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Abstract The idea that vitamin D must function at the bone site to promote bone mineralization has long existed 
since its discovery as an anti-rachitic agent. However, the definite evidence for this is s t i l l  lacking. In contrast, much 
evidence has accumulated that 1 c ~ , 2 5 ( 0 H ) ~ D ~  is involved in bone resorption. 1 ~ Y , ~ ~ ( O H ) ~ D ~  tightly regulates differenti- 
ation of osteoclast progenitors into osteoclasts. Osteoclast progenitors have been thought to belong to the monocyte- 
macrophage lineage. 1 c ~ , 2 5 ( 0 H ) ~ D ~  greatly stimulates differentiation and activation of mononuclear phagocytes. 
Recent reports have indicated that differentiation of mononuclear phagocytes into osteoclasts is  strictly regulated by 
osteoblastic cells, the process of which is  also stimulated by 1 c~ ,25 (0H)~D~.  In the differentiation of mononuclear 
phagocytes into osteoclasts, the target cells for 1 C X , ~ ~ ( O H ) ~ D ~  appear to be osteoblastic stromal cells. Osteoblastic cells 
produce several proteins such as BGP, MGP, osteopontin and the third component of complement ( C 3 )  in response to 
the vitamin. They appear to be somehow involved in osteoclast differentiation and functions. Thus, 1 ~ Y , ~ ~ ( O H ) ~ D ~  
seems to be involved in the differentiation of osteoclast progenitors into osteoclasts directly and also by an indirect 
mechanism involving osteoblastic cells. The precise role of osteoblastic cells in osteoclast development has to be 
elucidated in the future. o 1992 WiIey-Liss, ~ n c .  
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Vitamin D was discovered as an anti-rachitic 
agent to prevent the diseases of rickets and 
osteomalacia. In vitamin D deficiency, osteo- 
blasts elaborate normal collagen molecules, but 
the collagen fibrils in bone fail to mineralize and 
are unable to carry out the structural role of the 
skeleton. Administration of vitamin D into ra- 
chitic animals and humans rapidly restores the 
mineralization of bone. Thus, the idea that vita- 
min D must function at the bone site to promote 
mineralization has long existed. However, the 
definite evidence for this is still lacking, though 
it has been reported that the calcium uptake [l l ,  
the number of receptors for insulin-like growth 
factor I (IGF-I) [2] and the synthesis of trans- 
forminggrowth factor p (TGFP) [31 in osteoblas- 
tic cells are increased by lol,25-dihydroxyvita- 
min D3 [la,25(OH)2D31. Instead, there is a strong 
concept that vitamin D is not required for bone 
mineralization if plasma calcium and phospho- 
rus are maintained in a normal range. The latter 
concept suggests that the primary function of 
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vitamin D is to elevate the plasma calcium and 
phosphorus to supersaturating levels by stimu- 
lating intestinal absorption of calcium and phos- 
phorus, then to support mineralization of bone. 

In contrast, much evidence has accumulated 
that is involved in the mobiliza- 
tion of calcium from bone. Stimulation of osteo- 
clastic bone resorption by l ~ i , 2 5 ( O H ) ~ D ~  ap- 
pears to occur by a mechanism involving 
osteoblasts. This corresponds with the preferen- 
tial localization of lor,25(OH)2D3 receptors in 
osteoblasts in bone. It is believed that osteo- 
clasts lack ~ C L , ~ ~ ( O H ) ~ D ~  receptors. In this arti- 
cle, we want to review the recent progress in the 
understanding of the action of vitamin D in 
osteoclastic bone resorption. 

STRUCTURES AND FUNCTIONS OF 
OSTEOCLASTS 

Osteoclasts are multinucleated cells present 
only in bone. It is believed that osteoclast progen- 
itors are of extra-skeletal origin, and they are 
recruited to bone via the blood stream. Osteo- 
clast progenitors then proliferate and differen- 
tiate into mononuclear preosteoclasts, and fuse 
with each other to form multinucleated osteo- 
clasts. Osteoclasts have a unique morphology 
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and function to resorb calcified bone by making 
resorption pits (Howship’s lacunae). The most 
characteristic feature of osteoclasts is the pres- 
ence of ruffled borders and clear zones (Fig. 1). 
The ruffled border is a complex structure of 
deeply infolded finger-like plasma membranes 
adjacent to the bone surface. The ruffled border 
is surrounded by a clear zone, which serves for 
the attachment of osteoclasts to the bone sur- 
face to maintain a microenvironment favorable 
for bone resorption. Osteoclasts have abundant 
vitronectin receptors, which appear to be in- 
volved in their attachment to bone 141. Tartrate- 
resistant acid phosphatase (TRAP) has been 
widely used as a specific histochemical marker 
of osteoclasts in bone tissues, but its precise role 
in osteoclasts is not known. Calcitonin inhibits 
bone resorption by directly acting on preosteo- 
clasts and osteoclasts to reduce their number 
and activity. The expression of calcitonin recep- 
tors is one of the most reliable markers of mam- 
malian osteoclasts 153. 

