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Abstract It is now well established that supraphysiological doses of 1a,25-dihydroxyvitamin D3 [1a,25(0OH),Ds5]
stimulate bone resorption. Recent studies have established that osteoblasts/stromal cells express receptor activator of
NF-kB ligand (RANKL) in response to several bone-resorbing factors including 1a,25(0OH),Dj3 to support osteoclast
differentiation from their precursors. Osteoclast precursors which express receptor activator of NF-kB (RANK) recognize
RANKL through cell-to-cell interaction with osteoblasts/stromal cells, and differentiate into osteoclasts in the presence of
macrophage-colony stimulating factor (M-CSF). Osteoprotegerin (OPG) acts as a decoy receptor for RANKL. We also
found that daily oral administration of 1a,25(0OH),Dj3 for 14 days to normocalcemic thyroparathyroidectomized (TPTX)
rats constantly infused with parathyroid hormone (PTH) inhibited the PTH-induced expression of RANKL and cathepsin K
MRNA in bone. The inhibitory effect of 1¢,25(0OH),D3 on the PTH-induced expression of RANKL mRNA occurred only
with physiological doses of the vitamin. Supraphysiological doses of 1a,25(0OH),D3 increased serum Ca and expression
of RANKL in vivo in the presence of PTH. These results suggest that the bone-resorbing activity of vitamin D does not occur
at physiological dose levels in vivo. A certain range of physiological doses of 1a,25(0OH),D; rather suppress the PTH-
induced bone resorption in vivo, supporting the concept that 10,25(0OH), D5 or its derivatives are useful for the treatment of
various metabolic bone diseases such as osteoporosis and secondary hyperparathyroidism. J. Cell. Biochem. 88: 259—

266, 2003. © 2002 Wiley-Liss, Inc.
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Vitamin D was discovered as an anti-rachitic
agent. Vitamin D deficiency leads toimpairment
of bone mineralization, resulting in rickets in
infants and osteomalacia in adults [DeLuca,
1988]. Administration of vitamin D to rachitic
animals and humans cures the impaired bone
mineralization strikingly. From these results,
it was postulated that vitamin D directly sti-
mulates osteoblastic bone formation and miner-
alization, but even at present, there is no direct
evidence for supporting this concept.

It is well recognized that the serum calcium
level in healthy humans and animals is tightly
regulated from 9 to 10 mg/dl. Intestine, bone,
and kidneys are three major organs responsible
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for this calcium homeostasis. Vitamin D plays a
major role in regulating serum calcium homeos-
tasis together with parathyroid hormone (PTH)
and calcitonin. Vitamin D acts on all these three
organs to increase serum calcium levels, which
results in the stimulation of bone mineraliza-
tion, at least by an indirect mechanism.

VITAMIN D AND BONE MINERALIZATION
(BONE FORMATION)

Whether vitamin D directly induces osteo-
blastic bone mineralization is still a matter of
controversy, but the recent findings in vitamin
D receptor (VDR) knockout mice have shown an
important clue for considering this issue. Homo-
zygotes of VDR knockout mice had no defects in
the development and growth before weaning,
but their development was strikingly retarded
after weaning [Li et al., 1997; Yoshizawa et al.,
1997]. At 6 weeks of age, the body weight of the
knockout mice was about half of the hetero-
zygotes, and the wild-type mice. Most of the
mutant mice died by 15 weeks of age due to hy-
pocalcemia. Bone formation and mineralization
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of the mutant mice were also severely impaired
as a typical feature of vitamin D-dependent
rickets type II [Li et al., 1997; Yoshizawa et al.,
1997].

When VDR knockout mice were maintained
for 50 weeks on a rescue diet containing high
calcium, they developed normally, and the im-
paired bone formation and mineralization were
recovered completely, although they showed
severe alopecia [Amling et al., 1999]. These
results clearly indicate that the primary role of
vitamin D is to stimulate intestinal absorption
of calcium, which in turn promotes bone miner-
alization indirectly. It is likely that vitamin D
does not appear to play an important role in
the actual mineralization process of the ske-
leton, and that the failure to mineralize the
skeleton in vitamin D deficiency is due to
inadequate levels of calcium and phosphorus
in the plasma. Whether vitamin D regulates
bone matrix formation and bone quality needs
further investigation.

