homeostasis. OP is characterized by decreased bone mineral density (BMD) and poor bone quality, with a deterioration in skeletal microarchitecture and a predisposition to fracture. The treatment of osteoporosis is based on two types of drugs to increase BMD: antiresorptive and anabolic agents.

Antiresorptive drugs inhibit osteoclasts. OP and CVD were considered independently related to aging. Nonetheless, increasing data in recent years suggest a close relationship between OP and atherosclerosis, corresponding to crosstalk between vessels and bones [START_REF] Cianciolo | Importance of vascular calcification in kidney transplant recipients[END_REF][START_REF] Nakahara | Coronary Artery Calcification: From Mechanism to Molecular Imaging[END_REF][START_REF] Nicoll | Diabetes and Hypertension Consistently Predict the Presence and Extent of Coronary Artery Calcification in Symptomatic Patients: A Systematic Review and Meta-Analysis[END_REF].

Age-related OP in patients has a multifactorial etiology. Decreased bone formation, caused by agerelated changes in levels of reactive oxygen species (ROS), insulin-like growth factor-1 (GF-1), and parathyroid hormone (PTH), plays a predominant role in the pathogenesis of age-related OP. The frequent coexistence of OP and vascular calcification has led to the hypothesis of common pathways.

A growing body of evidence suggests that secretory proteins belonging to the TNF receptor superfamily, which were initially associated with bone mineral density regulation, play an important role as mediators of inflammation, vascular remodeling and vascular calcification [START_REF] Vassalle | Bone loss and vascular calcification: A bi-directional interplay?[END_REF]. The discovery and characterization of the cytokine receptor-cytokine-decoy receptor triad formed by receptor activator of RANKL-RANK-OPG have led to important advances in our understanding of the biology of bone homeostasis and of the relationship between immunity and various cardiovascular diseases [START_REF] Walsh | Biology of the RANKL-RANK-OPG System in Immunity, Bone, and Beyond[END_REF]. Several molecules involved in the immune system have also been shown to have essential functions in bone turnover [START_REF] Weitzmann | Physiological and pathophysiological bone turnover -role of the immune system[END_REF] and vessels [START_REF] Pober | Participation of blood vessel cells in human adaptive immune responses[END_REF]. Various proteins are implicated not only in the balance between bone formation and resorption but also in vascular calcification. The mechanisms that regulate vascular calcification are complex: inflammatory and metabolic factors all affect these processes. OPG, an amino-acid signal peptide identified in 1997 [START_REF] Simonet | Osteoprotegerin: a novel secreted protein involved in the regulation of bone density[END_REF], appears to play a very important role in the crosstalk between bones, vessels and the heart [START_REF] Harper | Vascular calcification in type-2 diabetes and cardiovascular disease: Integrative roles for OPG, RANKL and TRAIL[END_REF]. The molecular mechanisms involved in the regulation of vascular calcification are still not fully delineated and there are conflicting reports concerning the role of OPG in vascular and heart function in normal and pathological conditions [START_REF] Sage | Regulatory mechanisms in vascular calcification[END_REF].

3-Overview of vascular calcification (Figures 1 and 2)

Vascular calcification is a risk factor of cardiovascular and all-cause mortality in diseased patients.

However, the molecular basis of vessel mineralization remains unclear. Ectopic vessel mineralization can occur in the tunica intima or in the tunica media of the vessel and is associated with atherosclerosis resulting in atherosclerotic plaques. Calcification can also occur in the media and is present in the elderly and in patients with OP, CKD, or diabetes mellitus. One major hypothesis of vascular calcification is that it is a consequence of active bone formation in situ by osteoblast-type cells. VSMCs are major precursors contributing to osteochondrogenesis and calcification in atherosclerosis. The vascular wall contains osteoclast precursors in the form of monocytes, and a trans-differentiation process gives VSMCs an osteogenic phenotype [START_REF] Persy | Vascular calcification and bone disease: the calcification paradox[END_REF].

Vascular calcification is an active cell-mediated process and like osteogenesis it involves the expression of bone-related proteins, such as alkaline phosphatase (ALP) and Runt-related transcription factor-2 (Runx2), which are initiators of bone mineralization and SMC differentiation.

The expression of ALP has been demonstrated in calcified atherosclerotic lesions [START_REF] Shioi | Induction of bone-type alkaline phosphatase in human vascular smooth muscle cells: roles of tumor necrosis factor-alpha and oncostatin M derived from macrophages[END_REF]. SMC-specific Runx2 plays critical roles in both osteoblastic differentiation and the maturation of chondrocytes during atherosclerosis-induced vascular calcification [START_REF] Lin | Runx2 Deletion in Smooth muscle Cells Inhibits Vascular Osteochondrogenesis and Calcification but not Atherosclerotic Lesion Formation[END_REF]. Furthermore, the Wnt/b-catenin axis regulates Runx2 expression thus controlling osteoblast differentiation. In osteoblasts, as reported above, the Wnt/b-catenin pathway controls the expression of OPG and RANKL, thus contributing to the regulation of osteoclasts [START_REF] Haxaire | Runx2 Controls Bone Resorption through the Down-Regulation of the Wnt Pathway in Osteoblasts[END_REF]. VSMCs synthetize much greater amounts of OPG than do ECs and play a significant role in the progression of vascular calcification as do adventitial myofibroblasts and pericyte-like calcifying vascular cells [START_REF] Johnson | Vascular calcification: pathobiological mechanisms and clinical implications[END_REF].

Calcified lesions contain many bone matrix proteins, such as collagen type I, osteocalcin, osteonectin, osteopontin, Gla-protein, and bone morphogenic protein 2 (BMP-2) [START_REF] Giachelli | Osteopontin is elevated during neointima formation in rat arteries and is a novel component of human atherosclerotic plaques[END_REF]. The correlation between increased aortic ALP activity and the aortic calcification area in OPG-/-mice suggests that OPG plays an anti-calcification role through the downregulation of ALP activity [START_REF] Orita | Role of osteoprotegerin in arterial calcification: development of new animal model[END_REF]. The roles of a variety of bone-related proteins, including ALP, BMP-2 and Gla, are complex and interactive.

Concerning the clinical domain, numerous studies have reported higher serum OPG levels in association with poorer cardiovascular outcomes in the contexts of coronary diseases (CAD), abdominal aortic aneurysms, and cardiovascular mortality. The studies demonstrated that an increase in the serum OPG level is a predictor of cardiovascular mortality in patients with stable CAD [START_REF] Jono | Serum osteoprotegerin levels and long-term prognosis in subjects with stable coronary artery disease[END_REF][START_REF] Venuraju | Osteoprotegerin as a predictor of coronary artery disease and cardiovascular mortality and morbidity[END_REF]. In a 10-year follow-up survey, serum OPG levels were found to be an independent risk factor for the progression of atherosclerosis as well as the incidence of and mortality from cardiovascular disease [START_REF] Kiechl | The osteoprotegerin/RANK/RANKL system: a bone key to vascular disease[END_REF]. Human studies have demonstrated a favorable role of TRAIL in cardiovascular diseases such as heart disease, coronary atherosclerosis and coronary disorders [START_REF] Deftereos | Association of soluble tumour necrosis factor-related apoptosis-inducing ligand levels with coronary plaque burden and composition[END_REF][START_REF] Niessner | Prognostic value of apoptosis markers in advanced heart failure patients[END_REF]. OPG levels are associated with carotid intima-media thickness in CAD patients. OPG predicts early carotid atherosclerosis in patients with CAD [START_REF] Montecucco | The immune response is involved in atherosclerotic plaque calcification: could the RANKL/RANK/OPG system be a marker of plaque instability?[END_REF][START_REF] Morisawa | Osteoprotegerin is Associated With Endothelial Function and Predicts Early Carotid Atherosclerosis in Patients With Coronary Artery Disease[END_REF].

In CKD patients, vascular calcification is frequent and the prognosis is similar to that for cardiovascular mortality. In CKD patients, it is suggested that increased OPG levels in kidney disease patients is the result of impaired renal clearance. In dialysis patients, vascular calcification is always present [START_REF] Jono | Vascular calcification in chronic kidney disease[END_REF]. OPG, RANKL and TRAIL concentrations were measured in hemodialyzed CKD patients. Plasma OPG concentrations were higher in CKD patients than in controls whereas total soluble RANKL was lower. The OPG/RANKL ratio was therefore higher in these patients. In contrast, soluble TRAIL concentrations did not differ between the groups. Recent studies have confirmed the role of OPG as a predictor of mortality in CKD [START_REF] Alderson | FGF-23 and Osteoprotegerin but not Fetuin-A are associated with death and enhance risk prediction in non-dialysis chronic kidney disease stages 3-5[END_REF][START_REF] Kuzniewski | Osteoprotegerin and osteoprotegerin/TRAIL ratio are associated with cardiovascular dysfunction and mortality among patients with renal failure[END_REF].

Different factors significantly correlate with serum OPG levels in patients with CKD. Increased serum levels of OPG in dialysis and predialysis patients with chronic renal failure compared with renal transplant patients and controls were studied. In the patient groups receiving two dialysis treatments, the levels of OPG were even higher, signifying major vascular injury [START_REF] Demir | Serum Osteoprotegerin Levels Related With Cardiovascular Risk Factors in Chronic Kidney Disease[END_REF].

Increased levels of OPG in dialysis patients may be related to uremic stimulation and the dialysis procedure. Recent studies demonstrated the effects of PTH and vitamin D acting in synergy with fibroblast growth factor 23 (FGF-23) on the evolution of CKD.

Elevated levels of FGF-23 are clinically associated with endothelial dysfunction and arterial stiffness in CKD patients. FGF-23 levels are associated with cardiovascular mortality in patients with CKD [START_REF] Singh | Fibroblast growth factor 23 directly targets hepatocytes to promote inflammation in chronic kidney disease[END_REF]. In patients with CKD, phosphate is an important stimulus among the various factors associated with vascular calcification. In the control of phosphate homeostasis, FGF-23 has been identified as an endogenous regulator that induces urinary phosphate wasting. FGF-23, secreted from osteocytes in response to phosphate load, inhibits the expression of the renal Na/P(i) cotransporter system [START_REF] Baum | Effect of fibroblast growth factor-23 on phosphate transport in proximal tubules[END_REF] (Figure 1). In CKD patients, it has recently been demonstrated 1) that FGF-23 mediated inhibition of osteogenic differentiation of VSMC and induction of OPG gene expression, 2) that FGF-23 induced OPG mRNA expression, at least in part, through the protein klotho, and fibroblast growth factor receptors (FGFR-1) [START_REF] Nakahara | Fibroblast growth factor 23 inhibits osteoblastic gene expression and induces osteoprotegerin in vascular smooth muscle cells[END_REF]. Klotho is an anti-ageing protein and its expression levels in blood decline during ageing. Klotho regulates phosphate homeostasis and signaling (Wnt and insulin) and interacts with FGFR-1 to form a high-affinity receptor for FGF-23. Interestingly, Klotho was found to protect SMCs against induced oxidative stress and perhaps through this property, Klotho ameliorates vascular endothelial dysfunction and delays vascular calcification. The vascular phenotype of klotho deficiency is very similar to both human ageing and that observed in CKD [START_REF] Mencke | The role of the anti-ageing protein Klotho in vascular physiology and pathophysiology[END_REF].