The resorbing area under the ruffled border is 
acidic, which favors dissolution of mineral (Fig. 
1). Recently, it has been shown that the proton 

pump of the vacuolar H+-ATPase type exists in 
the ruffled border membrane of osteoclasts [6]. 
In bone-resorbing osteoclasts, hydrogen ions are 
provided by carbonic anhydrase 11, which cata- 
lyzes the hydration of COz to H2C03. Secretion 
of hydrogen ions by osteoclasts generates an 
equal amount of cytoplasmic base equivalents, 
principally as HC03-. Osteoclasts have a chlo- 
ride/bicarbonate exchanger, which normalizes 
the intracellular pH when osteoclasts resorb 
bone actively [7]. 

DISCOVERY OF BONE-RESORBING ACTIVITY 
OF VITAMIN D 

In 1952, Carlsson [81 first reported that vita- 
min D functions in the process of calcium mobi- 
lization from calcified bone. He reached this 
conclusion using rats which developed severe 
hypocalcemia by maintaining on a vitamin D-de- 
ficient, low calcium diet for several weeks. Three 
days after a single administration of 2.5 bg (100 
IU) of vitamin D3 to these animals, plasma cal- 
cium rose from 5.0 to 8.5 mg/dl. Since there was 
very little calcium in the diet, it was thought 
that the calcium must have derived from bone, 

phosphatase (TRAP) 

Fig. 1. A schematic representation of typical structures and functions of osteoclasts. 
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the only tissue to provide this calcium. In 1972, 
Raisz et al. [91 clearly demonstrated using organ 
cultures that the metabolite of vitamin D3 re- 
sponsible for bone resorption was indeed 
~ x , ~ ~ ( O H ) ~ D ~ .  The mechanism of action of 
la,25(OH)2D3 in bone resorption, however, was 
not known until quite recently. 

1 ~,25(0H),D3 STIMULATES OSTEOCLAST-LIKE 
CELL FORMATION BY A MECHANISM 

INVOLVING OSTEOBLASTS 

Several lines of evidence have indicated that 
osteoclasts are derived from cells of the mono- 
cyte-macrophage lineage. In 1981, we reported 
that la,25(OH)2D3 induces differentiation of 
mouse myeloid leukemia cells (Ml) into mature 
macrophages [lo]. Subsequently, we demon- 
strated that la,25(OH)2D3 induces not only dif- 
ferentiation but also activation and fusion of 
some macrophages [11,121. From these results, 
we hypothesized that 1a,25(OH)2D3 induces bone 
resorption by stimulating differentiation and fu- 
sion of osteoclast progenitors into osteoclasts. 

In 1988, we developed an efficient mouse mar- 
row culture system [131. When marrow cells 
were cultured with ~ X , ~ ~ ( O H ) ~ D ~ ,  a number of 
TRAP-positive osteoclast-like cells were formed. 
They apparently satisfied major criteria of osteo- 
clasts described in a previous section [13,14]. 
Interestingly, TRAP-positive multinucleated 
cells formed in mouse marrow cultures were 
negative for non-specific esterase (NSE), a 
marker of monocyte-macrophages, but some 
mononuclear cells were positive for both TRAP 
and NSE [13]. This is consistent with the possi- 
bility that osteoclasts are derived from cells of 
the mononuclear phagocyte family. 