VITAMIN D AND BONE MOBILIZATION
(BONE RESORPTION)

It appears paradoxical, but vitamin D func-
tions in the process of calcium mobilization from
calcified bone, making calcium available to the
extracellular fluid upon demand by the calcium
homeostatic system. This important observa-
tion was first reported by Carlsson [1952]. When
rats were fed a low calcium, vitamin D-deficient
diet, the serum calcium level went down from
10 to 5 mg/dl, but it increased to a level of 8 mg/
dl 3 days after single administration of 100 U
(2.5 pg) of vitamin D3 to normal rats. In contrast,
parathyroidectomized (PTX) rats did not res-
pond at all to vitamin D3 administration. The
rise in serum calcium induced by vitamin D3 in
the presence of PTH was the result of actual
mobilization of calcium from bone.

Osteoclasts are the only cells responsible for
bone resorption. It is well recognized that osteo-
clasts are derived from hemopoietic cells of the
monocyte—macrophagelineage[Udagawaetal.,
1990]. We were interested in the phenomenon
that hemopoietic monocytes and macrophages
are present in almost all tissues, whereas osteo-
clasts are present only in bone. This led us to
speculate that some local factors or local mech-
anisms are involved in this tissue-specific loca-
lization of osteoclasts in bone. We paid special
attention to the role of osteoblasts in osteoclast

development, since osteoblasts are present only
in bone. The process of osteoclast development
consists of several steps: they are proliferation,
differentiation, fusion, and activation of osteo-
clasts. We attempted to develop assay systems
to examine each step of osteoclast development
in vitro.

In 1988, Takahashi et al. [1988] established
an efficient mouse co-culture system to recruit
osteoclasts in vitro. Osteoblastic cells were iso-
lated from mouse calvaria, and spleen cells were
isolated from splenic tissues and used as osteo-
clast progenitors. We counted TRAP-positive
multinucleated osteoclasts formed in the cul-
ture. When osteoblastic cells alone or spleen
cells alone were cultured, no osteoclasts were
formed even in the presence of 14,25(0H)3Ds.
Multinucleated osteoclasts were formed only
when spleen cells and osteoblastic cells were
co-cultured in the presence of 10,25(0H)2Ds.
Cell-to-cell contact between spleen cells and
osteoblastic cells appeared important for osteo-
clast formation, since no osteoclasts were form-
ed when spleen cells and osteoblastic cells
were co-cultured but separated by a membrane
filter. From these results, we hypothesized that
the direct contact of spleen cells and osteoblastic
cells is essential for osteoclast differentiation
[Suda et al., 1992]. Spleen cells represent osteo-
clast progenitors, in other words “seeds,” and
osteoblastic cells represent supporting cells
to provide a suitable microenvironment for
osteoclast formation in bone, in other words
“farm.”

MOLECULAR MECHANISM OF
BONE RESORPTION

After extensive studies in mouse co-culture
system of spleen cells and osteoblastic cells, we
proposed a working hypothesis for osteoclas-
togenesis [Suda et al., 1992] (Fig. 1). The tar-
get cells of bone-resorbing factors such as
10,25(0H);D3, PTH, and IL-11 were all osteo-
blastic cells, but not hemopoietic osteoclast
precursors. These bone-resorbing factors were
classified into three categories in terms of their
signal transduction pathways [Suda et al.,
1992] (Fig. 1). 12,25(0H)5D3 induced osteoclast
formation via VDR present in the nuclei. PTH,
PGEs,, and IL-1 induced osteoclast formation via
a protein kinase A system. The third group
included IL-6, IL-11, LIF, and Oncostatin M, all
of which transduced their signals via gp130.
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Fig. 1. A hypothetical concept of osteoclast differentiation.
Osteotropic factors including 1a,25-dihydroxyvitamin D4
[10,25(0OH), D3], parathyroid hormone (PTH), and IL-11 stimu-
late expression of a membrane-associated factor called osteo-
clast differentiation factor (ODF) in osteoblasts/stromal cells.
Osteoclast progenitors of the monocyte—mactophage lineage
recognize ODF through cell-to-cell contact with osteoblasts/
stromal cells, then differentiate into osteoclasts in the presence of
macrophage-colony stimulating factor (M-CSF).