Concerning the "protective effects" of OPG on ECs, the role of EPCs is suggested. These cells are recruited from bone marrow and are incorporated into sites of active vascularization. In the group of EPCs, only endothelial colony-forming cells (ECFCs) possess the characteristics of endothelial progenitors. OPG enhances the proangiogenic properties of ECFCs; this action has been demonstrated in vitro and also in vivo during vasculogenesis. OPG may interact with ECFCs by binding to heparan sulfate proteoglycans (HSPGs)/syndecan-1. As a consequence, HSPGs may regulate OPG bioavailability [START_REF] Benslimane-Ahmim | Mechanistic study of the proangiogenic effect of osteoprotegerin[END_REF]. OPG is able to activate specific signaling pathways, especially protein kinase C and phosphatidylinositol3-kinase/Akt via syndecan-1, thus supporting the role of syndecans in cell adhesion and migration [START_REF] Mosheimer | Syndecan-1 is involved in osteoprotegerin-induced chemotaxis in human peripheral blood monocytes[END_REF]. Interestingly, serum levels of proteoglycan syndecans are increased in common inflammatory disorders such as RA or systemic lupus erythematosus (SLE) [START_REF] Kim | Elevated serum levels of syndecan-1 are associated with renal involvement in patients with systemic lupus erythematosus[END_REF].

An association between elevated serum OPG levels and enhanced EC activation has been demonstrated in patients with RA, and OPG concentrations are associated with the prevalence of cardiovascular disease in patients with RA [START_REF] Lopez-Mejias | Osteoprotegerin concentrations relate independently to established cardiovascular disease in rheumatoid arthritis[END_REF]. Several studies support the implication of genetic factors in the development of cardiovascular disease in RA. Cardiovascular disease in RA is the result of a complex interaction between classical cardiovascular risk factors, genetic parameters and inflammation [START_REF] Lopez-Mejias | Cardiovascular risk assessment in patients with rheumatoid arthritis: The relevance of clinical, genetic and serological markers[END_REF]. An association of these genetic variants with cardiovascular events was observed in patients with RA who carried the HLA-DRB1*0404 allele. Endothelial dysfunction has been observed in RA patients. Interactions between NO synthase gene polymorphisms and HLA-DRB1 alleles for the risk of developing cardiovascular events have been assessed [START_REF] Gonzalez-Gay | Influence of nitric oxide synthase gene polymorphisms on the risk of cardiovascular events in rheumatoid arthritis[END_REF]. In patients, levels of OPG and asymmetric dimethylarginine (ADMA), an endogenous and competitive inhibitor of NO synthases and a biomarker of EC activation, are useful for the prediction of CV diseases [START_REF] Rochette | Nitric oxide synthase inhibition and oxidative stress in cardiovascular diseases: possible therapeutic targets?[END_REF].

Recent studies showed that NO inhibited VSMC calcification and osteoblastic differentiation of VSMCs [START_REF] Kanno | Nitric oxide regulates vascular calcification by interfering with TGF-signalling[END_REF][START_REF] Veeriah | Interleukin-1beta, lipocalin 2 and nitric oxide synthase 2 are mechano-responsive mediators of mouse and human endothelial cell-osteoblast crosstalk[END_REF].

4-Signaling: OPG/RANK/RANKL/TSP/TRIAL system 4.1. Biochemical and genetic aspects of osteoprotegerin 4.1.1 Biochemical aspect OPG is a cytokine of the TNF receptor superfamily. It was named OPG because of its protective effects in bone (Latin: "os" bone and "protegere" to protect). OPG is also known as osteoclastogenesis inhibitory factor (OCIF) or TNF receptor superfamily member 11b: (TNFRS11B).

Biochemically, OPG is a basic secretory glycoprotein composed of 401 amino acids (aa) with a monomeric weight of 60 kiloDaltons (kDa). It is then assembled at the cys-400 residue in the heparin binding domain to form a 120 kDa disulfide-linked dimer for secretion [START_REF] Schneeweis | Functional dissection of osteoprotegerin and its interaction with receptor activator of NF-kappaB ligand[END_REF].

OPG levels are gender-specific, i.e. women have higher OPG levels than men. Furthermore, OPG is strongly associated with age [START_REF] Mogelvang | Osteoprotegerin improves risk detection by traditional cardiovascular risk factors and hsCRP[END_REF]. Recently, it has been demonstrated that OPG levels were associated with blood group phenotypes and higher in non-zero individuals. The A and AB blood group carriers presented the highest OPG values in patients with peripheral artery disease and in controls [START_REF] Nagy | High circulating osteoprotegerin levels are associated with non-zero blood groups[END_REF].

OPG is encoded by the TNFRSF11B gene. The human OPG gene is a single-copy gene clustered on chromosome 8 (8q24). Two death domain homologous regions (DDHs) present in tandem in OPG are encoded separately by exons 4 and 5. The gene is up-regulated by calcium and hormones: estrogens and glucocorticoids [START_REF] Morinaga | Cloning and characterization of the gene encoding human osteoprotegerin/osteoclastogenesis-inhibitory factor[END_REF]. OPG contains seven structural domains, which influence its biological activities in specific ways [START_REF] Baud'huin | Osteoprotegerin: multiple partners for multiple functions[END_REF].

The first one (domains 1-4) is a cysteine-rich domain essential for the inhibition of osteoclastogenesis and the dimerization of OPG via Cys400. The second domain (domains 5 and 6) comprises two death domains that mediate death domain homologous regions. The third one, corresponding to domain 7, contains a heparin-binding site located in the C-terminal. Prior to secretion of both the monomeric and dimeric forms of OPG, the 21 aa signal peptide is cleaved from the N-terminal rendering a 380 aa mature OPG protein [START_REF] Yamaguchi | Characterization of structural domains of human osteoclastogenesis inhibitory factor[END_REF].

Consequently, circulating measurable OPG exists either as a free monomer of 60 kD and a disulfide bond-linked homodimer form of 120 kD, or as OPG bound to its ligands, RANKL, and TRAIL. RANKL binds as a homotrimer to RANK on target cells, which triggers activation of nuclear factor κB (NF-κB), resulting in its translocation to the nucleus [START_REF] Kuroda | Molecular mechanisms of triggering, amplifying and targeting RANK signaling in osteoclasts[END_REF]. TRAIL functions as a homotrimer and mediates its biological activity through TRAIL receptors. TRAIL is a type II transmembrane protein that is expressed by numerous cell types including vascular cells, immune cells and adipocytes. TRAIL can bind up to five distinct receptors to activate complex signaling pathways [START_REF] Forde | The beneficial pleiotropic effects of tumour necrosis factor-related apoptosisinducing ligand (TRAIL) within the vasculature: A review of the evidence[END_REF]. In spite of its name (apoptosis-inducing), it has been shown to have both pro-and anti-apoptotic activities [START_REF] Secchiero | Activation of the p53 pathway down-regulates the osteoprotegerin expression and release by vascular endothelial cells[END_REF].

OPG binds RANKL through its N-terminal cysteine-rich domains (CRD) and CRDs are sufficient to inhibit RANKL. An interesting feature of OPG is that it exists naturally, as we previously reported, in both the monomer and dimer form. Studies have investigated the interactions between OPG and glycosaminoglycans (GAGs). GAG chains are a class of long linear polysaccharides that are covalently attached to multiple core proteins to form proteoglycans (PGs), such as heparan sulfate (HS). OPG is characterized by a high-affinity HS binding protein. The pre-incubation of OPG with heparin inhibits OPG binding to the RANK-RANKL complex in a dose-dependent manner. GAGs from different structures/origins (heparan sulfate, dermatan sulfate, and chondroitin sulfate) exert similar activities on OPG binding (M. Li, Yang, & Xu, 2016;[START_REF] Theoleyre | Characterization of osteoprotegerin binding to glycosaminoglycans by surface plasmon resonance: role in the interactions with receptor activator of nuclear factor kappaB ligand (RANKL) and RANK[END_REF]. In summary, HS regulates the function of OPG by inducing OPG dimerization, altering OPG conformation, and by forming a ternary complex with OPG and RANKL.

Production sites (Figure 2)

OPG is highly expressed in various tissues such as the heart, lung, kidney, liver, bone marrow and immune system (dendritic cells). OPG is expressed in vivo by endothelial cells (ECs), vascular smooth muscle cells (VSMCs) and osteoblasts. OPG has been detected by immunohistochemistry in aortic and coronary atherosclerotic plaques, within or in the proximity of VSMCs. It is detected at very low levels in the brain, placenta, and skeletal muscle [START_REF] Schoppet | Osteoprotegerin expression in dendritic cells increases with maturation and is NF-kappaBdependent[END_REF][START_REF] Simonet | Osteoprotegerin: a novel secreted protein involved in the regulation of bone density[END_REF].

Patients with carotid calcification in carotid artery disease had an increased serum OPG concentration. It could thus be hypothesized that OPG plays an important role in arteriosclerosisrelated calcification.

OPG is released under basal conditions by ECs upon stimulation with inflammatory cytokines, hormones and various circulating compounds. TNF-α and IL-1β were found to increase OPG levels.

Within ECs, OPG is associated with von Willebrand factor (vWF) within secretory granules called Weibel-Palade bodies (WPBs). Upon stimulation with TNF-α or interleukin-1β (IL-1 β) in vitro, the OPG-von Willebrand factor complex is secreted into the surrounding medium. This complex is present in human serum, indicating that EC activation by cytokines is one of the possible sources of circulating OPG in patients with diseases associated with inflammatory processes, such as atherosclerosis or diabetes [START_REF] Zannettino | Osteoprotegerin (OPG) is localized to the Weibel-Palade bodies of human vascular endothelial cells and is physically associated with von Willebrand factor[END_REF]. The multimeric size of vWF can be controlled by the glycoprotein, thrombospondin-1 (TSP-1). The identification of several classes of roof-plate-specific spondin (RSPO: R-spondins) receptors indicates that this family of proteins can affect several signaling cascades. VWF reductase activity was present in the (Ca ++ )-binding repeats and C-terminal sequence of TSP-1 [START_REF] Pimanda | The von Willebrand factor-reducing activity of thrombospondin-1 is located in the calciumbinding/C-terminal sequence and requires a free thiol at position 974[END_REF]. TSP-1 is an important extracellular matrix component that influences the function of VSMCs, ECs, fibroblasts and inflammatory cells with important implications for cardiovascular diseases. TSP1, via its necessary receptor CD47, inhibits nitric oxide (NO)stimulated soluble guanylate cyclase activation in VSMCs [START_REF] Bauer | Thrombospondin-1 supports blood pressure by limiting eNOS activation and endothelial-dependent vasorelaxation[END_REF][START_REF] Krishna | The role of thrombospondin-1 in cardiovascular health and pathology[END_REF]. The OPG/TSP-1 tandem is implicated in the failure of pancreatic β-cells, thus initiating the pathogenesis of type 2 diabetes. It has been demonstrated that TSP-1 plays an important role in βcell survival during lipotoxic stress in rat, mouse and human models. TSP-1 acts from within the endoplasmic reticulum to activate nuclear factor-E2-related factor 2 (Nrf2), inducing a protective antioxidant defense response against lipotoxic stress [START_REF] Cunha | Thrombospondin 1 protects pancreatic beta-cells from lipotoxicity via the PERK-NRF2 pathway[END_REF]. Nrf2 signaling modulates many physiological and pathophysiological processes, such as lipid homeostasis, atherosclerosis, diabetes, redox regulation and inflammation [START_REF] Mimura | Role of Nrf2 in the pathogenesis of atherosclerosis[END_REF][START_REF] Rochette | Nitric oxide synthase inhibition and oxidative stress in cardiovascular diseases: possible therapeutic targets?[END_REF][START_REF] Rochette | Diabetes, oxidative stress and therapeutic strategies[END_REF]. Activation of the p53 pathway down-regulates OPG expression and the release by vascular ECs [START_REF] Secchiero | Activation of the p53 pathway down-regulates the osteoprotegerin expression and release by vascular endothelial cells[END_REF].

