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Vascular calcification, which is highly prevalent in patients with chronic
kidney disease, is relevant to mortality in hemodialysis patients. For more
than three decades, loss of renal mass has been regarded as inducing a

decrease in active vitamin D3, which leads to hyperparathyroidism with
impaired calcium (Ca) and phosphate (P) homeostasis. Hyperparathyroidism
causes osteolysis, which releases excess Ca and P and promotes their
precipitation.
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INTRODUCTION

CaxP precipitation occurs in an alkali milieu such as the eyeball surface

or pancreatic duct. However, vascular calcification in a non-alkali milieu
must be explained by other mechanisms. In 1863, Virchow described that
the mineral component in calcified arteries “is an ossification, and not a
mere calcification” [1]. Molecular biological investigations in 1993 revealed
expression of bone morphogenic protein in atherosclerotic lesions [2]. Many
researchers have since examined the molecular mechanism of vascular
calcification, revealing more complex biological processes. The most
important key player in hemodialysis is inorganic P, where
hyperphosphatemia is an independent factor in the risk of coronary
calcification by careful examination with CT scanning in young patients [3].
Based on these findings, P induced vascular medial layer calcification
through ossification of vascular smooth muscle cells. Paradoxically, vascular
calcification is associated closely with bone decalcification: osteoporosis.
Consequently, the mechanisms of osteoporosis and vascular calcification
might share molecular mechanisms. We summarize herein the molecular
basis of vascular calcification in hemodialysis and extend the possible but
potential candidate of the treatment: denosumab.

High cardiovascular mortality observed in patients with end-stage renal
disease is partly attributable to deleterious effects of vascular calcification
that develops from dialysis over time. One treatment option was clarified
recently [4]. It is reviewed here.

LITERATURE REVIEW

Molecular mechanism of proposed vascular calcification

Vascular calcification is generally found in intimal and medial layers of
arterial vessels. The vascular smooth muscle cells on the medial layer are
characteristically calcified in hemodialysis patients. Various mechanisms
underlying Ca and phosphate deposition in the medial layer of vasculature
have been investigated [5]. Several reviews have summarized experimentally
obtained results including phosphate transport [6], parathyroid hormone
(PTH) [7], matrix Gammacarboxyglutamic Acid (GLA) protein) [8], FGF 23,
fetuin [9], soluble klotho [10], and vitamin D3 as a cause. The mechanism
includes changes of vascular smooth muscle cells into osteo/chondrocytic-
like cells that have capacity to modulate the mineralization process and

which begin to express genes specific to osteoblasts by several factors, as

described above [11].

This osteoblast-like cell transformation is found in various vessels such as
coronary arteries, carotid arteries and aorta, and cardiac valves. It is
noteworthy that osteoporosis has been demonstrated consistently with
vascular calcification. It is most prevalent in hemodialysis patients [12]. This
coexistence is also found as an atherosclerotic feature in postmenopausal
women and elderly people. These findings suggest that the existence of
common pathways negatively affects bone metabolism and the vasculature.
Consequently, a player enhancing calcification of osteoblastlike cells (in
vasculature) as well as induction of osteoclasts (in bone) is a key to solving
the pathological vascular calcification.

Several experiments conducted with animals or cultured cells suggest a
mechanism of osteoblast-like cell activation. The proposed mechanisms of
osteoblast activation and smooth muscle cell transformation are presented
in (Figure 1). The first key molecule is Runtrelated transcription factor
2 (Runx2) isolated by homology cloning of leukemia related molecule,
Runx1. This molecule is the key in osteoblast activation. Stein, et al. [13]
reviewed the function of mammalian Runx proteins in osteogenesis. They
stated that Runx2 is the principal osteogenic master switch, which was
upregulated by artificially applied weak stretch on cultured osteoblastic
cells, whereas Runxl and Runx3 are expressed in bone cells and appear to
support bone cell development and differentiation.  Parathyroid
hormone upregulates Runx2 gene through protein kinase A in cultured
osteoblast-like cells [14]. A signaling partner of Runx2 is the nuclear
Vitamin D Receptor (VDR) that becomes active when bound by its
ligand 1,25-dihydroxyvitamin D3. Interleukins also activates Runx2 in
osteoblast-like cells.