These three diverse signals appeared to stimu-
late osteoclast formation independently, since
osteoclasts were present both in VDR-knockout
mice [Takeda et al., 1999] and in gp130-knock-
out mice in vivo [Romas et al., 1996]. In other
words, there is redundancy in bone-resorbing
factors to recruit osteoclasts. We proposed that
osteoclast differentiation factor named ODF is
commonly induced on the plasma membrane
of osteoblastic cells in response to these bone-
resorbing factors[Sudaetal., 1992, 1995] (Fig. 1).
Osteoclast precursors having ODF receptor
recognize ODF by cell—cell contact and differ-
entiate into osteoclasts. Macrophage-colony
stimulating factor (M-CSF) produced by osteo-
blastic cells also appeared to play an important
role in the proliferation and differentiation of
osteoclast progenitors. Thus, it was concluded
that osteoblasts are important for osteoclast
recruitment in two different ways: one is the
production of M-CSF, and the other is the pro-
duction of a membrane-associated factor like
ODF commonly induced by several bone-resorb-
ing factors [Suda et al., 1992, 1995] (Fig. 1).

In 1997, an important clue for the molecular
cloning of ODF was made. Two research groups:
Amgen in the US [Simonet et al., 1997] and
Snow Brand Milk Products in Japan [Tsuda
et al.,, 1997; Yasuda et al.,, 1998a] indepen-
dently succeeded in the molecular cloning of
a novel inhibitory factor of osteoclastogenesis.
The Amgen named this factor “osteoprotegerin

(OPGQ)” due to its protective effect on bone
[Simonet et al., 1997]. The Snow Brand named
it “osteoclastogenesis inhibitory factor (OCIF),”
since they used our co-culture system as an
assay system [Tsuda et al., 1997]. The amino
acid sequence of OCIF was exactly the same as
that of OPG [Simonet et al., 1997; Tsuda et al.,
1997].

OPG/OCIF had a signal peptide in the N-
terminal region, but did not have a hydrophobic
transmembrane domain [Tsuda et al., 1997,
Simonet et al., 1997]. This indicates that OPG/
OCIF is a secretory protein. OPG/OCIF had four
cysteine rich domains designated as CRD I to
CRD IV in the N-terminal portion, and two
death domain homologous regions designated
as DDH1 and DDH2 in the C-terminal portion.
The active site of this protein to inhibit osteo-
clast formation was located in the four cysteine-
rich domains [Simonet et al., 1997; Tsuda et al.,
1997; Yasuda et al., 1998a].

It is known that all members of the TNF-
receptor family possess three to six cysteine-
rich domains, in many cases four, in the ex-
tracellular portion, which are necessary for the
binding of the respective ligands. Fas and TNF
receptor p55 possess a death domain in the
intracellular region, which is essential for trans-
ducing signals for apoptosis.

We hypothesized that ODF could be a com-
mon ligand of both ODF receptor and OPG/
OCIF. ODF receptor should be located on the
plasma membrane of osteoclast progenitors,
whereas OPG/OCIF is a secretory protein of
the TNF receptor superfamily. In other words,
OPG/OCIF present in the blood stream could act
as a decoy receptor for ODF to inhibit osteoclast
formation. To explore this possibility, we at-
tempted to clone the binding molecule of OPG/
OCIF from a cDNA library of bone marrow
stromal cells (ST2) treated with 10,25(0OH);Ds5.

