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Fig. 2. Inhibitory effects of destruxins on the bone-resorbing activity of
OCLs on dentine slices and in organ culwure, Crude OCL preparations were
placed on dentine slices (A) and 96-well culture plates (B) and cultured in
the presence of 1% (v/v) DMSO (vehicle, Aa: Cul in Ad and B), 2 pM
destruxin B (Ab. DestB in B) or 0.1 uM destruxin E (Ac, DestE in B).
Qsteoblastic cells cultured on 96-well culture plates (B) were cultured in
the presence of 1% (v/v) DMSO (vehicle; Cirl) or destruxins (100 uM).
After culture for 24 h, the slices were stained with Mayer's hematoxylin
{A). the OCLs were stained for TRAP (B} and the osteoblastic cells were
incubated with erystal violet (B), The numbers of pits (Ad) and TRAP-

‘tive multinucleated cells (B) were counted. The absorbance resulting
. .m the ¢rystal violet incorporated into the cytoplasm of living cells was
measured at 595 nm (B). **Ca-prelabeled bones were cultured for 72 h with
or without the indicated concentrations of destruxin E or eel calcitonin in
the presence of PTH (1077 M) (C.D). At the end of the culture period,
bones were extracted in 0.1 N HCL. The radioactivity in media and bone
extracts was determined. The bone-resorbing activity was expressed as the
peccentage of incorporated **Ca that was released into the medium. Data
are expressed as the mean = SD of four cultures. Bar = 100 pum.

Destruxins did not affect early differentiation of
progenitor cells into TRAP-positive mononuclear
osteoclasts, or their fusion into multinucleated osteoclasts

We next examined whether or not an effect of destruxins
on osteoclastic differentiation was involved in the inhibition
of pit formation by OCLs. In this study, we examined the
effect of destruxins on the early differentiation of the
TRAP-negative osteoclast precursor cells into pOCs (Fig.
3A) and on the fusion of pOCs to form OCLs (Fig. 3B). The
osteoclast precursor cells prepared from bone marrow cells
by M-CSF were cultured in the presence of M-CSF and

sRANKL for 48 h and with destruxins for the last 24 h.
Destruxins did not affect pOC formation at the concentra-
tions that inhibited pit formation by QCLs (Fig. 3A). When
pOCs, prepared from cocultures of bone marrow cells and
calvarial osteoblastic cells, were cultured in the presence of
M-CSF and sRANKL for 24 h, OCLs were formed by
fuston of the pOCs. Destruxins did not inhibit the fusion of
pOCs into OCLs at the concentrations that inhibited pit
formation by OCLs (Fig. 3B). These results also suggest
that destruxins inhibit pit formation by affecting the bone-
resorbing function of OCLs.

Destruxins specifically inhibit the polarization process of
osteoclasts

It is generally recognized that polarization of osteoclasts
is an essential event to initiate bone resorption [1]. Since
actin rings are believed to be one of the markers of polarized
osteoclasts [3], we examined whether or not an effect of
destruxins on actin ring formation was involved in the
inhibition of pit formation by OCLs. When OCLs were
placed on plastic plates, approximately 70% of OCLs pos-
sessed a clear cytoplasm, smooth periphery, and actin rings
within 6 h (Figs. 4A, B, and D). The time course of actin
ring formation was correlated to that of pit formation (Figs.
4B and D). However, OCLs formed no actin rings in cul-
tures with destruxins (Fig. 4B). In these OCLs, F-actins
were distributed throughout the cytoplasm in the cells (Figs.
4Dd and f). In the presence of destruxins, the cytoplasm of
OCLs was foamy rather than clear, and the cell periphery
was irregular rather than smooth (Figs. 4A and D). Further-
more, in the cultures with destruxins, no pit formation by
OCLs on dentine slices was observed (Fig. 4D). These
results suggest that destruxins inhibit polarization of os-
teoclasts and the effects of destruxins on the moerphologies
of OCLs are involved in the inhibition of pit formation.

Destruxing specifically disrupt morphological structures in
polarized OCLs

To examine the effect of destruxins on polarized os-
teoclasts, polarized OCLs on plastic plates were cultured
with destruxins. As shown in Fig. 5, destruxins induced
morphological changes in the presence of osteoblastic cells
in a dose-dependent manner (DestB, 0.2-1 uM; DestE,
0.01-0.05 uM). The effects of 0.0625-0.25 M destruxin
E were equivalent to those of 1.25-5 M destruxin B, and
the EDy, value of destruxin E was lower than that of
destruxin B (EDsqg; DestB = 0.4 uM; DestE = 0.012 uM).
The morphology of more than 90% of OCLs was changed
by 0.6 uM destruxin B or 0.03 pM destruxin E. The same
effects were also observed in the absence of osteoblastic
cells {Fig. 6). Furthermore, F-actin staining showed that
destruxins disrupted actin rings in OCLs (Figs. 6b,d, and f)
without affecting the structure of F-actin stress fibers in
osteoblastic cells (data not shown). The actin rings were
cernpletely disrupted by 2 uM destruxin B or 0.1 uM
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Fig. 3. Effect of destruxins on the differentiation of TRAP-negative osteoclast precursor cells into OCLs. TRAP-negative osteoclast precursor cells (A) and
pOCs (B) were cultured for 24 and 48 h on 96-well cullure plates in the presence of M-CSF (20 ng/ml) and sSRANKL {100 ng/ml). respectively. For the last
24 h, the cells were culiured with 0.02% (v/v) DMSO (vehicle; Ctrl), 2 uM destruxin B (DestB), or 0.1 pM destruxin E (DestE). After the culture, the cells
were fixed and stained for TRAP, and then the number of pOCs (A} and OCLs with more than 4 nuclei (B) were counted. Data are expressed as the mg=n

4 5D of four cultures.

destruxin E within 24 h, and F-actins were distributed
throughout the cytoplasm in the cells (Figs. 6b.d, and f).
These results suggest that destruxins directly induce the
morphological changes and disruption of actin rings in po-
larized OCLs.