In vitro, bone marrow mesenchymal stem cell (MSC)-derived vascular SMC released higher levels of OPG into the culture supernatant. OPG acts as an autocrine/paracrine growth factor for vascular SMC; its effects might contribute to the progression of calcification in the vessel during atherosclerosis [START_REF] Corallini | Mesenchymal stem cells-derived vascular smooth muscle cells release abundant levels of osteoprotegerin[END_REF].

Important observations are that vascular calcification is often greater in patients with osteoporosis, independently of age, and that a deficiency in OPG leads to calcification [START_REF] Bucay | Osteoprotegerin-deficient mice develop early onset osteoporosis and arterial calcification[END_REF][START_REF] Sage | Regulatory mechanisms in vascular calcification[END_REF]. These results demonstrate a distinct mechanism of bone and vascular calcification and a tissue-specific function of OPG in atherosclerosis progression [START_REF] Schweighofer | Direct comparison of regulators of calcification between bone and vessels in humans[END_REF].

An association between OPG and aneurysm development in human abdominal aortic aneurysm (AAA) has been demonstrated. Immunodetection of OPG in abdominal aorta aneurysm biopsies localized the protein primarily within the fragmented arterial media, where it was associated with an infiltration of inflammatory cells: monocytes/macrophages [START_REF] Moran | Association of osteoprotegerin with human abdominal aortic aneurysm progression[END_REF]. The concentration of OPG in the aortic wall is positively related to established markers of AAA severity and pathogenesis [START_REF] Koole | Osteoprotegerin is associated with aneurysm diameter and proteolysis in abdominal aortic aneurysm disease[END_REF].

Genetic aspects

Few studies have focused on the direct association between OPG genetic polymorphisms and various pathologies. OPG has traditionally been implicated in bone remodeling and OP. There is now emerging evidence that OPG polymorphisms participate in the pathogenesis of cancers, atherosclerosis and cardiovascular diseases.

A number of polymorphisms of the OPG gene in the promoter region, in exons 1-5, and in introns 1-4, including polymorphisms 149 T→C, 163 A→G, 209 G→A, 245 T→G, 950 T→C (all promoter), 1181 G→C (exon 1), and 6890 A→C (intron 4) have been described in different diseases. Each polymorphism has been evaluated in specific diseases. For example, the frequency of the OPG gene single nucleotide A163G polymorphism has been studied in diabetic patients with microvascular and macrovascular complications. It has been reported that changes in serum OPG levels are influenced by genetic polymorphisms, including 950T/C at the rs2073617 locus and, 1181 G/C at the rs2073618 locus [START_REF] Vidal | Functional polymorphisms within the TNFRSF11B (osteoprotegerin) gene increase the risk for low bone mineral density[END_REF]. The 1181 G→C polymorphism is located in the upstream region of exon 1, which encodes the signal peptide of the OPG protein and results in a lysine to asparagine substitution.

Polymorphism in the promoter region of the human OPG gene may contribute to the genetic regulation of bone mass [START_REF] Hofbauer | Osteoprotegerin gene polymorphism and the risk of osteoporosis and vascular disease[END_REF]. Polymorphism in the OPG gene correlates with mineral density of the lumbar vertebrae in postmenopausal women [START_REF] Zhao | The influence of Lys3Asn polymorphism in the osteoprotegerin gene on bone mineral density in Chinese postmenopausal women[END_REF]. One consequence of specific mutations may be diseases which manifest as bone deformation and abnormal ossification [START_REF] Arko | Association of the osteoprotegerin gene polymorphisms with bone mineral density in postmenopausal women[END_REF].

Numerous studies have been designed to assess the association between gene polymorphisms of the OPG gene, the serum OPG level, and the development of atherosclerosis in the presence or absence of rheumatoid arthritis (RA). In this field, recent results suggest that a polymorphism of the TNFRSF11B gene is associated with the presence of coronary atherosclerosis in patients with RA [START_REF] Chung | A variant in the osteoprotegerin gene is associated with coronary atherosclerosis in patients with rheumatoid arthritis: results from a candidate gene study[END_REF][START_REF] Genre | Osteoprotegerin CGA haplotype protection against cerebrovascular complications in anti-CCP negative patients with rheumatoid arthritis[END_REF]. A number of polymorphisms of the OPG gene (including polymorphism genotypes 950 TC/1181 GC and 950 CC/1181 CC) have been found in patients with coronary artery disease. Serum OPG levels correlated with the presence of a C allele at position 950.

Genotypes 950 TC/1181 GC and 950 CC/1181 CC were overrepresented in men with CAD [START_REF] Soufi | Osteoprotegerin gene polymorphisms in men with coronary artery disease[END_REF]. In a Swedish cohort, the homozygous polymorphism 950 CC was found to be concurrently associated with increased intima-media thickness in the common carotid artery and reduced maximal post-ischemic forearm blood flow, both of which are early structural and functional indicators of atherosclerosis [START_REF] Brandstrom | A single nucleotide polymorphism in the promoter region of the human gene for osteoprotegerin is related to vascular morphology and function[END_REF].

Concerning metabolic diseases such as metabolic syndrome and diabetes, the results of recent studies suggest that OPG gene polymorphism may play an important role in the initiation and outcome of these diseases. The frequency of the OPG gene single nucleotide A163G polymorphism and its association with diabetic microvascular and macrovascular complications has been studied.

The mechanisms underlying the regulation of OPG levels, OPG polymorphism and metabolic diseases are currently not fully elucidated. Statistical analysis showed no significant difference in the distribution of the OPG A163G polymorphism in diabetic patients and control groups [START_REF] Guo | Association between osteoprotegerin gene polymorphisms and cardiovascular disease in type 2 diabetic patients[END_REF][START_REF] Perez De Ciriza | Circulating osteoprotegerin is increased in the metabolic syndrome and associates with subclinical atherosclerosis and coronary arterial calcification[END_REF][START_REF] Soysal-Atile | Relationship Between an Osteoprotegerin Gene Polymorphism and Diabetic Vascular Complications[END_REF].

Biochemistry and functions of RANKL

RANKL is mainly expressed on infiltrating T cells and activated ECs. RANK is expressed on monocytic osteoclast precursors and dendritic cells. RANKL plays an important role in immune responses.

RANKL and RANK are undetected in non-diseased human vessels, while OPG is expressed in normal arteries [START_REF] Mogelvang | Osteoprotegerin improves risk detection by traditional cardiovascular risk factors and hsCRP[END_REF][START_REF] Van Campenhout | Osteoprotegerin, vascular calcification and atherosclerosis[END_REF].

RANKL-RANK complexes are likely to be internalized via rafts and then degraded in lysosomes.

Human RANK consists of 616 aa (Figure 3). These aa are divided into a C-terminal cytoplasmic domain of 383 aa, an N-terminal extracellular domain of 184 aa, a signal peptide of 28 aa and a transmembrane domain of 21 aa, which contains four cysteine and two N-glycosylation sites.

Human and murine RANKL proteins share 83-87% homology, with the largest murine transmembrane isoform comprising 316 aa. Sequence analysis of the murine RANKL gene (316 aa) compared with the human RANKL gene (317 aa) showed two potential N-glycosylation sites in the extracellular domain at amino acid fragment positions 197 and 263 [START_REF] Wright | RANK, RANKL and osteoprotegerin in bone biology and disease[END_REF]. RANKL contributes to vascular calcification by regulating bone morphogenetic protein-2 and matrix Gla (gamma-carboxyglutamic acid) protein expression [START_REF] Schurgers | Matrix Gla-protein: the calcification inhibitor in need of vitamin K[END_REF]. These actions were counteracted by estrogen in a receptor-dependent manner [START_REF] Osako | Estrogen inhibits vascular calcification via vascular RANKL system: common mechanism of osteoporosis and vascular calcification[END_REF].

RANKL is a transmembrane protein, but a soluble form (soluble RANKL: sRANKL) also circulates in the molecules may also contribute to chronic inflammation and infection [START_REF] Xie | TRAF molecules in cell signaling and in human diseases[END_REF].

OPG has also been noted to bind to TRAIL. TRAIL is expressed as a type II transmembrane protein.

The extracellular domain of this protein can be cleaved proteolytically from the cell surface to act as a soluble cytokine. TRAIL acts by binding to 4 TRAIL receptors. The biological consequence of the [START_REF] Higashi | IGF-1, oxidative stress and atheroprotection[END_REF].

Depletion of the IGF-1 receptor may contribute to EC apoptosis induced by advanced glycation end products (AGEs) [START_REF] Pan | Platelet-secreted microRNA-223 promotes endothelial cell apoptosis induced by advanced glycation end products via targeting the insulin-like growth factor 1 receptor[END_REF]. ECs express IGF and insulin receptors (including the IGF-1 receptor) and are responsive to IGFs [START_REF] Bach | Endothelial cells and the IGF system[END_REF][START_REF] Chisalita | Insulin-like growth factor I receptors are more abundant than insulin receptors in human micro-and macrovascular endothelial cells[END_REF].

Concerning skeletal metabolism, IGF-1 is a potent regulator of bone homeostasis as reported previously. IGF-1 plays an important role in bone remodeling; it is produced by osteoclasts, osteoblasts, and osteocytes acting in an autocrine or paracrine manner [START_REF] Fulzele | Novel functions for insulin in bone[END_REF][START_REF] Wang | Role of IGF-I signaling in regulating osteoclastogenesis[END_REF]. Hormonal, immune, and metabolic pathways affect the dynamics of osteocyte turnover. Interestingly, it has been reported in recent studies that the gut microbiota could affect these pathways [START_REF] Charles | The intestinal microbiome and skeletal fitness: Connecting bugs and bones[END_REF]. Gut microbiota induce IGF-1 and thus promote bone formation and growth [START_REF] Yan | Gut microbiota induce IGF-1 and promote bone formation and growth[END_REF]. Manipulation of the microbiome with probiotics as a target in diseases is attracting major attention (Ejtahed, Soroush, Angoorani, Larijani, & Hasani-Ranjbar, 2016).

Biochemical crosstalk between endothelial cells and osteocytes

Recent studies have elucidated the crosstalk between EC and osteoblasts during osteogenesis, thus coupling angiogenesis and osteogenesis. The mammalian skeleton supports stem and progenitor cells that permit lifelong hematopoiesis and osteogenesis; these processes rely on niche microenvironments. The ability of stem cells to reside within niches is important (Kusumbe, Ramasamy, & Adams, 2014). Recent findings have identified the endothelial Notch as a key positive regulator of angiogenesis and osteogenesis in bone [START_REF] Ramasamy | Endothelial Notch activity promotes angiogenesis and osteogenesis in bone[END_REF].

Several factors contribute to the molecular interactions between ECs and osteogenic cells. Among endogenous factors, IGF-1, vascular endothelial growth factors (VEGFs), lipocalin -2(LCN2) and NO pathways have been the most widely studied.

IGF-1

IGF-1 signaling regulates numerous physiological functions: metabolism, hypertrophy, senescence and apoptosis in the heart. IGF-1 deficiency is associated with an increased risk of cardiovascular disease, whereas cardiac activation of IGF-1 receptor (IGF-1R) protects against the harmful effects of a high-fat diet and myocardial dysfunction [START_REF] Troncoso | New insights into IGF-1 signaling in the heart[END_REF]. Calcium-induced OPG regulates IGF-1R expression [START_REF] Di Bartolo | Calcium and osteoprotegerin regulate IGF1R expression to inhibit vascular calcification[END_REF]. Interestingly, OPGinducible IGF1R expression is biphasic: low (physiological) OPG concentrations were able to upregulate IGF-1R, while high (pathological) OPG mimic the high circulating OPG levels detected in patients with vascular disease [START_REF] Di Bartolo | Calcium and osteoprotegerin regulate IGF1R expression to inhibit vascular calcification[END_REF].