By screening a ¢cDNA expression library of
ST2 cells treated with 10,25(0OH)sDs and dex-
amethasone, we finally succeeded in the isola-
tion of a single positive clone, which encoded
316 amino acid residues [Yasuda et al., 1998b].
Hydropathy analysis showed that ODF had
no signal sequence, but had an internal hydro-
phobic domain of 24 amino acid residues, which
presumably represents a transmembrane do-
main. A homology search of the GenBank seq-
uence database revealed that the extracellular
C terminal 165 amino acid residues had a signi-
ficant homology to the members of the TNF
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ligand family. This structure was typical of a
type II transmembrane protein; its C-terminal
sequence exposed outside the cell and the
N-terminal sequence intracellularly located
[Yasuda et al., 1998b].

Figure 2 summarizes the molecular mech-
anisms of osteoclast formation and activation
[Yasuda et al., 1998b; Suda et al., 1999]. All
bone-resorbing factors like 1,25(0H);Ds3,
PGE,, PTH, and IL-11 act on osteoblastic cells
to induce a membrane-associated factor called
ODF. ODF recognizes osteoclast progenitors
having ODF receptor by a mechanism involving
cell—cell contact. M-CSF is also an essential
factor for osteoclast differentiation, which is
produced by osteoblastic cells. Osteoclast pro-
genitors differentiate into osteoclasts by bind-
ing to ODF. When OPG/OCIF covers ODF,
osteoclast progenitors having ODF receptor are
unable to bind ODF, thus osteoclast formation is
inhibited.

Figure 3 summarizes the structure and the
nomenclature of the ligand, receptor, and decoy
receptor of the newly discovered TNF ligand/
receptor superfamily members (The ASBMR
President’s Committee on Nomenclature,
2000). ODF, also called RANK ligand (RANKL)
[Anderson et al., 1997], OPG ligand (OPGL)
[Lacey et al., 1998], and TNF-related activation-
induced cytokine (TRANCE) [Wonget al., 1997],
is a new member of the membrane-bound TNF
ligand, which consists of 316 amino acid
residues and it appears important for the
development of T cells and dendritic cells as
well as the development of osteoclasts. RANK
which has been cloned as a receptor of RANKL
consisting of 625 amino acid residues is the
transmembrane signaling receptor for ODF as
well [Nakagawa et al., 1998]. OPG/OCIF, which
consists of 401 amino acid residues is a soluble
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Fig. 2. The molecular mechanism of osteoclast differentiation
and activation.

Structure

Proposed Other

Ligand . ODF

Bl Extraceiular domain RANKL Osteoclast differentiation factor
= - - OPGL
B gand Osteoprotegerin ligand
TRANCE
TNF-related activation-
induced cytokine
Receptor
Extracelluiar
domain 625 RANK
Receptor activator of NF-xB
Decoy receptor OGiF
Osteoclastogenesis
OPG inhibitory factor
Osteoprotegerin
TRt

TNF receptor-like molecule 1

Fig. 3. A schematic representation of the ligand, receptor, and
decoy receptor of the newly discovered TNF receptor-ligand
family involved in osteoclast formation. Different names for the
same ligand/receptors are listed.

receptor for ODF/RANKIL, and it functions as a
decoy receptor [Yasuda et al., 1998b; Suda et al.,
1999].

IN VIVO EFFECTS OF 1«,25(0OH),D3
ON BONE RESORPTION

It is likely that 10,25(0OH);D3; is a bone-
mobilizing hormone, but not a bone-forming
hormone at least in vitro. We should emphasize
that the bone effects of 10,25(0OH);D3 depend on
its dose levels. Figure 4 shows the differences in
the dose levels of 14,25(0H);D3 required for
inducing intestinal absorption of calcium and
bone mineral mobilization activity. In this
experiment, graded doses of 10,25(0H),D3 were
administered to rats fed a low calcium, vitamin
D deficient diet. Intestinal absorption of calcium
was determined by the routine everted gut sac
method, and bone mobilization activity was
monitored by measuring serum calcium levels
[Suda et al., 1970]. Intestinal absorption of
calcium was stimulated by as little as 0.1 ug/kg
of 12,,25(0OH),D3, but bone mobilization activity
was induced by only 10-50 times more
10,25(0H)yD3. These results indicate that phy-
siological doses of 14,25(0H);D3 do not stimu-
late bone mobilization. Only supraphysiological
or pharamacological doses of 10,25(0H);D3
induce bone resorption.

