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Abstract

Purpose of Review The physiological control of mineralized tissue development is mediated by two processes: mineralization,
such as bone formation due to osteoblast activity, and mineralized tissue destruction by osteoclast bone resorption. In this system,
nutritional status, including vitamin intake, influences each regulatory processes, although definite responding mechanisms in

target cells vary according to each compound.

Recent Findings In contrast with water-soluble vitamins that constant supply is required, fat-soluble vitamins such as vitamin D
and K are stored in the liver and fat tissue for long time. They are metabolized into congeneric compounds with various activities

to participate in the local mineralization process in the body.

Summary During physiological or non-physiological mineralization, the local actions of vitamin D and K are regulated by
nutrient factor derived from dietary supply, and influenced by systemic calcium metabolism and homeostasis.

Keywords Calcium absorption - Bone mineralization - Elastic fiber calcification

Introduction

Calcium is a major component of mineralized tissue; systemic
and local calcium metabolisms responding to vitamin actions
are predominantly involved in mineralized tissue develop-
ment. Vitamin D was discovered as an antirachitic agent ca-
pable of preventing bone formation and mineralization fail-
ures [1]. Administration of vitamin D to rachitic animals and
humans cures impaired bone mineralization. Although it has
been postulated that vitamin D directly stimulates osteoblastic
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bone formation and mineralization, there was no direct in vivo
genetic evidence to support this hypothesis until recently.

Among member of fat-soluble vitamins, vitamin K is also
associated with mineralizing process in either soft tissue such
as blood vessel or bone in addition to blood coagulation which
is recognized as a representative function [2]. Vitamin K acts
as cofactor of y-glutamyl carboxylase (GGCX) to stimulate
gamma-carboxyglutamic acid (Gla) proteins including bone
component proteins, such as osteocalcin (OC), by adding a
carboxyl group to the gamma position of glutamine [3].
Accordingly, vitamin D and K are generally considered key
players in the pathophysiology of mineralizing defect.
Experimental investigations on the effects of vitamins on the
various molecular pathways of mineralization are required, as
well as to assess clinical significance.

Vitamin D

The development of mineralized tissue is influenced by calci-
um and phosphate homeostasis. Intestinal absorption is crucial
in maintaining calcium and phosphate homeostasis in order to
preserve normal or positive calcium balance. In this system,
active transcellular calcium transport provides efficient intes-
tinal absorption, and this is, to a large extent, regulated by
vitamin D.
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Vitamin D is metabolized in the liver by 25-hydroxylases
into 25-hydroxyvitamin D5 [25(OH)Dj;], which is further me-
tabolized in the kidney to either 1c,25-dihydroxyvitamin D;
[1,25(0OH),D5] by 1«-hydroxylase (CYP27B1) or 24,25-
dihydroxyvitamin D3 [24,25(0H),D3] by 24-hydroxylase
(CYP24A1) [4]. Of these two dihydroxy metabolites,
1,25(0OH),D5 has been recognized as the active form of vita-
min D3 [5]. The physiological function of active vitamin D is
affected when it binds to the vitamin D receptor located in
target organs.

Role of Vitamin D in Calcium and Bone
Homeostasis

In laboratory animals, such as rodents, the paracellular path-
way is predominantly active immediately after birth but is
gradually replaced by a 1,25(OH),D3-dependent mechanism,
which becomes active after weaning [6]. During the first 3—
4 weeks after birth, intestinal calcium absorption was suffi-
cient in mice lacking intestinal VDR (intestinal VDR-null
mice) due to the paracellular pathway, which is unrelated to
1,25(0OH),D5-dependent transcellular transport [7¢e, 8]. In the
post-weaning period, however, calcium absorption in intesti-
nal VDR-null mice decreased, a phenomenon that was partial-
ly mediated by a reduction in the number of calcium channels
(TRPV6) and calcium-binding protein (calbindin-D9K) ex-
pression, which is directly induced by 1,25(OH),Ds. The reg-
ulatory system of the gene encoding major epithelial calcium
channels has been investigated, and this defined a direct mech-
anism whereby 1,25(OH),D;-VDR signaling promotes
TRPV6 expression.