By contrast, in smooth muscle cells, increased expression of Runx2 was
associated with phosphates-induced calcification of bovine calcifying
vascular cells [15]. High P might induce the upregulation of Runx2 directly
via activation of type III sodium-dependent P co-transporter [16]. Hydrogen
peroxide or xanthine/xanthine oxidase-induced oxidative stress associated
vascular smooth muscle cell calcification by upregulation of Runx2, via
inhibiting  Runx2 ubiquitination. Also, PTH and vitamin D3 play
independent roles in smooth muscle cell transformation and Runx2
activation. When a nuclear switch is on by Runx2, the next key role is
transferred to RANK/RANKL/OPG (Receptor Activation of NF-Kappa B,
its ligand, osteoprotegerin) system. Runx2 begins to transcript RANKL
protein in these cells. As described below, this system linked osteoblast-like
cell activation and macrophage activation. Nevertheless, little is known
about how these cells cooperate to induce local mineralization in vascular
matrix. In bone tissue, activated macrophage develops osteoclasts that
provide a local low pH milieu (ruffled border) by activation of H-ATPase to
melt CaxP precipitate in the matrix. Furthermore, osteoblasts develop
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osteocytes resulting in construction of a new matrix. Whether
such cooperation of transformed, wvascular cells and probable
macrophage in blood actually occurs remains unclarified in the vascular
matrix.

Discovery of RANK/RANKL/OPG system and the contribution of

calcification

Histological evidence from eatlier results of studies suggests that osteoclasts
are macrophage-derived and that they are transformed by a factor
released from osteoblasts in the bone matrix. The soluble
“communicating factor” was presumed as autocrine produced by
osteoblasts to introduce osteoclasts. Use of expression cloning with
coculture of osteoblasts and macrophage/osteoclasts [17,18] identified
the ligand for osteoprotegerin (OPG). The OPG ligand is RANKL
that replaces the requirement for stromal cells, vitamin D3, and
glucocorticoids in the coculture model of in witro osteoclastogenesis.
PTH/PTHrP receptor in
osteoblasts, Runx2. Then it transforms the attached stromal cells into
osteoclasts via the RANK/RANKL pathway. Runx2 directly increases
the expression of RANKL in the osteoblastlike cells. The OPG released
from osteoblasts inhibits this pathway by binding to RANKL receptor
as a decoy. The local RANK/RANKL and OPG balance is

important for osteoclast activation and bone remodeling.

In a mouse model, deficiency of OPG (OPG —/-) caused severe
osteoporosis but also caused an unexpected phenotype of vascular
calcification [19]. Furthermore, RANK receptor mutation that is
unresponsive to OPG is found in juvenile Paget disease, which includes
hearing loss, retinopathy, vascular calcification, and internal carotid artery
aneurysm formation in addition to skeletal deformity [20]. Because this
combination of osteoporotic bone loss and arterial mineral accumulation
mirrors similar associations found in patients, OPG/RANK/RANKL
pathway has been inferred as a key link between bone and vascular disease.

Parathyroid  hormone stimulates the

Although results of most animal studies support a protective role for OPG
in the vasculature [21, 22], results of observational studies of patients have
paradoxically shown a positive association between serum OPG levels
and clinical cardiovascular disease. Serum higher OPG levels in cross-
sectional studies of CAD patients undergoing coronary angiography
have been associated with the presence and the severity of coronary
atherosclerosis [23,24]. More over polymorphisms in the OPG gene have
been linked to CAD [25]. Although the local level of OPG was
correlated with serum OPG, local balance between RANK/RANKL
and OPG might be more important in this mechanism.

In animal models, vascular calcification has been recovered by exogenous
administration of OPG. Aortic Alkaline Phosphatase (ALP) activity, a
crucially important initiator of mineralization, and the aortic calcification
area in OPG—/— mice suggest an anti-calcification role of OPG with
decreased ALP activity. Recovery of calcification requires a longer treatment
period, suggesting that cell-mediated biological procedures are involved
rather than simple deposition of Ca, and suggesting that phosphate is
resolved. A rat model demonstrated the ability of OPG administration to
prevent vascular calcification induced by warfarin or high vitamin D doses
[26]. These factors also stimulated RANK/RANKL pathway to vascular
calcification. RANKL promotes smooth muscle cell calcification indirectly
by enhancing macrophage paracrine pro-calcific activity through the release
of IL-6 and TNFa [27]. Inflammation induces IL6, which suppresses OPG
expression, thereby enhancing RANKL pathway.

Treatment options and use of denosumab

Figure 1 shows possible treatment options aimed at the target molecules. P
binders and inhibition of P transporter are crucial treatments targeted at P
itself. Calcimimetics inhibit stimulation by PTH in this pathway. Chelation
of Ca by pyrophosphate analogue, bisphosphonate might prevent
the precipitation of CaxP. Intrinsic chelators such as fetuin A, GLA
and analogues vitamin K might also protect vascular calcification in
metastatic locus. Free radical scavengers might ameliorate oxidative stress
produced by activated leukocytes when pass through dialyzer during the
hemodialysis treatment. A possible but promised target is RANK/RANKL/
OPG pathway as discussed below.