In the course of investigating osteoclast forma- 
tion in mouse marrow cultures, we found that 
TRAP-positive osteoclast-like cells were formed 
mainly near the colonies of alkaline phosphatase 
(ALP)-positive cells (possibly osteoblastic cells), 
suggesting that osteoblastic cells are somehow 
involved in osteoclast formation. To examine 
this possibility, we developed a co-culture sys- 
tem, in which primary osteoblastic cell popula- 
tions and spleen cells were co-cultured in the 
presence of la,25(OH)& [ E l .  Many TRAP- 
positive mononuclear cells and multinucleated 
cells were formed only in the co-cultures in 
response to 1a,25(OH)&. No TRAP-positive 
cells appeared in separate cultures of either 
osteoblastic cells or spleen cells even in the 
presence of la,25(OH)&. These results con- 
firm again that osteoblastic cells are required for 

the differentiation of osteoclast progenitors into 
osteoclasts. 

The primary osteoblastic cell populations could 
be replaced by marrow-derived clonal stromal 
cells (MC3T3-G2/PA6 and ST2) [161 and bone- 
derived clonal osteoblastic cells (KS-4) [171 in 
co-cultures with spleen cells. Clonal stromal cells 
of non-bony origin (ST13, BALB-3T3 and NIH- 
3T3) could not support osteoclast differentia- 
tion in co-cultures with spleen cells. At present, 
it is difficult to identify the common phenotype 
in the above three positive clonal cells which 
could support osteoclast differentiation. It may 
be important to point out that most of the clonal 
stromal cells which can support osteoclast differ- 
entiation are endowed with the ability to sup- 
port hemopoiesis in co-cultures with bone mar- 
row cells [161. This also may indicate that there 
is a common mechanism between hemopoiesis 
and osteoclast differentiation. 

THE MECHANISM OF ACTION OF 

DIFFERENTIATION 
1~,25(0H)*D, IN OSTEOCLAST 

For understanding the role of ~ X , ~ ~ ( O H ) ~ D ~  
in osteoclast differentiation, it is important to 
know that how its signal is transduced for osteo- 
clast development. We reported that when spleen 
cells and either primary or clonal osteoblastic 
cells were co-cultured with each other but sepa- 
rated by a membrane filter, no osteoclast-like 
cells were formed even in the presence of 
la,25(OH)2D3 [15-171. We also reported that 
osteoclast formation induced by PGs [MI, PTH 
[13,19], PTHrP [19] and IL-1 [20] is similarly 
mediated by osteoblastic cells. Cyclic AMP- 
mediated signal transduction has been sug- 
gested to be commonly involved in the osteoclast 
development induced by those bone-resorbing 
agents. In contrast, 1a,25(OH)2D3 appears to 
induce osteoclast formation by a mechanism 
independent of CAMP. PTH stimulates both 
CAMP production and osteoclast-like cell forma- 
tion in co-cultures with KS-4 cells [171, whereas 
PTH induces neither CAMP production nor os- 
teoclast-like cell formation in co-cultures with 
ST-2 cells [16]. These results indicate that bone- 
resorbing agents act directly on osteoblastic stro- 
ma1 cells. Therefore, it is suggested that  
la,25(OH)2D3 and CAMP have to activate the 
same or an overlapping gene in osteoblastic cells 
in order to support osteoclast development (Fig. 
2). Such a factorb) produced by osteoblastic 
cells must be expressed on the plasma mem- 
brane of osteoblastic cells or embedded into bone 



56 

1 a,25(OH)2D3 

Suda et al. 

t t 0 differentiation 0 differentiatlon 

Macrophage 
0- 

Stem cell CFU-M Mono c y t e 

1 

Osteoclast progenitor 
(TRAP 0,  CT receptor0 ) 

cell-to-cell contact 
cell-to-matrix contact 

Preosteoclast 
(TRAP 0, CT receptor@) Osteoclast 

CAMP-generating 
bone resorbing agents 

Fig. 2. A hypothetical view for the action of l 0 . , 2 5 ( 0 H ) ~ D ~  in osteoclast differentiation. 

matrix, and play a critical role in its recognition 
system through a cell-to-cell or cell-to-matrix 
contact mechanism. Isolation and identification 
of such a factorb) will be one of the most impor- 
tant research projects in osteoclast biology. 