Bone mineralization defects appearing in mice lacking
1,25(0OH),D3-VDR signaling are due to impaired intestinal
calcium absorption, which results in altered mineral and hor-
monal metabolism. As a treatment for these defects, either
intravenous calcium injections to patients with vitamin D re-
sistance [9] or dietary calcium supplementation or the reintro-
duction of VDR activity to the intestine in VDR-null mice
[10] efficiently prevents bone abnormalities and impaired
mineral homeostasis. These results indicate that the enhance-
ment of intestinal calcium absorption is the most critical role
of 1,25(OH),D3, whereas 1,25(0OH),D3 signaling in bone
cells is not a prerequisite for bone development and homeo-
stasis, provided intestinal calcium transport is guaranteed.

The physiological role of 1,25(0OH),D; depends on dietary
calcium intake and calcium balance in the body. When the
internal calcium balance is normal, the major target of
1,25(0OH),D; is the intestine. The active intestinal calcium
transport mechanism is mainly induced by 1,25(OH),D5-
VDR signaling. In contrast, when the calcium balance is neg-
ative, 1,25(OH),D; activities in the bone become dominant.
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Mice with systemic VDR inactivation display impaired
bone mineralization due to their negative calcium balance as
a consequence of low intestinal calcium absorption.
Hyperparathyroidism was induced, followed by hypocalce-
mia, which in turn increased plasma 1,25(OH),D5 levels. In
general, 1,25(OH),D; and PTH signals support bone resorp-
tion by increasing the expression of the receptor activator of
NF-kB ligand (RANKL) in osteoblasts, which stimulates the
differentiation of osteoclasts. However, an increase in both
plasma PTH and 1,25(OH),D; in VDR-null mice does not
promote significant osteoclastogenesis. Previous in vitro stud-
ies have demonstrated that treatment with either 1,25(OH),D5
or PTH induces RANKL expression independently and that
1,25(0OH), D5 signaling is not required during osteoclastogen-
esis when PTH is present [11]. In fact, PTH levels are highly
elevated in VDR-null mice; however, the number of osteo-
clasts is not dramatically increased [12—14]. The reason for
these differences between the in vitro data and in vivo pheno-
type of VDR-null mice can be explained as follows: the im-
pairment of osteoclastogenesis by severe hyperparathyroidism
is due to a blunted skeletal response to PTH [15]. Another
factor is the lack of 1,25(OH),Dj5 signaling in osteoblasts. In
RANKL transcription, a distal region located over 70 kb up-
stream of the transcriptional start site of the murine RANKL
gene contains a functional cAMP-binding domain that medi-
ates PTH signals [16] as well as domains containing a vitamin
D-responsive element [16]. The responsiveness of this region
involves independent requirement and/or cross-talk between
the two signals; therefore, 1,25(0OH),Dj5 signaling may be re-
quired for the maximal induction of osteoclastogenesis sup-
ported by PTH in vivo [17, 18].

In addition to bone resorption, 1,25(OH),D; inhibits calci-
um deposition into bone and thereby mediates plasma calcium
homeostasis. This bone mineralization inhibitory mechanism
appears to be due to several 1,25(OH),Ds-responsive genes
encoding proteins involved in the regulation of matrix miner-
alization. One mechanism involves the secretion of acidic
serine- and aspartate-rich motif-containing SIBLING proteins,
such as osteopontin, a mineralization inhibitor [19]. Another
mechanism resulting in decreased mineralization is the accu-
mulation of pyrophosphates (PPi) because PPi inhibit hy-
droxyapatite formation. The cellular generation of PPi is in-
duced by ectonucleotide pyrophosphate phosphodiesterase
(ENPP) and progressive ankylose (ANK), which then trans-
ports PPi to the extracellular fluid. 1,25(OH),D3-VDR signals
directly induce the transcription of ENPP-1, -3, and ANK
genes. This inhibition of hydroxyapatite formation may have
implications for normal physiology because PPi prevents ec-
topic calcification in soft tissues. In a similar fashion, the
abnormal accumulation of PPi inhibits hydroxyapatite forma-
tion in the bone. The 1,25(0OH),D;-dependent upregulation of
both ENPP and ANK results in the suppression of bone min-
eralization [20, 21] (Fig. 1).
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In contrast to the above data suggesting that 1,25(OH),D;
suppresses bone mineralization, 1,25(OH),D; stimulates oste-
oblast differentiation from mesenchymal stromal cells in
humans [22, 23]. Further, mice with VDR overexpression in
osteoblasts showed increased bone mass [24]. To resolve the
contradiction on the vitamin D-dependent mineralization, a
stage-dependent variation of osteoblast function and vitamin
D signaling should be considered important future research
projects.