VEGFs

VEGFs promote EC survival by stimulating the formation of a multi-protein transmembrane complex that includes VEGF receptor 2 (VEGFR-2). VEGFs increase bone mass through a VEGFR 2-and PI3kinase-mediated pathway, which induces β-catenin transcriptional activity. This molecular mechanism exists in endothelial and osteoblastic cells. Earlier findings established that VEGF-induced effects were mediated by enhanced stabilization and transcriptional activity of β-catenin in endothelial and osteoblastic cells [START_REF] Maes | Increased skeletal VEGF enhances beta-catenin activity and results in excessively ossified bones[END_REF].

LCN2

LCN2, also called neutrophil gelatinase-associated lipocalin (NGAL) and siderocalin, is mainly released from adipocytes. LCN2 is an adipokine with specific lipid-binding activity. It acts as a lipid chaperone to promote lipotoxicity in ECs. Elevated local levels of LCN2 participate in the pathogenesis of cardiovascular dysfunction [START_REF] Wu | Mechanism and clinical evidence of lipocalin-2 and adipocyte fatty acid-binding protein linking obesity and atherosclerosis[END_REF]. Bone can be exposed to a variety of stresses, including trauma, loading and unloading. The adaptation of bone to unloading is regulated by coordinated molecular mechanisms. Recent studies have investigated the role of LCN2 as a new mechanoresponding gene that regulates bone homeostasis and could be involved in the initiation of osteoporosis induced by mechanical loading due, for instance, to aging [START_REF] Rucci | Lipocalin 2: a new mechanoresponding gene regulating bone homeostasis[END_REF]. The role of LCN2 in bone metabolism is still unclear; however, it is now well demonstrated that LCN2 appears to be a useful clinical biomarker in inflammatory diseases in relationship with EC-osteoblast coupling [START_REF] Veeriah | Interleukin-1beta, lipocalin 2 and nitric oxide synthase 2 are mechano-responsive mediators of mouse and human endothelial cell-osteoblast crosstalk[END_REF].

Nitric oxide (NO)

The recent advances in our understanding of osteogenesis have provided significant information about the role of NO in bone formation. Endothelial NO synthase (eNOS) is widely expressed in bone on a constitutive basis, whereas inducible NOS (iNOS) is expressed in response to inflammatory stimuli [START_REF] Van't Hof | Nitric oxide and bone[END_REF]. Interestingly, proinflammatory cytokines, such as TNF-α, IL-1β, IL-8, and IL-17, are involved in the up-regulation of iNOS expression in inflammatory bowel diseases.

NO produced by osteocytes and by the endothelium of the vessels integrated in bone is an important regulator of bone response to loading. In addition, NO is able to mediate osteoclast activity.

Concerning the response to loading variations, recent results show that ECs and osteoblasts share the same key transcription factor, NF-κB. In ECs, NF-κB is directly activated by low mechanical strengths and induces NOS 2 and expression of the pro-inflammatory cytokine IL-1β. In osteoblasts, NF-κB is activated by the IL-1β released by unloaded ECs and induces NOS [START_REF] Veeriah | Interleukin-1beta, lipocalin 2 and nitric oxide synthase 2 are mechano-responsive mediators of mouse and human endothelial cell-osteoblast crosstalk[END_REF]. ECs are enzymes such a NADPH oxidase (NOX) and xanthine oxidase, and the mitochondria [START_REF] Frey | NADPH oxidase-dependent signaling in endothelial cells: role in physiology and pathophysiology[END_REF][START_REF] Oudot | NADPH oxidases are in part responsible for increased cardiovascular superoxide production during aging[END_REF].

Another major role of NO in the vessel is in the regulation of calcium metabolism. Complex pathological mechanisms are involved in the dysfunction of calcium homeostasis that leads to the development of vascular calcification. As mentioned above, the mechanisms that regulate vascular calcification are complex. Vascular calcification and OP appear in aging, and during diseases such as diabetes mellitus and chronic kidney disease (CKD). Recent studies showed that NO inhibited VSMC calcification and osteoblastic differentiation of VSMCs [START_REF] Kanno | Nitric oxide regulates vascular calcification by interfering with TGF-signalling[END_REF][START_REF] Veeriah | Interleukin-1beta, lipocalin 2 and nitric oxide synthase 2 are mechano-responsive mediators of mouse and human endothelial cell-osteoblast crosstalk[END_REF].

In the concept of EC-osteoblast crosstalk, one major challenge is perhaps to evaluate the importance of intercellular communication, which can be mediated through 1) direct cell-cell contact 2) transfer of secreted molecules, and 3) extracellular vesicles (EVs). Numerous studies have demonstrated that several bioactive molecules, such as microRNAs (miRNA), mRNAs, proteins and lipids, are trafficked with EVs. Very biological functions have been attributed to EVs [START_REF] Raposo | Extracellular vesicles: exosomes, microvesicles, and friends[END_REF]. In serum and plasma, miRNAs are present in a highly stable, cell-free form and play important roles in bone homeostasis, such as the regulation of osteoblast and osteoclast differentiation. Some miRNAs have been identified as potential biomarkers in patients with postmenopausal osteoporosis [START_REF] Tang | The role of microRNAs in osteoclasts and osteoporosis[END_REF]. The identification and targeting of EV-associated miRNAs are emerging as a new therapeutic strategy in skeletal and vascular diseases.

5-Osteoprotegerin and pathophysiology

5.1. Approach via genetic manipulations in animal and human genetic data.

The development of transgenic technologies in mice and rats has made it possible to study the consequences of genetic alterations using knockout or overexpression of specific genes on cardiovascular and metabolic functions. Particularly important has been the advance in knowledge of the role of OPG, RANKL and RANK via the selective targeting of genes and our understanding of interactions of different systems such as bone metabolism and cardiovascular functions.

Overexpression of OPG in transgenic mice leads to profound osteopetrosis. Osteopetrosis is a disorder characterized by a defect in osteoclastic bone resorption. In contrast, in mice, ablation of the OPG gene causes severe osteoporosis. Suppression of RANK produces profound osteopetrosis, indicating the important physiological role of this protein in regulating bone resorption. OPGdeficient mice (OPG-/-) exhibited an overall decrease in total bone density and a high incidence of fractures [START_REF] Bucay | Osteoprotegerin-deficient mice develop early onset osteoporosis and arterial calcification[END_REF][START_REF] Simonet | Osteoprotegerin: a novel secreted protein involved in the regulation of bone density[END_REF]. The central roles of RANKL and RANK in determining the level of bone resorption were demonstrated through the generation of transgenic mice: RANKL-/-and RANK-/-mice were osteopetrotic due to the absence of osteoclasts [START_REF] Blair | Mechanisms of disease: roles of OPG, RANKL and RANK in the pathophysiology of skeletal metastasis[END_REF]. OPG protein and transgenic overexpression of OPG in OPG-/-mice rescued the osteoporotic bone phenotype observed in OPG-deficient mice. However, intravenous injection of recombinant OPG over a 4-wk period could not reverse the arterial calcification observed in OPG-/-mice [START_REF] Min | Osteoprotegerin reverses osteoporosis by inhibiting endosteal osteoclasts and prevents vascular calcification by blocking a process resembling osteoclastogenesis[END_REF]. Renal and aortic calcification is observed in OPG knockout mice, indicating that OPG protects large blood vessels against medial calcification [START_REF] Bucay | Osteoprotegerin-deficient mice develop early onset osteoporosis and arterial calcification[END_REF].

Concerning cardiac disease associated with ageing, both 2.5-and 12-month-old OPG-/-mice, presented a higher systolic blood pressure and a greater heart weight/body weight ratio than agematched WT mice; suggesting that OPG plays a role in preserving heart structure and its evolution with ageing [START_REF] Hao | Cardiac hypertrophy is exacerbated in aged mice lacking the osteoprotegerin gene[END_REF]. Evidence indicates that the OPG/RANK/RANKL triad also plays a role in the cardiovascular system [START_REF] Bucay | Osteoprotegerin-deficient mice develop early onset osteoporosis and arterial calcification[END_REF]. In hypercholesterolemic Ldlr -/-mice, exogenous OPG does not inhibit the development of atherosclerosis, but prevents calcification of the aorta [START_REF] Morony | Osteoprotegerin inhibits vascular calcification without affecting atherosclerosis in ldlr(-/-) mice[END_REF]. Hypercholesterolemic Ldlr(-/-) ApoB (100/100) mice develop calcific aortic stenosis and valvular cardiomyopathy in old age. Exogenous OPG protects aortic valve function in these genetic mice, which develop calcific aortic stenosis. Mechanisms by which OPG reduces valve calcification can be deduced from its inhibition of RANK/RANKL signaling [START_REF] Weiss | Osteoprotegerin inhibits aortic valve calcification and preserves valve function in hypercholesterolemic mice[END_REF]. In conclusion, genetic manipulations demonstrated that OPG-/-mice developed vascular calcification of large arteries associated with osteoporosis and cardiovascular diseases; the injection of recombinant OPG partly reversed these actions.

In recent years, mutations causing severe alterations in bone density were identified in groups of patients. Moreover, evaluation of the presence of polymorphisms and their effects on bone tissue in postmenopausal women provided insights into the pathophysiology of osteoporosis. The association of the polymorphisms associated with bone mineral density has been investigated in various studies.

In patients with 1181GC polymorphism, it has been demonstrated that a change in nucleotides was related to the impaired secretion of OPG [START_REF] Boron | Polymorphisms of OPG and their relation to the mineral density of bones in pre-and postmenopausal women[END_REF].

Similar findings have been observed in the chronic bone disorder, Paget's disease; it is a common disease of the bone associated with abnormal bone turnover due to an imbalance between osteoclastic and osteoblastic activity. The disorder is associated with excessive bone resorption, followed by skeletal deformity. Most patients with juvenile Paget's disease are homozygous for mutations in the TNFRSF11B gene, which results in a deficiency of OPG [START_REF] Naot | Novel homozygous mutations in the osteoprotegerin gene TNFRSF11B in two unrelated patients with juvenile Paget's disease[END_REF].

OPG: an inhibitory factor of osteoclastogenesis

In the aged population, osteoporosis is a major cause of fractures and associated morbidity. Its pathogenesis is multifactorial: chronic inflammation and endocrine mechanisms, associated with alterations of the immune system. Osteoporosis results from a predominance of osteoclast over osteoblast activity. Numerous studies demonstrated the importance of OPG in protecting against bone resorption in bone-related diseases [START_REF] Boron | Polymorphisms of OPG and their relation to the mineral density of bones in pre-and postmenopausal women[END_REF][START_REF] Pietschmann | Immunology of Osteoporosis: A Mini-Review[END_REF]. The OPG/RANKL/RANK axis has been identified as a candidate mediator for paracrine signaling in bone metabolism. OPG prevents calcification but is not able to reverse vascular calcification once it has occurred.

As we reported previously, the OPG/RANKL/RANK triad plays an important function in osteogenesis and the expression of RANKL in bone cells is stimulated by various cytokines, hormones such as PTH, estrogens and 1,25 dihydroxy-vitamin D3. Concerning female hormones, there is clear evidence of the relationship between estrogen deficiency and an accelerated loss of bone mass. RANKL expression in B lymphocytes, but not T lymphocytes, contributes to the loss of trabecular bone caused by estrogen deficiency [START_REF] Manolagas | The role of estrogen and androgen receptors in bone health and disease[END_REF]. The presence of nuclear estrogen receptors in human osteoblasts has been proven. Two types of estrogen receptors (ERs) have been described: receptor α (ER-α) and receptor β (ER-β). Estradiol stimulates OPG expression in osteoblasts via ERα [START_REF] Wilson | Regulation of oestrogen receptor gene expression: new insights and novel mechanisms[END_REF].