Besides importance of direct interaction be- 
tween osteoblastic cells and osteoclast progeni- 
tors, osteoblastic cells produce soluble factors 
involving osteoclast development. Macrophage 
colony-stimulating factor (M-CSF) is a soluble 
factor produced by osteoblastic cells which is 
essential for inducing osteoclast development. It 
is known that osteopetrotic oplop mice are de- 
void of osteoclasts congenitally. Wiktor-Jedrzejc- 
zak et al. [21] first reported the possibility that 
osteoclast deficiency in oplop mice is due to the 
failure of hemopoietic stromal cells to release 
M-CSF. Evidence for this was unequivocally 
proved by Yoshida et al. 1221, who clearly demon- 
strated an extra thymidine insertion at  base pair 
No. 262 in the coding region of M-CSF gene in 
oplop mice. This insertion generated a stop 
codon, TGA, 21 base pairs downstream. From 
these results, they concluded that the M-CSF 
gene of oplop mice cannot code the functionally 
active M-CSF protein. Administration of recom- 
binant human M-CSF restored the impaired 
bone resorption of oplop mice in vivo [231. We 
also showed that osteoclast deficiency in oplop 
mice is due to a defect in osteoblastic cells, but 
not in spleen cells [241. The M-CSF produced by 
osteoblastic cells plays a critical role in osteo- 

clast development. At present, there is no evi- 
dence that regulates the produc- 
tion of M-CSF. 

The finding that M-CSF is essential for osteo- 
clast development indicates again that osteo- 
clasts are derived from the monocyte-macroph- 
age lineage. More recently, we demonstrated 
that alveolar macrophages preferentially differ- 
entiate into osteoclast-like multinucleated cells 
in response to l~ t ,25(OH)~D~,  when they were 
co-cultured with ST2 cells [251. No osteoclast- 
like cells were formed, when alveolar macroph- 
ages were cultured without ST2 cells even in the 
presence of la,25(OH)& These results to- 
gether  with our  previous findings t h a t  
10~,25(OH)~D~ stimulates differentiation and ac- 
tivation of mononuclear phagocytes indicate the 
importance of l ~ i , 2 5 ( O H ) ~ D ~  in inducing osteo- 
clast development in two different aspects: one 
is the stimulation of monocytic differentiation of 
hemopoietic immature cells, and the other is the 
commitment of the differentiation of mononu- 
clear phagocytes into osteoclasts by a mecha- 
nism involving osteoblastic cells (Fig. 2). The 
~ Y , ~ ~ ( O H ) ~ D ~  receptors present in mononuclear 
phagocytes may disappear during their differen- 
tiation into osteoclasts. 

PROTEINS PRODUCED BY OSTEOBLASTIC 

The evidence that la,25(OH)2D3 receptors are 
present in osteoblasts but not in osteoclasts 

CELLS IN RESPONSE TO 1~~,25(OH)zD3 
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indicates t h a t  the major target cells for 
1 ~ , 2 5 ( o H ) ~ D ~  in bone are osteoblasts. Indeed, 
1 f ~ , 2 5 ( O H ) ~ D ~  acts on cells of the osteoblast 
phenotype to produce several non-collagenous 
proteins. 

The bone tissue contains two vitamin K-depen- 
dent calcium-binding proteins: bone Gla protein 
(BGP, osteocalcin) and matrix Gla protein 
(MGP). BGP is soluble in water and preferen- 
tially bound to the mineral phase, whereas MGP 
is insoluble in water and anchored to the matrix 
phase. Price and Baukol[261 first demonstrated 
that the osteoblast-like rat osteosarcoma cells, 
ROS 17/2.8, can produce BGP in response to 
~ X , ~ ~ ( O H ) ~ D ~ .  The promoter region of the rat 
BGP gene [27] and human BGP gene [28] con- 
tains a domain responsive to ~ X , ~ ~ ( O H ) ~ D ~ .  It is 
suggested that BGP stimulates osteoclast devel- 
opment by chemotaxis of osteoclast progenitors 
or other unknown functions [29]. The synthesis 
of MGP has also been reported to be stimulated 
by la,25(OH)2D3 in another osteosarcoma cell 
line, UMR 106 [30]. Osteopontin (bone sialopro- 
tein I) is a 44 kDa glycoprotein that contains the 
residues Arg(R)-Gly(G)-Asp(D), a sequence iden- 
tical to the cell binding domain of fibronectin 
and several other cell-adhesion molecules [31]. 
An immunologic examination has revealed that 
osteopontin is present in bone matrix, osteo- 
blasts and osteocytes [321. The levels of osteopon- 
t in  mRNA were markedly increased by 
~ C Y , ~ ~ ( O H ) ~ D ~  in osteoblastic cells such as ROS 
1 7 / 2 3  [331 and MC3T3-El [341. The promoter 
region of the human osteopontin gene has been 
reported to contain a domain responsive to 
1 ~ ~ , 2 5 ( o H ) ~ D ~  [35]. Since the vitronectin recep- 
tors expressed on the plasma membrane of osteo- 
clasts recognize the R-G-D sequence, osteopon- 
tin may serve as an adhesion molecule between 
osteoclasts and bone. 