Vitamin K

The vitamin K family members share a same 2-methyl-1,4-
naphthoquinone nucleus but differ in their isopropyl side
chain. Vitamin K1 or phylloquinone (PK) is found in green,
leafy vegetables, and vitamin K2 or menaquinones (MK-n)
are present in animal products and fermented foods. Long-
chain MK-n generated by bacteria in fermented foods are an
important source of vitamin K. On the other hand, MK-4 is
ubiquitously present in animal foods, including meat and
eggs, but it contributes to small dietary intakes compared with
PK and MK-7. Interestingly, MK-4 can be synthesized from
PK in tissues and is present in much higher amounts compared
with PK.

Vitamin K Regulates Bone Mineralization
Vitamin K is a cofactor of GGCX, an enzyme that converts

specific glutamic acid residues in several substrate proteins to
Gla residues. Gla residues form calcium-binding groups,

which are essential for the protein’s biological activity. Gla-
containing proteins are involved in blood coagulation, bone
metabolism, vascular repair, prevention of vascular calcifica-
tion, and regulation of cell proliferation and signal transduc-
tion [3, 25, 26]. Vitamin K undergoes a cyclic interconversion,
known as the vitamin K cycle, comprising the reduction of the
vitamin K quinone form into hydroquinone, oxidation to 2,3-
epoxide (vitamin K epoxide), and reduction to quinone [27].
The formation of Gla from glutamate is coupled with the con-
version of hydroquinone to vitamin K epoxide. Both these
activities occur for a cofactor of GGCX. The warfarin-
sensitive microsomal enzyme, vitamin K epoxide reductase
(VKOR), recycles vitamin K epoxide back to hydroquinone,
thus completing the vitamin K cycle (Fig. 2). From a nutri-
tional perspective, the fact that cells possess the machinery for
efficient recycling of vitamin K consumed during y-
carboxylation can be regarded as a local salvage pathway to
preserve limited stores of vitamin K. This is clinically illus-
trated in infants born with a defective VKOR who often pres-
ent with severe coagulopathy and/or skeletal defects.

After oral ingestion, vitamin K derivatives are misallied by
bile acids and pancreatic juice in the gastrointestinal tract and
then absorbed from the upper part of the small intestine. The
micelles in the small intestine are transferred via chylomi-
crons, similar to other fat-soluble vitamins, into the blood-
stream via lymphatic vessels. The transfer of PK and MK-4
to tissues has been studied in detail using mice and rats; PK
and MK-4 are distributed in almost all tissues in a relatively
short time [28]. In mice fed with normal feed (including PK
and menadione (MD) but not MK-4), PK and MK-4 are de-
tected in almost all body tissues, but the concentration of MK-
4 is several hundred times higher than that of PK due to the
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Fig. 2 Metabolism and action of vitamin K

conversion of PK into MK-4 in vivo. Okano et al. proved that
PK is converted into MK-4 in vivo using deuterium-labeled
PK [29]. Nakagawa et al. reported that the key enzyme re-
sponsible for the conversion of PK into MK-4 is UbiA
prenyltransferase domain-containing protein 1 (UBIADI1)
[30]. When PK is converted into MK-4, a side-chain cleavage
reaction occurs and MD (without side chain) is detected in the
intestinal lymph of PK orally administered rats [31]. These
results indicate that the side-chain cleavage reaction of PK
occurs in the small intestinal epithelium where PK becomes
MD, which is then transferred to each tissue and converted by
UBIADI into MK-4 to exert its various physiological activi-
ties. Recently, Takada et al. reported that Niemann—Pick C1-
like 1 (NPCIL1) protein, a cholesterol transporter, plays a
central role in intestinal PK uptake and modulates the antico-
agulant effect of warfarin. They suggested that intestinal VK
absorption is NPC1L1-dependent by in vitro studies using
NPCI1L1-overexpressing intestinal cells and in vivo studies
using Npclll-knockout mice [32].