Concerning postmenopausal osteoporosis, studies have been performed to determine whether an association exists between serum OPG levels and BMD in postmenopausal women. Serum OPG was found to be independently associated with osteoporosis and the presence of vertebral fractures [START_REF] Mezquita-Raya | The contribution of serum osteoprotegerin to bone mass and vertebral fractures in postmenopausal women[END_REF]. The selective-estrogen receptor modulator, raloxifene, is able to increase OPG serum levels in postmenopausal women with low BMD [START_REF] Messalli | Raloxifene therapy interacts with serum osteoprotegerin in postmenopausal women[END_REF]. In conclusion, the protective role of OPG was demonstrated by its protective action against bone resorption in the bone-related diseases of postmenopausal women.

In the protective role of OPG against bone resorption, it is important to consider the mechanisms of osteoblastic differentiation into osteocytes. Several key proteins, such as sclerostin, fibroblast growth factor-23 (FGF-23) and the tandem: Wnt/β-catenin, have been identified. The glycoprotein sclerostin has been characterized as a negative regulator of bone growth [START_REF] Moester | Sclerostin: current knowledge and future perspectives[END_REF]. The importance of Wnt signaling for bone has also been highlighted. Wnt signaling represses bone resorption through the increased secretion of OPG [START_REF] Baron | WNT signaling in bone homeostasis and disease: from human mutations to treatments[END_REF][START_REF] Joiner | LRP5 and LRP6 in development and disease[END_REF][START_REF] Kramer | Osteocyte Wnt/beta-catenin signaling is required for normal bone homeostasis[END_REF] (Figure 4).

Wnt proteins are secreted cysteine-rich glycoproteins. The Wnt/β-catenin pathway plays an important role in the main processes that control osteogenesis. In the absence of Wnt stimulation, cytoplasmic β-catenin is phosphorylated and degraded by the ubiquitin-proteasome system. Upon binding of Wnt, phosphorylation of β-catenin is blocked, thus allowing it to translocate to the nucleus where it complexes with transcription factors to upregulate Wnt target gene transcription (V. S. [START_REF] Li | Wnt signaling through inhibition of beta-catenin degradation in an intact Axin1 complex[END_REF]. Wnt binds to a member of the Frizzled family of seven-transmembrane proteins, and to a low-density lipoprotein-related receptor (LRP): LRP 4, 5 or 6, leading to downregulation of GSK-3 activity and the initiation of the Wnt/β-catenin signaling cascade. LRP5 and LRP6 were originally identified thanks to their homology to the low-density lipoprotein (LDL) receptor [START_REF] Joiner | LRP5 and LRP6 in development and disease[END_REF].

This pathway regulates the gene transcription of proteins that are important for osteogenic differentiation. It is also involved in regulation of the mature skeleton. As we reported previously, Rspondins have been recognized as modulators of the skeleton. R-spondins are a family of proteins acting as agonists of the Wnt/β-catenin signaling pathway. Leucine-rich repeats containing G-proteincoupled receptors (LGR4/5/6) have been identified as the new receptors of R-spondins [START_REF] Shi | The role of R-spondins and their receptors in bone metabolism[END_REF]. Concerning anabolic aspects, bone biology research showed that osteocytes produce inhibitors of the anabolic Wnt signaling pathway; there are a number of extracellular Wnt antagonists [START_REF] Kubota | Wnt signaling in bone metabolism[END_REF]. Recently, it has been reported that LGR4, also called GPR48 (G-protein-coupled receptor 48), is a receptor for RANKL and inhibits osteoclast differentiation in vivo; the soluble LGR4 extracellular domain (ECD) binding RANKL. The importance of LGR4 and its ligands, in the regulation of Wnt signaling pathways has been established in both in vitro and in vivo studies using experimental models and human genetics analysis. Finally, LGR4 acts as a RANKL receptor that negatively regulates osteoclast differentiation and bone resorption [START_REF] Luo | LGR4 is a receptor for RANKL and negatively regulates osteoclast differentiation and bone resorption[END_REF]. These pathways are now the target for therapeutic intervention.

6-Osteoprotegerin in cardio-metabolic disorders 6.1 Implication of the OPG/RANK/RANKL in heart diseases: heart failure and atrial fibrillation

In various experimental models of heart failure, significantly increased mRNA expression of OPG was noted in both the ischemic and non-ischemic myocardium compared with that in subjects without heart failure. These results demonstrated a possible role of OPG in the adaptation of the myocardium to the failure. The OPG/RANK/RANKL axis appears activated within the myocardium in the rat model of post-infarction heart failure. In cardiomyocytes, enhanced systemic expression of RANKL was accompanied by increased expression of the receptor RANK. These findings suggest a potential role for RANKL/RANK interaction in the pathogenesis of heart failure [START_REF] Ueland | Dysregulated osteoprotegerin/RANK ligand/RANK axis in clinical and experimental heart failure[END_REF].

Human subjects with heart failure had significantly increased serum levels of OPG compared with healthy controls [START_REF] Ueland | Dysregulated osteoprotegerin/RANK ligand/RANK axis in clinical and experimental heart failure[END_REF]. In a prospective study, it has been reported that serum OPG was directly associated with a higher probability of death or readmission for acute heart failure within 6 months, irrespective of other known prognostic markers. These findings were observed both when the ejection fraction was preserved or reduced [START_REF] Frioes | Prognostic Value of Osteoprotegerin in Acute Heart Failure[END_REF]. A significant interaction was observed between OPG and NT-proBNP. A combination of high levels of both OPG and NT-proBNP, compared with a combination of low levels, was associated with a fivefold increased risk of heart failure. This is observed in male patients. Paradoxically, in women, no associations were observed. In contrast, in women, higher OPG levels were positively associated with the prevalence of hypertension, whereas body mass index (BMI) was inversely related to OPG levels [START_REF] Di Giuseppe | Plasma osteoprotegerin, its correlates, and risk of heart failure: a prospective cohort study[END_REF].

The pathophysiological alterations underlying the initiation and progression of atrial fibrillation (AF) are dependent on multiple factors. They are associated with structural and electrical remodeling in cardiomyocytes of different area of the myocardium; cardiac fibroblasts are also implicated in these processes. Cardiac fibroblasts are well-established as key regulators of extracellular matrix turnover in the context of myocardial remodeling and the fibrosis associated with inflammatory process;

various inflammatory cytokines and chemokines being up-regulated in AF [START_REF] Dzeshka | Cardiac Fibrosis in Patients With Atrial Fibrillation: Mechanisms and Clinical Implications[END_REF][START_REF] Jalife | Mechanisms of persistent atrial fibrillation[END_REF]. Among the cytokines, the role of TNF in inflammation has been extensively investigated. In this context, the potential relationship between levels of OPG or TRAIL, and arrhythmias has been explored. The first study in this field was based on the population of the Framingham Offspring Study. Among the 12 inflammatory markers tested, only OPG had a significant prognostic value in predicting the occurrence of AF [START_REF] Schnabel | Relation of multiple inflammatory biomarkers to incident atrial fibrillation[END_REF]). It appears that OPG and TRAIL may contribute to the pathogenesis of AF as negative and positive factors, respectively [START_REF] Rewiuk | Osteoprotegerin and TRAIL in Acute Onset of Atrial Fibrillation[END_REF]. One study showed that the OPG/RANK/RANKL triad is involved in the development and progression of AF, this axis being, as we reported, implicated in regulating atrial structural remodeling. AF groups had higher atrial gene expression of the OPG/RANK/RANKL axis and a higher RANKL/OPG ratio, particularly in paroxysmal AF (H. Cao, et al., 2011).

TRAIL triggers non-apoptotic signals in normal cells. But apoptotic signal in several pathologic conditions. Systemic TRAIL delivery significantly reduced cardiac fibrosis and apoptosis in a mouse model of diabetic cardiomyopathy [START_REF] Toffoli | TRAIL shows potential cardioprotective activity[END_REF]. TRAIL initiates pathways of cell death in which caspases activation in mediated either directly or indirectly via the release of apoptogenic factors from mitochondria. TRAIL induces apoptosis through the death receptors DR4/R1 and DR5/R2, which are expressed on the surface of target cells. In preclinical models, TRAIL showed anticancer activity [START_REF] Labovsky | Expression of osteoprotegerin, receptor activator of nuclear factor kappa-B ligand, tumor necrosis factorrelated apoptosis-inducing ligand, stromal cell-derived factor-1 and their receptors in epithelial metastatic breast cancer cell lines[END_REF]. In one hypothesis, the uptake and binding of TRAIL by OPG is a protective mechanism against apoptosis [START_REF] Pritzker | The role of osteoprotegerin and tumor necrosis factor-related apoptosis-inducing ligand in human microvascular endothelial cell survival[END_REF].

In conclusion, taken together, these results suggest that mediators of bone metabolism play a potential role in the initiation and development of AF via activation of the OPG/RANK/RANKL axis (H. [START_REF] Cao | Osteoprotegerin/RANK/RANKL axis and atrial remodeling in mitral valvular patients with atrial fibrillation[END_REF].

OPG plays a significant role in the physiology of endothelial cells

OPG enhances both VSMC and EC -survival. It directly promotes both the proliferation and migration of microvascular ECs [START_REF] Cross | Osteoprotegerin (OPG)--a potential new role in the regulation of endothelial cell phenotype and tumour angiogenesis?[END_REF]. OPG is localized to WPBs and co-localized with the adhesion molecule P-selectin and the glycoprotein vWF. OPG is physically associated, as reported above, with vWF within the Weibel-Palade bodies (WPBs) of ECs and also in plasma. OPG binds with high affinity to vWF reductase, and TSP-1, and may provide a link between TSP-1 and vWF.

Treatment of human umbilical vein endothelial cells with pro-inflammatory cytokines, such as TNFalpha and IL-1beta, resulted in mobilization from the WPBs and subsequent secretion of OPG protein into the culture supernatant [START_REF] Zannettino | Osteoprotegerin (OPG) is localized to the Weibel-Palade bodies of human vascular endothelial cells and is physically associated with von Willebrand factor[END_REF]. In vivo, the interaction between OPG and vWF is maintained in the serum after secretion, where OPG may act to regulate the hemostatic role of vWF. OPG may also serve to modulate the extent of the inflammatory response. It can act as a survival and antiapoptotic factor for ECs [START_REF] Schoppet | Localization of osteoprotegerin, tumor necrosis factor-related apoptosisinducing ligand, and receptor activator of nuclear factor-kappaB ligand in Monckeberg's sclerosis and atherosclerosis[END_REF]. Besides, OPG increases EC proliferation in microvessels promoting neovascularization [START_REF] Mcgonigle | Osteoprotegerin and RANKL differentially regulate angiogenesis and endothelial cell function[END_REF].

OPG has been proposed as a marker of endothelial dysfunction in early pathophysiological events. An independent positive association between OPG and asymmetric dimethylarginine (ADMA), and between OPG and arterial stiffness assessed by pulse wave velocity (i.e. both markers of endothelial dysfunction), has been reported in hypertensive patients [START_REF] Tsioufis | Relationships of osteoprotegerin with albuminuria and asymmetric dimethylarginine in essential hypertension: integrating vascular dysfunction[END_REF]. OPG has been shown

to induce the expression of intercellular adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1), and E-selectin on ECs and to promote leukocyte adhesion, an early step in EC dysfunction, thus supporting a pro-atherosclerotic role of OPG [START_REF] Zauli | Osteoprotegerin increases leukocyte adhesion to endothelial cells both in vitro and in vivo[END_REF].