Production and/or secretion of collagenase 
activity by osteoblastic cells are stimulated by 
la,25(OH)zD3 [36]. Also, osteoblastic cells pro- 
duce tissue plasminogen activator, the activity 
of which is stimulated by la,25(OH)2D3 [371. 
Plasminogen activator converts plasminogen to 
plasmin, which activates latent collagenase. 
These enzymes induced by are 
responsible for the removal of osteoid seams, 
which is essential for the initiation of bone re- 
sorption. 

Very recently, we purified a 190 kDa protein 
from conditioned media of ST2 cell cultures 
treated with la,25(OH)2D3 and identified it as 
the third component of mouse complement (C3) 

[381. Northern and western blot analysis re- 
vealed that  the production of C3 by ST2 
and primary osteoblastic cells was strictly de- 
pendent on l~x,25(OH)~D~,  but the production 
by hepatocytes was not. Adding 1a,25(OH)zD3 
together with anti-mouse C3 antibody to bone 
marrow cultures greatly inhibited the formation 
of TW-posi t ive osteoclast-like cells, though 
the addition of C3 alone induced no TRAP- 
positive cell formation [381. These results in- 
dicate the possibilities that C3 is one of the 
factors produced by osteoblasts in response to 
la,25(OH)zD3, and that C3 is somehow in- 
volved in osteoclast differentiation with other 
la,25(OH)zD3-dependent factors. 

It is important to determine whether the vita- 
min D-dependent production of C3 by osteoblas- 
tic cells is biologically relevant to bone metabo- 
lism. The circulating level of C3 in mice was 
about 1.5 mg/ml, which was at  least 500- to 
1,000-fold higher than that of the C3 concentra- 
tion in the conditioned media of ST2 and pri- 
mary osteoblastic cells treated with l f~ ,25(OH)~D~ 
for 3 days [39] (Fig. 3). However, when 
1a,25(OH)zD3 was administered into vitamin 
D-deficient mice, the calvarial level of C3 greatly 
increased, whereas the serum level was not 
changed. This may indicate the validity of the 
old concept that there is a bone fluid compart- 
ment which is separated by the circulating blood 
stream [40]. 

CONCLUSIONS 

la,25(OH)zD3 tightly regulates differentia- 
tion of osteoclast progenitors into osteoclasts. 

Fig. 3. A schematic representation of C3 production by osteo- 
blasts and hepatocytes. The production of C3 by osteoblasts is 
dependent on la,25(OH)2D3, but that by hepatocytes is  not. 
The bone C3 concentration is  not influenced by the extremely 
high circulating levels of C3. This corresponds with theold idea 
that there is  a bone fluid compartment separated by the circulat- 
ing blood stream. 
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phagocytes (possibly osteoclast progenitors) are 
greatly stimulated by ~ C I , ~ ~ ( O H ) ~ D ~ .  Differenti- 
ation of mononuclear phagocytes into osteo- 
clasts is also stimulated by ~ C I , ~ ~ ( O H ) ~ D ~  by a 
mechanism involving osteoblastic cells. In the 
latter differentiation, the target cells for 
1~i ,25(OH)~D~ appear to be osteoblastic stromal 
cells, which produce BGP, MGP, osteopontin, 
C3, and probably an unidentified osteoclast dif- 
ferentiation-inducing factor(s) in response to 
the vitamin. These proteins appear to be some- 
how involved in osteoclast differentiation. Fur- 
ther studies are needed to elucidate the precise 
role of these proteins in osteoclast differentia- 
tion. Isolation of an osteoclast differentiation- 
inducing factorb) induced by 1 ~ 1 , 2 5 ( 0 H ) ~ D ~  is 
one of the most important research projects in 
osteoclast biology. Elucidation of the underlying 
mechanism of signal transduction induced by 
1 ~ 1 , 2 5 ( o H ) ~ D ~  will throw a light on the unsolved 
problems in the skeletal action of vitamin D. 
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