Vitamin K is a cofactor of GGCX, an enzyme that Gla-
specific glutamic acid residues of vitamin K-dependent pro-
tein (VKDP) (Fig. 2). OC is a bone-specific VKDP and is
synthesized by osteoblasts during the later phase of bone min-
eralization. OC is the most abundant noncollagenous protein
in bone, and its concentration in blood is tightly connected to
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osteoblast function, differentiation, and vitamin K sufficiency.
The OC molecule contains three Glu residues, which need
vitamin K-dependent post-translational y-carboxylation to
Gla residues. The post-translational modification of OC is
regulated by several factors. Administration of vitamin K de-
rivatives enhances the carboxylation process. Both dietary in-
take of vitamin K and a pharmacological dose of MK-4 induce
rapid alteration of y-carboxylation of Glu residues in OC mol-
ecules. Therefore, undercarboxylated OC (ucOC) is used to
diagnose the osteoporosis pathology accompanied by vitamin
K deficiency and to assess any therapeutic effect [33].
Recently, many postmenopausal osteoporotic patients treated
with bisphosphonates were reported to have vitamin K defi-
ciency as indicated by low vitamin K intake and high serum
ucOC concentrations, despite having similar reductions in
bone turnover as women with normal vitamin K intake.
Because high serum ucOC concentrations are thought to be
an independent risk factor for incident fractures in osteoporot-
ic patients treated with bisphosphonates, nutritional manage-
ment of vitamin K appears to be essential to reduce the occur-
rence of fractures in postmenopausal osteoporotic women
treated with bisphosphonates who have vitamin K deficiency
[34]. It is speculated that bisphosphonate inhibits farnesyl py-
rophosphate (FPP) synthase in the mevalonate pathway and
may decrease the synthesized amount of GGPP which is a
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side-chain source of MK-4 biosynthesis from PK [35¢¢]. Thus,
both vitamin K intake and MK-4 biosynthesis are important
for bone health.

In addition, MK-4 binds to the steroid and xenobiotic nu-
clear receptor (SXR) leading to an enhanced expression of
several components of the bone matrix [36, 37]. Systemic
SXR knockout mice displayed a marked reduction in bone
mass through both bone formation decrease and bone resorp-
tion increase. These reports indicate that vitamin K is a tran-
scriptional regulator of extracellular matrix-related genes,
some of which are involved in collagen assembly.

Finally, MK-4 is considered as the most physiologically
active form among vitamin K derivatives, and its biosynthesis
by UBIADI is important in vivo. Vitamin K deficiency being
a risk factor for fracture susceptibility, vitamin K should be
ingested to maintain healthy bones as it will be converted by
UBIADI into active MK-4 in the bone tissue.

GGCX Mutations Cause Ectopic Mineralization

In vitamin K-mediated mineralization, GGCX activity is a
predominant factor in either bone mineralization or ectopic
calcification. Specifically, GGCX activates Gla proteins by
adding a carboxyl group to the gamma position of glutamine
[3]. Gla proteins include vitamin K-dependent coagulation
factors (factors II, VII, IX, and X), protein C, protein S, and
protein Z [38], as well as bone component proteins, such as
matrix Gla protein (MGP) [39], OC [40], periostin (POSTN)
[41], and Gla-rich protein [42].