The existence of actions of the RANKL/RANK/OPG system in the endothelium suggests that it may have specific functions in vascular regulation (Figure 2). Numerous findings have demonstrated RANKL expression on endothelial and inflammatory cells [START_REF] Riegel | Human polymorphonuclear neutrophils express RANK and are activated by its ligand, RANKL[END_REF]. RANKL significantly increased the activity of matrix metalloprotease (MMP) in VSMCs. OPG neutralizes the effect of RANKL on the induction of MMP activity in VSMCs by inhibiting its binding to RANK [START_REF] Quercioli | Receptor activator of NF-kappaB ligand (RANKL) increases the release of neutrophil products associated with coronary vulnerability[END_REF][START_REF] Venuraju | Osteoprotegerin as a predictor of coronary artery disease and cardiovascular mortality and morbidity[END_REF]. MMPs and endogenous processes, such as disturbances in mineral and hormonal metabolism, play a significant role in the initial steps of vascular calcification.

7-Positive relationship between circulating osteoprotegerin, vascular damage, and metabolic diseases

It is now recognized that OPG exerts proatherogenic and prodiabetogenic effects. OPG participates in the pathogenesis of atherosclerosis and cardiovascular diseases by amplifying the adverse effects of inflammation. Serum levels of OPG were measured in patients with cerebrovascular disease, stable angina, and CAD. However, no constant correlation was observed between OPG levels and the evolution of the CAD [START_REF] Schoppet | Increased osteoprotegerin serum levels in men with coronary artery disease[END_REF]. OPG levels were independently associated with cardiovascular mortality, but not bone mineral density in patients suffering from cerebrovascular diseases [START_REF] Browner | Associations of serum osteoprotegerin levels with diabetes, stroke, bone density, fractures, and mortality in elderly women[END_REF]. Experimental studies have evaluated the possible relationship between OPG, vascular fibrosis, markers of inflammation and fibrosis, such as fibronectin, collagen I, III, IV and transforming growth factor-β1 (TGF-β1). In ApoE(-/-) mice, recombinant human OPG induced signs of fibrosis and up-regulated the arterial expression of TGF-β1, thus supporting the pathogenic role of OPG in the initiation of atherosclerotic lesions [START_REF] Toffoli | Osteoprotegerin promotes vascular fibrosis via a TGFbeta1 autocrine loop[END_REF]. OPG also influences the production of other agents implicated in plaque stability, such as matrix metalloproteinases. OPG is able to stimulate metalloproteinase activity in VSMCs. In a study investigating inflammatory processes in an EC culture, OPG was triggered by inflammatory cytokines, thus leading to the expression of EC adhesion molecules [START_REF] Mangan | Osteoprotegerin upregulates endothelial cell adhesion molecule response to tumor necrosis factor-alpha associated with induction of angiopoietin-2[END_REF]. This process is described in mitral valve prolapse (MVP). Circulating OPG levels were higher in MVP patients than in controls, which supports the hypothesis that OPG is involved in MVP development and progression [START_REF] Songia | Mitral valve endothelial cells secrete osteoprotegerin during endothelial mesenchymal transition[END_REF].

The association of different markers, and in particular OPG, with diabetic and metabolic syndrome (MetS) complications is now demonstrated. Multiple signaling pathways contribute to the adverse effects of glucotoxicity on cellular functions [START_REF] Rochette | Diabetes, oxidative stress and therapeutic strategies[END_REF]. In the experimental context of MetS, circulating and tissue levels of OPG were significantly increased in C57BL6 mice fed a high-fatdiet (HFD), which is an animal model for the study of MetS. OPG may trigger proinflammatory changes in adipose tissue in MetS/HFD-induced obesity [START_REF] Bernardi | Osteoprotegerin increases in metabolic syndrome and promotes adipose tissue proinflammatory changes[END_REF].

Many studies have reported that serum OPG is significantly increased in diabetic patients. In a large observational study, plasma concentrations of OPG were higher in diabetic than in non-diabetic subjects [START_REF] Browner | Associations of serum osteoprotegerin levels with diabetes, stroke, bone density, fractures, and mortality in elderly women[END_REF][START_REF] Knudsen | Increased plasma concentrations of osteoprotegerin in type 2 diabetic patients with microvascular complications[END_REF][START_REF] Rasmussen | Plasma osteoprotegerin levels are associated with glycaemic status, systolic blood pressure, kidney function and cardiovascular morbidity in type 1 diabetic patients[END_REF]. It has been suggested that the increased levels of OPG could reflect vascular damage in diabetic patients. Diabetic angiopathy is associated with linear media calcifications and it is a long-term process. As reported above, the mechanisms implicated in the development of calcifications are not precisely known. Plasma OPG levels were significantly increased only in patients with microvascular complications, suggesting that elevated plasma levels of OPG may reflect microvascular damage [START_REF] Knudsen | Increased plasma concentrations of osteoprotegerin in type 2 diabetic patients with microvascular complications[END_REF][START_REF] Rasmussen | Osteoprotegerin and diabetic macroangiopathy[END_REF]. Plasma OPG was higher in patients with than in those without diabetic nephropathy; OPG levels increasing with decreased kidney function. In addition, independent positive correlations were demonstrated between plasma OPG and kidney function, HbA1c and systolic blood pressure [START_REF] Rasmussen | Plasma osteoprotegerin levels are associated with glycaemic status, systolic blood pressure, kidney function and cardiovascular morbidity in type 1 diabetic patients[END_REF].

Concerning obesity and MetS, their relationships with bone metabolism are complex. Obesity is traditionally viewed as favorable to bone health. The increased circulating and tissue levels of proinflammatory cytokines in obesity may promote osteoclast activity and bone resorption by modifying the receptor activator of the NF-κB (RANK)/RANK ligand/OPG pathway (J. J. [START_REF] Cao | Effects of obesity on bone metabolism[END_REF]. In a clinical study, serum concentrations of OPG were significantly lower in obese patients than in normal-weight controls [START_REF] Holecki | The influence of weight loss on serum osteoprotegerin concentration in obese perimenopausal women[END_REF]. It has been confirmed that circulating levels of OPG are lower in obese subjects without diabetes mellitus and are negatively associated with body mass index (BMI), and waist circumference [START_REF] Ashley | Similar to adiponectin, serum levels of osteoprotegerin are associated with obesity in healthy subjects[END_REF]. However, previous results showed that in a healthy obese population, OPG was not associated with BMI and the lipid profile [START_REF] Gannage-Yared | Osteoprotegerin in relation to body weight, lipid parameters insulin sensitivity, adipocytokines, and C-reactive protein in obese and non-obese young individuals: results from both cross-sectional and interventional study[END_REF]. This relationship has been the subject of controversial studies. The absence of a relationship between BMI and OPG has been reported in other studies [START_REF] Oh | Circulating osteoprotegerin levels are associated with age, waist-to-hip ratio, serum total cholesterol, and low-density lipoprotein cholesterol levels in healthy Korean women[END_REF][START_REF] Uemura | Circulating osteoprotegerin is associated with age and systolic blood pressure, but not with lipid profile or fasting glucose, in postmenopausal women[END_REF]. More recently, the relationship between lipid profile and OPG levels in obese and non-obese women has been investigated. Age significantly correlated with OPG levels. After adjustment for age, only HDL-C levels, LDL-C levels, and HOMA-IR correlated with OPG levels in obese, but not non-obese women.

Finally, the human studies did not resolve whether OPG should be regarded as being associated with a protective mechanism or instead indeterminate with respect to vascular disease progression [START_REF] Ayina Ayina | Osteoprotegerin in relation to insulin resistance and blood lipids in sub-Saharan African women with and without abdominal obesity[END_REF].

8-OPG as a potential therapeutic agent

The homeostasis process concerning OPG and RANKL plays an essential role in the pathophysiology of bone. As we reported, several studies have demonstrated the beneficial effect of OPG as a specific therapeutic agent against bone resorption as well as against arterial calcification in cardiovascular disorders. Advanced clinical trials are underway. New specific targets for the treatment of bone loss are based on the inhibition of bone resorption by osteoclasts or the stimulation of bone formation by osteoblasts.

OPG and bone diseases

As related above, bone resorption is primarily due to the activation of osteoclastogenesis and an increase in receptor activator of RANKL expression. First, OPG, used as a therapy to block RANKL, was initially successful and antibodies against OPG were developed [START_REF] Tella | Prevention and treatment of postmenopausal osteoporosis[END_REF]. A recombinant OPG fusion protein (Fc-OPG) has been used in experimental studies. It has been employed in rat models to treat arthritis and in dogs, where it induced an increase in bone formation and enhanced healing [START_REF] Bolon | Duration of bone protection by a single osteoprotegerin injection in rats with adjuvant-induced arthritis[END_REF][START_REF] Yao | Synergistic enhancement of new bone formation by recombinant human bone morphogenetic protein-2 and osteoprotegerin in trans-sutural distraction osteogenesis: a pilot study in dogs[END_REF].

In clinical trials of patients with osteoporosis, inhibition of RANK-L reduced bone loss. The human monoclonal antibody against RANK-L (Denosumab) has been approved for the treatment of osteoporosis [START_REF] Tarantino | A new antiresorptive approach to the treatment of fragility fractures: long-term efficacy and safety of denosumab[END_REF]. Denosumab targets RANKL by binding to RANKL, this drug prevents the maturation and differentiation of preosteoclasts and promotes apoptosis of osteoclasts (Figure 5). In the FREEDOM study, denosumab given twice yearly for 36 months was shown to reduce the risk of new radiographic vertebral fractures by 68%, hip fractures by 40%, and non-vertebral fractures by 20% when compared to placebo [START_REF] Cummings | Denosumab for prevention of fractures in postmenopausal women with osteoporosis[END_REF]. Several treatments, including bisphosphonates, teriparatide (a recombinant fragment of PTH: rhPTH-1-34), raloxifene and denosumab, are available for osteoporosis and fracture prevention. The superiority of denosumab over bisphosphonates in increasing BMD could be explained by its greater antiresorptive effect [START_REF] Beaudoin | Denosumab compared to other treatments to prevent or treat osteoporosis in individuals at risk of fracture: a systematic review and meta-analysis[END_REF]. The potential uses of RANKL inhibitors have been explored extensively in preclinical studies. Antibodies targeting RANKL preserve bone mass and strength in preclinical models [START_REF] Lacey | Bench to bedside: elucidation of the OPG-RANK-RANKL pathway and the development of denosumab[END_REF].

Previously in this review, we reported that the glycoprotein, sclerostin secreted by osteocytes, was a negative regulator of bone growth. Sclerostin is an endogenous protein that inhibits osteoblast differentiation by binding to the LRP receptors. In this field, the use of sclerostin antibodies showed promising results. Anti-sclerostin antibodies such as romosozumab and blosozumab are alternative drugs. These monoclonal antibodies, which bind sclerostin, increased bone formation and decreased bone resorption. Sclerostin is now recognized as a target for osteoporosis therapy [START_REF] Choi | Comparative Safety and Effectiveness of Denosumab Versus Zoledronic Acid in Patients With Osteoporosis: A Cohort Study[END_REF][START_REF] Cosman | Romosozumab Treatment in Postmenopausal Women with Osteoporosis[END_REF].