Finally, we examined in vivo relation between
vitamin D and PTH in inducing bone resorption.
Of several systemic hormones and local fac-
tors affecting bone remodeling, vitamin D and
PTH may be the most important factors for
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regulating bone formation and resorption. In
fact, PTH stimulates both bone formation and
resorption. Also, supraphysiological or pharma-
cological doses of 1,25(0OH);D3 induce bone
resorption in vivo, but physiological doses of
10,25(0H),D3 do not.

To investigate the dose-dependent effects of
vitamin D compounds on bone resorption in a
more detail, we examined in vivo effects of
10,,25(0H)3D3 on the expression of RANKL and
OPG mRNA in bone of normal and thyropar-
athyroidectomized (TPTX) rats. When rats were
fed a low calcium diet for 3 weeks, serum
calcium levels went down from 10.4 to 7.5 mg/
dl within 3 weeks. Concomitantly, they showed
much higher expression of RANKL and cathe-
psin K mRNA in bone, compared with rats
maintained on an adequate calcium diet.
Expression of OPG mRNA in bone did not
change appreciably during 1-3 weeks. The rise
in the expression of RANKL and cathepsin K
mRNA in rats fed a low calcium diet appeared to
be due to hyperparathyroidism (Ueno et al.,
unpublished data).

Thus, rats were TPTX, and similar experi-
ments were conducted in TPTX rats. TPTX
decreased the serum calcium level from 9.6 to
5.1 mg/dl. Concomitantly, TPTX greatly re-
duced the expression of RANKL and cathepsin
K mRNA in the cortical bone. The OPG mRNA
expression was not changed appreciably by
TPTX. Daily oral administration of 0.01 or
0.1 pg/kg of 10,25(0H),D3 for 2 weeks had no
effect on the expression of all the genes exa-
mined, but a supraphysiological dose of 0.5 ug/
kg/day of 12,25(0H);D3 markedly increased
not only serum calcium but also expression of
RANKL and cathepsin K mRNA. These results
indicate that only supraphysiological or phar-
macological doses of 12,25(0H),D3 induce bone
resorption in vivo (Ueno et al., unpublished
data).

To further examine in vivo relation between
the role of vitamin D and PTH, we examined the
effects of 10,25(0OH)3D3 on the expression of
RANKL and cathepsin K mRNA in bone in

Fig. 4. Dose-response effects of 10,25(OH),D5 on intestinal
Ca transport and bone Ca mobilization activities in vivo. Rats
were fed a vitamin D-deficient, low Ca diet for 3 weeks, then
received graded doses of 1a,25(0OH),D5. Twenty-four hours
later, intestinal Ca transport activity (a) and plasma Ca levels (b)
were measured.
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normocalcemic TPTX rats. In these TPTX rats,
serum calcium was maintained nearly normo-
calcemic by constantly infusing PTH at a rate
of 50 ng/h with an osmotic mini-pump. These
animals had a constant serum PTH level of
about 20 pg/ml, which was equivalent to normal
rats. They were daily given orally 0.01-0.5 pg/
kg of 10,25(0H);D3, and gene expression was
examined on day 14. Infusion of PTH markedly
increased the expression of RANKL and cathe-
psin K mRNA in bone of TPTX rats. To our
surprise, daily administration of 0.01 or 0.1 pg/
kg of 1¢,25(0H);D3 suppressed the PTH-
induced expression of RANKL and cathepsin
K mRNA in bone of TPTX rats. In contrast, a
higher dose of 0.5 ng/kg of 10,25(0H)sD3 did not
inhibit the PTH-induced expression of RANKL
and cathepsin K mRNA in bone. These results
suggest that a certain range of physiological
doses of 10,25(0H)2D3 suppresses RANKL
mRNA expression in bone, independent of the
suppression of PTH secretion (Ueno et al., un-
published data).