We reported a 55-year-old male with a novel homozygous
deletion mutation, c.2,221delT, p.S741L{sX100, in the
GGCX gene [43¢]. In the study, histopathological examination
revealed calcium deposits in elastic fibers and vessel walls
(Fig. 3), and collagen accumulation in the mid-dermis.
Calcification in vessel walls possibly leads to attenuation of
vessel elasticity and microcirculation insufficiency, followed
by collagen accumulation in response to hypoxic conditions
[44]. Alternatively, the partial osteogenic properties of GGCX
dermal fibroblasts, as evidenced in our previous study, might

involve increased collagen synthesis. Furthermore, collagen
accumulation could explain the difference in cutaneous phe-
notypes between GGCX syndrome (i.e., cutis laxa-like sag-
ging skin) and PXE (e.g., yellow-white papules and plaques).

Our studies of GGCX dermal fibroblasts demonstrated that
mutated GGCX molecule was larger, but its expression level
and intracellular distribution were indistinguishable from
wild-type GGCX molecule [43¢]. An immunostaining and
ELISA assay showed increase in undercarboxylated matrix
gamma-carboxyglutamic acid protein (ucMGP), a representa-
tive substrate of GGCX as well as a potent calcification inhib-
itor, indicated that mutated GGCX was enzymatically inac-
tive. Under osteogenic conditions, calcium deposition was
exclusively observed in GGCX dermal fibroblasts.
Furthermore, GGCX dermal fibroblasts contained 23- and
7.7-fold more alkaline phosphatase (ALP)-positive cells than
the control, without and with osteogenic induction, respective-
ly. GGCX dermal fibroblasts produced more ALP, mRNA
level and enzyme activity were higher than that in dermal
fibroblasts from the controls (normal dermal fibroblasts) after
osteogenic induction. Other osteogenic marker mRNA levels
were also higher in GGCX dermal fibroblasts than in normal
dermal fibroblasts, which include bone morphogenetic protein
6, runt-related transcription factor 2 (RUNX2), and POSTN
without osteogenic induction; osterix (OSX), collagen type I
alpha 2 (COL1A2), and POSTN with osteogenic induction.
By a lack of GGCX activity in dermal fibroblasts, the upreg-
ulation osteogenic marker expressions accompanied, and cal-
cification thereby progressed [43¢]. These data suggests that
dermal fibroblasts from GGCX syndrome may trans-
differentiate into osteogenic mesenchymal cells, which could
link to an ectopic calcification in the dermis.

Summary

Vitamin D and K were discovered as nutritional factors in
food of plant origin and animal products. After absorbed from
dietary supply, those activities are altered by various chemical
reactions in the body. The biological function of 1,25(0OH),D3

Fig. 3 A biopsied specimen was
stained with von Kossa. Massive
calcium deposits as well as elastic
fiber calcification were found (a),
and in the deeper dermis, the
internal elastic lamina and a part
of arteriole walls were positive for
calcification (b). The bar depicts
500 um in (a) and 50 um in (b).
[43¢]
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depends on a strict control of activation process resulting in
the expression of the hydroxylase enzymes involved in vita-
min D metabolism. Needless to say, efficient absorption of
calcium in the small intestine is a main target of vitamin D
function to maintain calcium homeostasis. During mineralized
tissue development, it has been postulated that vitamin D di-
rectly stimulates osteoblastic bone formation and mineraliza-
tion; nevertheless, there was no definite evidence to support
this concept. Therefore, it is considered paradoxical for the
local action, but vitamin D suppresses bone mineralization
due to osteoblasts function. Furthermore, the intermediate
components of vitamin K cyclic conversion are essential for
a function of the protein which is important to mineralization.
In particularly, bone and soft tissue mineralization, vitamin K
is classically known for its role as a cofactor of GGCX and
activates proteins such as osteocalcin.

Thus, through these local actions of vitamin D and K,
physiological and non-physiological mineralization is regulat-
ed by nutrient factor derived from dietary supply, and the
systemic calcium metabolism and homeostasis are thereby
affected. In the study on role of vitamins in mineralization
process, setting of the optimums dietary requirement of these
vitamins is important to maintain skeletal integrity. More im-
portantly, concrete molecular mechanisms of these vitamins in
the early stage of the development of the mineralization have
begun to be established.
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