2

Denosumab, a fully human monoclonal RANKL directed antibody,
prevents RANK receptor binding, thereby decreasing osteoclastinduced
bone resorption. Denosumab is used to treat osteoporosis and bone
metastasis of tumor cells. Denosumab reduced 50% of aortic calcification
as well as ameliorated osteoporosis in RAKL knock out mice [28]. The
findings explained above prompted us to treat vascular calcification in
hemodialysis patients with denosumab [4]. Earlier treatments of vascular
calcification included phosphate restriction,  bisphosphonate, and
calcimimetics, which led to prevention of the progress of vascular
calcification. Surprisingly, aortic calcification was recovered after two years
of treatment with denosumab. Denosumab is expected to be involved as an
option to treat vascular calcification in hemodialysis patients.

Early case reports describe a study conducted using denosumab [29];
hypocalcemia was prominent. Calcium and phosphate deposition on bone
was presumably enhanced using denosumab so that serum Ca and
phosphate were decreased. Similarly to hypocalcemia immediately after
parathyroidectomy in secondary hyperparathyroidism with patients of
hemodialysis, bone tissues were hungry for minerals. However, it remains
unknown whether more severe “hungry bone” by denosumab was induced
as osteoporosis advanced. Discontinuation of denosumab can be
considered when no hungry bone is observed. This nothungry, low-
turnover bone should be prevented when induced by denosumab because
low turnover bone is one cause of vascular calcification [30].

Another of our unpublished observations is that denosumab might regulate
PTH secretion. No direct effect of OPG on PTH has been considered
because human tissues lacking significant immunoreactivity for RANK
include the parathyroid, heart, and esophagus [31]. Actually, serum Ca
concentration is a determinant of PTH secretion via Ca sensing receptor
where the sigmoidal curve was fitted in Ca vs. PTH relation. Before
administration of denosumab, sigmoidal relation of serum Ca and PTH was
observed, although no relation was found, and although PTH was
unexpectedly high at 2 weeks after administration of denosumab (Figure 2).
A similar observation was reported as a case study [32,33]. This
hyperparathyroidism might not be treated by calcimimetics because
denosumab blocked PTH signal transduction before osteoclast activation.
This blockade might induce feedback to PTH secretion by an unknown
mechanism, resulting in increased PTH.

PTH stimulates the expression of Runx2 in osteoblast. PTH, oxidative stress
such as H;O,, inorganic P (Pi), interleukin 11, and FGF23 stimulates
Runx2 in nucleus with vitamin D3 (D3) receptor in Vascular Smooth
Muscle Cells (VSMC). RANKL is then upregulated by Runx2.
Macrophage expressing RANK is fused with RANKL, surviving
and developing osteoclast-like cell. The resulting VSMC/osteoblast/
osteoclast (like) cells enhance CaxP mineralization in bone or in the
vascular matrix. OPG produced by osteoblastlike cells inhibits the
binding of RANK and RANKL. Treatment options
calcimimetics to suppress PTH, and denosumab, which is a mimic of
OPG, and bisphosphonate, which advances Ca chelation similarly to
fetuin A.

involve

Ca and intact PTH were sampled in our study before administration
(square) and 2-4 weeks after administration (filled circle) of denosumab [4].
The relation of Ca vs. PTH was sigmoidal fitting. Denosumab shifts the
relation of PTH and Ca toward higher and steeper suggesting the possibility
that not only Ca but also an unknown mechanism stimulates PTH
secretion by denosumab.
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Figure 1) Proposed common mechanism of medial vascular calcification and
osteoblast calcification.
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Figure 2) Relation of Ca and intact PTH during treatment with denosumab.

CONCLUSION

In summary, recent experimentally obtained evidence suggests that the
contribution of OPG/RANK/RANKL signal to vascular calcification and
osteoporosis is accumulated in animal models. Denosumab is used widely
to treat osteoporosis in postmenopausal women and in elderly patients.
Over half the population undergoing hemodialysis shows osteoporosis
histologically, even though densitometrical analysis of bone does not
indicate osteoporosis. In fact, vascular calcification in the aorta, carotid
artery, coronary artery or in cardiac valve is observed frequently, even
without apparent osteoporosis. Clinical use of denosumab should be
regarded as one option to treat or to mitigate the progress of vascular
calcification, irrespective of osteoporosis. It might be beneficial for the
prognosis of hemodialysis patients.
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