Table I summarizes the dose-dependent ef-
fects of the daily oral administration of
10,25(0H);D3 for 2 weeks on serum calcium
and RANKL mRNA expression in bone. In,
in vitro conditions, vitamin D and PTH are
capable of inducing bone resorption indepen-
dently. In contrast, in, in vivo conditions,
PTH and vitamin D exhibit a close relation-
ship in inducing bone resorption. PTH is
required for inducing bone-resorbing effects of
vitamin D, and vice versa. More interestingly,
daily administration of 0.01 or 0.1 pg/kg of
10,,25(0H),;D3 is capable of suppressing bone
resorption by inhibiting RANKL mRNA expres-
sion in normocalcemic TPTX rats constantly
infused with PTH.

TABLE 1. Dose-dependent effects of 1c,25-
Dihydroxyvitamin D3 [1¢,25(0H),;D3] orally
administered on serum Ca and RANKL
mRNA expression in bone

Sham rats TPTX rats
PTH continuously infused — _— * + + +
1a,25(0H) ;D3 orally administered — — — 001 041 05
(ug/kg/day)
Serum Ca (mg/di) 9.6 5.1 104 111 112 146
RANKL mRNA expression in bone — —_ +++ + + P

Ueno, Y. et al, unpublished results

Although 10,25(0H);D3; and its synthetic
analog, la-hydroxyvitamin D3 [la(OH)Ds],
have been widely used for the treatment of
many metabolic bone diseasesincluding rickets/
osteomalasia, renal osteodystrophy, and osteo-
porosis [Easel and Riggs, 1998; Reid, 1998], the
mechanism of action of 10,25(OH)sD3 on bone is
not clear. Using histomorphometric techniques,
Endo et al. [2000] reported that physiological
doses of 1a,25(0H);D3 have a potential role
to alleviate hypercalcemia by inhibiting bone
resorption in hypercalcemic rats induced by
constant PTHrP infusion. Shiraishi et al. [1999]
also reported that 1a(OH)D3 suppressed the
urinary excretion of deoxypyridinoline and ex-
erted bone protective effects even in PTX ani-
mals which were rendered normocalcemic by
continuous infusion of PTH. From these results,
they suggested that 1¢,,25(0H);D3 inhibits bone
resorption in vivo, independent of the suppres-
sion of PTH. The present study further supports
the concept that 10,25(0H),D3, when admi-
nistered at physiological doses, is capable of
suppressing bone resorption through suppres-
sing PTH-induced RANKL mRNA expression.
These in vivo findings contrast with the in vitro
results that 10,25(0H);D3 stimulates bone re-
sorption in organ cultures [Raisz et al., 1972]
and induces the differentiation and activation
of osteoclasts in vitro [Suda et al., 1999]. The
discrepancy of the action of 10,25(0H);D3 on
bone resorption and RANKL mRNA induction
between in vivo and in vitro appears to be due
to the dose levels and the concentration of
vitamin D compounds used. Indeed, vitamin D
compounds induce hypercalcemia and bone
resorption in vivo when administered at supra-
physiological or pharmacological doses. The pre-
sent study confirms this notion.

CONCLUSIONS

Physiological doses of 10,25(0H)sD3 do not
stimulate bone resorption in vivo, but rather
inhibit the PTH-induced bone resorption. Sup-
pression of the PTH-induced bone resorption by
vitamin D appears to occur by inhibiting the sig-
nal transudation pathway of PTH [Miles et al.,
2000; Ueno et al., unpublished data]. In order
for 12,25(0OH)2D3 to induce bone resorption,
supraphysiolgical, or pharmacological doses of
the vitamin are required (Fig. 5). Physiological
doses of 1a,25(0H);D3 preferentially stimu-
late intestinal absorption of calcium without
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Fig. 5. A hypothetical concept of the dose-dependent effects of
10,25(0OH),D; on intestinal Ca transport and bone resorption
activities in vivo.

inducing bone resorption, which then stimu-
lates bone mineralization (Fig. 5). These results
support the concept that vitamin D compounds
are useful for the treatment of various metabolic
bone diseases such as osteoporosis and second-
ary hyperparathyroidism.
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