Concerning the relationship between bone homeostasis and the effects of hormones, it has been proved that estrogen deficiency induced an accelerated loss of bone mass. The antiresorptive effect of estrogens on bone has been used in the treatment of postmenopausal osteoporosis. The selectiveestrogen receptor modulator, raloxifene, is able to increase OPG serum levels in postmenopausal women with low BMD [START_REF] Messalli | Raloxifene therapy interacts with serum osteoprotegerin in postmenopausal women[END_REF].

A relationship has been reported between heparin, OPG, and bone metabolism [START_REF] Theoleyre | Characterization of osteoprotegerin binding to glycosaminoglycans by surface plasmon resonance: role in the interactions with receptor activator of nuclear factor kappaB ligand (RANKL) and RANK[END_REF]. Although OPG is known to bind heparin with low nanomolar affinity, in vivo studies with intravenous heparin infusions in healthy individuals showed a 2.2 fold increase in the circulating OPG levels within 5 min as compared to pre-injection values. However, the OPG levels were significantly decreased or normalized within 1 hour [START_REF] Nybo | Osteoprotegerin released from the vascular wall by heparin mainly derives from vascular smooth muscle cells[END_REF]. Heparin enhances bone resorption and induces bone loss. The results suggest that heparin promotes osteocyte-modulated osteoclastogenesis in vitro by inhibiting OPG activity (B. [START_REF] Li | Unfractionated Heparin Promotes Osteoclast Formation in Vitro by Inhibiting Osteoprotegerin Activity[END_REF].

OPG and therapies of vascular calcification

Vascular calcification is strongly associated with cardiovascular disease and mortality, particularly in high-risk patients with diabetes and CKD. As reported above, it has a variety of forms, including intimal calcification and medial calcification, but can also be observed in the valves of the heart.

Vascular calcification is a cell-mediated process associated with VSMC death and phenotypic changes that promote vascular calcification. These processes may play a role in the accelerated vascular calcification observed in patients with CKD [START_REF] Shanahan | Mechanisms of vascular calcification in CKD-evidence for premature ageing?[END_REF].

A variety of therapies have been tested to attempt to prevent or diminish vascular calcification.

Therapies for treating vascular calcification under investigation include agents proposed as osteoporosis therapies: OPG, bisphosphonates, denosumab and teriparatide. Bisphosphonates are synthetic derivatives of pyrophosphate. There are two classes of bisphosphonates, the N-containing and, non-N-containing bisphosphonates. The presence of a nitrogen atom in the side chain in the byproducts such as alendronate, pamidronate or ibandronate, enhances their affinity for bone tissue.

Bisphosphonates reduce arterial wall calcification but have no effect on arterial stiffness or on cardiovascular events [START_REF] Kranenburg | Bisphosphonates for cardiovascular risk reduction: A systematic review and meta-analysis[END_REF].

As RANKL is thought to promote vascular muscle cell calcification, RANKL inhibition by specific agents, such as denosumab, have been tested for their ability to prevent vascular calcification [START_REF] Panizo | RANKL increases vascular smooth muscle cell calcification through a RANK-BMP4-dependent pathway[END_REF]. In a mouse model of glucocorticoid-induced diseases, denosumab reduced the amount of calcium deposited in the aorta [START_REF] Helas | Inhibition of receptor activator of NF-kappaB ligand by denosumab attenuates vascular calcium deposition in mice[END_REF]. Experimental studies demonstrated that denosumab inhibited the induced calcium deposition to basal levels in porcine valve interstitial cell culture. As reported above, calcific aortic valve disease is an actively regulated and progressive disease, characterized by a cascade of cellular changes leading to significant aortic valve stenosis.

Denosumab may be a novel therapeutic approach for the clinical treatment of diseased valves [START_REF] Lerman | Calcific Aortic Valve Disease: Molecular Mechanisms and Therapeutic Approaches[END_REF].

OPG and metabolic diseases

Results emerging from in vitro, in vivo, and clinical studies indicate that regulatory glycoproteins, OPG, RANKL and TRAIL, are related to metabolic diseases. As reported above, numerous studies found an association between OPG and diabetes. It has been established that circulating OPG is lower in obese subjects without diabetes mellitus and is negatively associated with body weight and BMI [START_REF] Ashley | Similar to adiponectin, serum levels of osteoprotegerin are associated with obesity in healthy subjects[END_REF]. In contrast, the results also showed that in a healthy obese population, OPG was not associated with the BMI or lipid profile. Recent studies have shown that OPG levels in patients with type 1 diabetes mellitus were significantly higher than those in healthy controls. In addition, plasma OPG levels positively correlated with diabetic neuropathy [START_REF] Terekeci | Plasma osteoprotegerin concentrations in type 2 diabetic patients and its association with neuropathy[END_REF].

Insulin resistance in obesity is associated with decreased serum OPG levels (Ugur-Altun, Altun, [START_REF] Ugur-Altun | The relationship between insulin resistance assessed by HOMA-IR and serum osteoprotegerin levels in obesity[END_REF]. In a prospective observational follow-up study, elevated plasma OPG was a strong and independent predictor of all-cause mortality [START_REF] Reinhard | Osteoprotegerin and mortality in type 2 diabetic patients[END_REF]. But an increased OPG level could also be an indicator of a proinflammatory process; a process that connects osteoporosis, vascular calcification, and inflammation.

Gerenli

Interferences exist between OPG and treatments for metabolite diseases such as glitazones, and, statins. OPG levels significantly decreased in both type 1 and type diabetes after six months of treatment with insulin or pioglitazone. However, metformin treatment for the same time did not modify OPG concentrations (Perez de Ciriza, [START_REF] Perez De Ciriza | Osteoprotegerin in Cardiometabolic Disorders[END_REF]. Statin therapy improves lipid profiles and reduces vascular inflammation. Atorvastatin reduced not only carotid-femoral pulse wave velocity (PWV) at low or high doses, but also high sensitivity C-reactive protein (hsCRP) and OPG levels; the reduction in PWV correlated with the reduction in OPG [START_REF] Davenport | The Effects of Atorvastatin on Arterial Stiffness in Male Patients with Type 2 Diabetes[END_REF]. In a recent study, atorvastatin treatment (40 mg/day for 3 months ) led to a reduction in circulating osteoprogenitor cells and RANKL expression in T cells, as well as an increase in serum OPG levels [START_REF] Rattazzi | Atorvastatin Reduces Circulating Osteoprogenitor Cells and T-Cell RANKL Expression in Osteoporotic Women: Implications for the Bone-Vascular Axis[END_REF]. The effect of statins on bone formation is related to the increased gene expression of bone morphogenetic protein in osteoblasts. In these cells, atorvastatin induced an almost three-fold increase in the production of OPG mRNA [START_REF] Estanislau | Pleiotropic effects of statins on the treatment of chronic periodontitis--a systematic review[END_REF][START_REF] Viereck | Atorvastatin stimulates the production of osteoprotegerin by human osteoblasts[END_REF]. Together, these data suggest that statins could have protective effects in the bone-vascular axis.

9-Osteoprotegerin as a new biomarker

In recent years, new approaches are being used to search for novel biomarkers. A "Biomarker is a characteristic that is objectively measured and evaluated as an indication of normal biologic processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention"; the term also covers traditional risk factors [START_REF] Definitions Working | Biomarkers and surrogate endpoints: preferred definitions and conceptual framework[END_REF]. Measurements of biomarkers are frequently used in cardio-metabolic medicine and are recognized for the value they add to the diagnosis and prognosis of various diseases.

Among the hundreds of molecules of major significance analyzed, there are markers of inflammation, including the superfamily of tumor necrosis factor (TNF) receptors. Serum OPG (and sRANKL) levels have been proposed as biomarkers of vascular risk and prognosis in a variety of cardiovascular and metabolic diseases. However, the results in this field are inconsistent (Perez de [START_REF] Perez De Ciriza | Circulating osteoprotegerin is increased in the metabolic syndrome and associates with subclinical atherosclerosis and coronary arterial calcification[END_REF][START_REF] Shetelig | Osteoprotegerin levels in ST-elevation myocardial infarction: Temporal profile and association with myocardial injury and left ventricular function[END_REF].

Cardiotrophin-1, soluble endoglin, suppression of tumorigenicity 2 (ST2): a member of the IL 1 receptor family, growth differentiation factor-15 (GDF-15), galectin-3 and other new markers associated with heart disease have been identified. However, current data on the relationship between these biomarkers and left or right ventricular dysfunction are still limited [START_REF] Meluzin | Can biomarkers help to diagnose early heart failure with preserved ejection fraction?[END_REF]. OPG appears to be a new emerging biomarker, which, in recent clinical trials, has been associated with both the progression and severity of cardiac disease.

OPG, as well as RANKL, has also been found within atherosclerotic carotid plaques as well as in thrombus material obtained at the site of plaque rupture during myocardial infarction [START_REF] Sandberg | Enhanced T-cell expression of RANK ligand in acute coronary syndrome: possible role in plaque destabilization[END_REF]. OPG has been identified as an independent predictor of heart failure development and mortality in patients with acute coronary syndrome [START_REF] Omland | Circulating osteoprotegerin levels and long-term prognosis in patients with acute coronary syndromes[END_REF]) and a positive correlation has been found between OPG serum levels and disease severity [START_REF] Montagnana | The role of osteoprotegerin in cardiovascular disease[END_REF][START_REF] Schoppet | Increased osteoprotegerin serum levels in men with coronary artery disease[END_REF][START_REF] Van Campenhout | Osteoprotegerin, vascular calcification and atherosclerosis[END_REF][START_REF] Venuraju | Osteoprotegerin as a predictor of coronary artery disease and cardiovascular mortality and morbidity[END_REF].

Raised serum OPG levels have been associated with the presence and the severity of coronary atherosclerosis in studies of CAD patients undergoing coronary angiography, and elevated serum OPG concentrations have been found to correlate with the severity of peripheral artery disease [START_REF] Kiechl | Osteoprotegerin is a risk factor for progressive atherosclerosis and cardiovascular disease[END_REF][START_REF] Ziegler | Osteoprotegerin plasma concentrations correlate with severity of peripheral artery disease[END_REF].

Higher serum OPG levels have been reported in patients with ST-elevation myocardial infarction (STEMI) than in patients with non-STEMI, and controls. In the same way, several clinical studies have shown a negative impact of circulating OPG levels on outcomes in stable coronary artery disease [START_REF] Crisafulli | Serum levels of osteoprotegerin and RANKL in patients with ST elevation acute myocardial infarction[END_REF][START_REF] Fuernau | Osteoprotegerin in ST-elevation myocardial infarction: prognostic impact and association with markers of myocardial damage by magnetic resonance imaging[END_REF]. It is not easy to establish a temporal profile of OPG in STEMI, or to investigate possible associations between OPG measured during acute STEMI and final infarct size, microvascular obstruction or myocardial salvage. It is therefore likely that the high OPG levels measured early in STEMI patients reflect the effect of heparin, and not the ischemic injury [START_REF] Shetelig | Osteoprotegerin levels in ST-elevation myocardial infarction: Temporal profile and association with myocardial injury and left ventricular function[END_REF]. Finally, the results of recent studies investigating OPG and infarct size in STEMI patients have been inconsistent.

Concerning the development of pulmonary arterial hypertension (PAH) and the prediction of disease severity; OPG has prognostic utility. OPG elevation is associated with heart failure in patients who developed PAH [START_REF] Zhang | Osteoprotegerin is associated with depletion of circulating endothelial progenitor cells and elevation in pulmonary arterial pressure in patients with systolic heart failure[END_REF]. These results suggest that OPG may play a role in the development of pulmonary vascular dysfunction in patients with heart failure.

Immunohistochemistry of vascular lesions in human PAH demonstrated increased OPG expression [START_REF] Lawrie | Evidence of a role for osteoprotegerin in the pathogenesis of pulmonary arterial hypertension[END_REF]. These changes correlated with prognostic markers and survival [START_REF] Condliffe | Serum osteoprotegerin is increased and predicts survival in idiopathic pulmonary arterial hypertension[END_REF].

Sustained release of OPG from vascular endothelial cells has been demonstrated in response to inflammatory proteins and cytokines, suggesting that OPG plays a modulatory role in vascular injury, inflammation and hemostasis (Figure 5). Therefore it is possible that OPG could have a new function as a potential biomarker in early endothelial dysfunction [START_REF] Berezin | The utility of biomarker risk prediction score in patients with chronic heart failure[END_REF].

It is also suggested that a chronic persistent inflammatory state may reflect adverse left ventricular remodeling and that biomarkers measured late after myocardial infarction may mediate mechanisms other than acute necrosis. Subsequent studies may provide further insights into the complex interrelations between functional vascular changes, atherosclerosis and inflammation in relationship with disordered calcium balance and homeostasis.

10-Conclusion

Several investigations carried out in large populations have demonstrated that an increased release of OPG is associated with increased cardiovascular risk. It has also been suggested that increased OPG levels resulting from vascular damage correspond to a protective mechanism. OPG levels could lead to a faster diagnosis of cardiovascular diseases and thus an improved prognosis. However, it remains unclear whether OPG is a marker or rather plays a causal role in mediating or protecting against vascular injury. In summary, OPG may be a new promising marker for risk prediction in cardiovascular diseases. There is significant interest in developing OPG as a biomarker once the conditions of OPG measurement and the analytical items of variability have been defined. Much of the evidence collected from biomarker studies must be complemented by the significance of observed changes in the relationships between the biomarker and cofactors, such as the chronic inflammatory state and therapeutics. In the vasculature, RANKL-RANK-OPG signaling can be stimulated by various factors including inflammation, and reactive oxygen species (ROS). RANKL binds to the RANK receptor and activates the transcription factor nuclear factor κB (NF-κB). In presence of proinflammatory cytokines, the expression of endothelial cell (EC) adhesion molecules is increased, and is associated with the transmigration of lymphocytes and monocytes into the vessel wall. Fibroblast growth factor 23 (FGF-23) mediates the inhibition of osteogenic differentiation of vascular smooth muscle cells (VSMC) and the induction of OPG gene expression in the cells. The production of osteoprotegerin (OPG) in VSMCs and ECs is enhanced by inflammatory cytokines. OPG operates as a decoy receptor for RANKL and prevents RANK signaling and deposition of a mineralized matrix. OPG inhibits osteoclastogenesis. RANKL significantly increases the activity of matrix metalloprotease (MMP) in VSMCs. OPG neutralizes the effect of RANKL on the induction of MMP activity in VSMCs by inhibiting its binding to RANK. Inflammation and oxidative stress are two interacted factors that induced vascular calcification; driving the transition from VSMC to osteoblast phenotype. The differentiation of monocytes to osteoclast like cell is mediated by the monocyte chemotactic protein-1 (MCP-1), which involves production of ROS. Osteoprotegerin (OPG) is composed of 401 amino acid residues of which 21 are a signal peptide which is cleaved, generating a mature form of 380 amino acids. The N-terminal part of OPG is a cysteine-rich domain important for dimerization whereas the C-terminal contain a death domain and a domain for heparin binding. Circulating measurable OPG exists either as a free monomer of 60 kD and a disulfide bond-linked homodimer form of 120 kD, or as OPG bound to its ligands, namely RANK Ligand (RANKL). OPG consists of 7 structural domains, of which the amino-terminal cysteine rich domains 1 to 4 (D1-D4) are necessary for binding to RANKL. The carboxy-terminal portion of the protein contains two regions (D5 and D6). In domain 7 (D7) at position 400 exists an unpaired cysteine residue implicated in disulfide bond formation and dimerization. RANKL binds to RANK on target cells, which triggers activation of nuclear factor κB (NF-κB), resulting in its translocation to the nucleus. RANK is a transmembrane protein that is expressed on osteoclasts.

FIGURE 4:

Schema illustrating the role of osteoblasts and osteoclasts in maintaining an appropriate bone remodeling balance. Bone repairing/remodeling is dependent of a balance between the activities of osteoblasts and osteoclasts and its disturbance is associated with bone disorders including osteoporosis. The RANKL/RANK interaction stimulates differentiation of the osteoclasts. Osteoprotegerin (OPG) binds to RANKL and prevents the RANKL/RANK interaction. OPG also acts as a receptor for Tumor Necrosis Factor-Related Apoptosis Inducing Ligand (TRAIL). TRAIL activates caspases upon binding to its receptors TRAIL-R5. In the mechanisms of bone remodeling several key proteins, are implicated such as the tandem: Wnt/ low-density lipoprotein-related receptor: LRP 5,6/β-catenin. Wnt promotes the differentiation of precursor cells into mature osteoblasts through the β-catenin-dependent pathway.

Runt-related transcription factor-2 (RUNX2) and alkaline phosphatase (ALP) are initiators of bone mineralization. Leucine-rich repeats containing G-protein-coupled receptors (LGR-4) are receptors of R-spondin (RSPO) implicated in the mobilization of calcium. Sclerostin is an endogenous protein that inhibits osteoblast differentiation by binding to the LRP receptors. 

  blood. sRANKL is thought to be produced by cleavage of membrane RANKL or secreted by Tlymphocytes. Membrane-bound RANKL (mRANKL) or sRANKL binds to RANK via interaction with specific proteins: tumor necrosis factor receptor (TNFR)-associated factor (TRAF) proteins. TRAFs are signal transducers of an extensive variety of other receptor families, including innate immune receptors. Receptors of the TNF-R superfamily have open tissue distribution and regulate diverse biological functions. TRAFs bind to the intracellular domains of various receptors of the TNFR superfamily. One of the important roles of TRAFs in RANK-RANKL signaling is the activation of NF-κBs, mitogen-activated protein kinases (MAPKs), and interferon-regulatory factors (IRFs). TRAF

  Transcriptional responses are central to the maintenance of endothelial homeostasis during variations of blood flow including pulsatile flow and spatial-varying shear stress. Concerning the role of the vascular endothelium, shear stress has been implicated in the reactivation of developmental genes, implicating Wnt and Notch signaling, for vascular development and repair. The characteristics of hemodynamic shear forces, which modulate mechano-signal transduction, influence metabolic effects and thus vascular function[START_REF] Lee | Blood flow modulation of vascular dynamics[END_REF]. In this context of hemodynamic adaptation, ROS play a modulator role in ECs as signaling molecules to mediate various biological responses such as gene expression, cell proliferation, and senescence. The major sources of ROS in
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 12 FIGURE 1: Summary of the interactions between various tissues: adipose tissue, bone, vessel and kidney mediated by osteoprotegerin (OPG), FGF-23, soluble Klotho, VEGF, and oxidative stress, nitric oxide (NO), superoxide and iron. Lipocalin-2 (LCN2) is an adipokine with specific lipid-binding activity and released from various cells during inflammation. It regulates bone homeostasis. Nitric oxide (NO) produced by NOS-2 in osteocytes and by the endothelium of the vessels integrated in bone is an important regulator of bone response to mechanical stress. Vascular endothelial growth factor (VEGF), beta-catenin, and hypoxiainducible factors (HIFs) are implicated in osteogenesis and angiogenesis. The major sources of ROS in ECs are enzymes such as NADPH oxidases (NOX) and the mitochondria. Klotho is a protein highly expressed in the kidney. Membrane Klotho protein acts as co-receptor for fibroblast growth factor-23 (FGF-23). Klotho interacts with fibroblast growth factor receptors (FGFR-1) to form a high-affinity for FGF-23. Proteins exist consisting of two extracellular β-glucosidase-like domains (KL1 and KL2). The kidneys produce calcitriol (1,25-dihydroxycholecalciferol ): the hormonally active metabolite of vitamin D. The effects of calcitriol are mediated by its interaction with the calcitriol receptor (vitamin D receptor: VDR). The transcription factor, early growth response 1 (EGR-1) plays a pivotal role in calcitriol metabolism, and its expression is regulated by the functions of EGR-1 and FGFR-1
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 3 FIGURE 3: Molecular structure of osteoprotegerin.Osteoprotegerin (OPG) is composed of 401 amino acid residues of which 21 are a signal peptide which is cleaved, generating a mature form of 380 amino acids. The N-terminal part of OPG is a cysteine-rich domain important for dimerization whereas the C-terminal contain a death domain and a domain for heparin binding. Circulating measurable OPG exists either as a free monomer of 60 kD and a disulfide bond-linked homodimer form of 120 kD, or as OPG bound to its ligands, namely RANK Ligand (RANKL). OPG consists of 7 structural domains, of which the amino-terminal cysteine rich domains 1 to 4 (D1-D4) are necessary for binding to RANKL. The carboxy-terminal portion of the protein contains two regions (D5 and D6). In domain 7 (D7) at position 400 exists an unpaired cysteine residue implicated in disulfide bond formation and dimerization. RANKL binds to RANK on target cells,
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 5 Figure5: Summary of the relationship between the OPG/RANKL system, the bone-vascular axis, and factors contributing to cardiometabolic risk. Risk factors for cardiometabolic diseases are classified as non-modifiable (age, race, gender, gene and some endocrine disorders) and modifiable (traditional). The role of inflammation in cardiometabolic disorders is demonstrated. Plasma biomarkers and mediators such as chemokines, cytokines, adipokines, miRNA reflect the degree of inflammation. Vascular calcification appears to result from induction of osteogenic differentiation in vascular cells by inflammatory factors and other regulators such as RANKL and OPG. Inflammatory proteins and cytokines stimulate OPG expression, particularly in vascular wall cells. OPG inhibits vascular calcification whereas RANKL activation contributes to vascular calcification. Moreover, OPG blocks the actions of RANKL which is found increased in calcified vessels. OPG/RANKL pathway could be a potential target for therapeutic interventions. Denosumab is a human monoclonal antibody against RANKL, inhibiting osteoclast actions. It mimics the protective OPG action.

Figure 5

 5 Figure 5

  In this context, IGF-1, IGF-2 and, IGF receptor (IGFR) signals appear to be critical for the homeostasis of cells, including VSMCs. The IGF system has been implicated in a range of diseases, including atherosclerosis, diabetic complications, cardiovascular diseases and cancer. IGF binding to the IGF-1 receptor results in the activation of a number of signaling pathways, including Ras/Raf/ERK and

	phosphatidyl inositol 3-kinase (PI3-k)/Akt. Calcium-induced OPG regulates IGF-1R expression in
	VSMCs, and protects against calcium-inducible calcification (Di Bartolo, et al., 2011). IGF-1R activity
	and expression modulate VSMC calcification. There is a feedback mechanism involving calcium
	signaling and regulation of IGF-1R expression via OPG. IGFs play a significant role in the physiology of
	ECs by promoting migration, and by inducing NO production. These actions are mediated by IGF
	receptors. IGF-1 acts as a vasodilator in vivo

TRAIL/OPG interaction is the inhibition of TRAIL-induced apoptosis in numerous cancer cells. This mechanism could lead to impaired apoptosis

[START_REF] Neville-Webbe | Osteoprotegerin (OPG) produced by bone marrow stromal cells protects breast cancer cells from TRAIL-induced apoptosis[END_REF]

. The RANKL/RANK/TSP/TRIAL system is important but it appears that other signals expressed in tissues are implicated in the regulation, proliferation, and osteoblastic differentiation of calcifying vascular cells.
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