Effects of destruxins on the morphological changes in
polarized OCLs and on bone-resorbing activity are
reversible

To characterize the behavior of destruxins against the
morphologies in osteoclasts, we observed the morphologies
in OCLs cultured with destruxins (DestB, 2 uM; DestE, 0.1
uM) at each time point. As shown in Fig. 7A and B, the
percentage of OCLs with a clear cytoplasm and smooth
periphery decreased with time after culture with destruxins.
After culture with destruxins for 12 h, the QCLs in the
cultures showed no actin rings (data not shown). Culture
with 2 uM destruxin B took 1 h to induce morphological
changes in more than 90% of OCLs in the culture, whereas
culture with 0.1 uM destruxin E took 8 h. We continuously
examined what happened to the morphologies in OCLs after
removal of the destruxins from the culture media. The
morphologies of OCLs exhibited by culture with destruxins
were not present at 24 h after removing the destruxin-
containing culture media, successively washing the cells
with fresh media, and culturing with fresh media (Figs. 7A
and B). The percentage of OCLs with a clear cytoplasm and
smooth periphery increased with time after removal of the
destruxins. However, the percentage did not increase over
the examination period when the destruxins were not re-
moved (data not shown). Although OCLs cultured with
destruxin E required more time for the transition of mor-
phology compared to OCLs cultured with destruxin B be-
fore and after removal of the destruxins, no rapid transition,
but rather osteoclastic cell death, was induced when OCLs

v

were cultured with 1 uM destruxin E (data not shown).
OCLs cultured with destruxins showed actin rings at 24 h
after removal of the destruxins (data not shown). We suc-
cessively examined whether the bone-resorbing function
was exerted in the OCLs cultured with destruxins, after
removal of the destruxins. When the OCLs cultured with
destruxins were cultured again in fresh media after removal
of the destruxins, the number and size of pits were increased
compared to those before the removal (Fig. 7C). Although
the number of pits was not increased by the removal of
DMSQ in the control culture, the size of each pit was
increased (Figs. 7Ca,b, and e). These results suggest that
destruxins reversibly induce morphological changes in po-
larized QCLs, resulting in reversible inhibition of bone
resorption.

Destruxin B reversibly induces disorders of structures as..
distribution of V-ATPase in OCLs at the ultrastructural
level

To investigate the effects of destruxins on the morphol-
ogy of OCLs in detail, we observed cell structures of OCLs
on dentine slices at the ultrastructural level. When OCLs
were placed on dentine slices, more than 90% of OCLs
showed a polarized cytoplasmic organization, with clear
zones and ruffled borders (Figs. 8a, b, and 9a). However,
OCLs cultured with 2 uM destruxin B for 2 h showed no
prominent ruffled borders, but rather broad clear zone-like
structures facing the dentine slices (Figs. 8c, d, and Sb).
Among the OCLs cultured with 2 uM destruxin B (n = 20),
75% of OCLs showed no ruffled borders and clear zones,
and the other 25% showed irregular ruffled borders and
clear zones. Characteristically, many large vacuoles were
accumulated in the cytoplasm just proximal to the broad
clear zones in the OCLs cultured with destruxin B (Figs. 8c,
and d). However, when the OCLs cultured with destruxin B
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Fig. 4. Effect of destuxins on the polarization process of OCLs. OCLs with
ostepblastic cells harvested from cocultures were cultured again in 96-well culture
plates (A.B.D) or on dentine slices {C) in the presence of 15 (v/v) DMSO (vehicle:
circles in A-C, Dab), 2 uM destruxin B (triangles in A-C, Ded), or O.F uM
destruxin E (squares in A~C. De.f) for the indicated periods. After the culwre. the
cells and slices were stained for TRAP (A.B.D) and with Mayer’s hematoxylin
(C). respectively. The numbers of OCLs with a clear cytoplasm and smooth
periphery (A), OCLs with actin rings (B), and pits {C) were counted. OCLs
culiured for 6 h were further stained by Alexad38-conjugated phalloidin (Db.d.f)
after the staining for TRAP (Da.c.e}. Data are expressed as the percentage of the
total number of OCLs (A.B) or as a number (C) in the culure (mean £ SDy nt =
4). Arows: TRAP-positive muitinucleated cells. Arowheads: actin fngs. Bar =
100 um.

g 100
£n
2z 80
i1 T4
[
=g 60f
£% ol
=3 |
2 200 I
3 .
P 0= peegy 1 GO 4
0 0.01 0.1 i 10
Destruxins (M)

Fig. 5. Effects of destruxins on the morphology of polarized OCLs in the
presence of osteoblastic cells. Crude OCLs prepared from cocultures were
cultured with or without destruxins for 24 h on 96-well culture plates [1%
DMSO (vehicle): Aa, destruxin B: Ab, circles in B: destruxin E; Ac,
triangles in B). After the culture, the cells were stained for TRAP (A) and
the number of OCLs with a ¢lear cytoplasm and smooth periphery were
counted (B). Data are expressed as the percentage of the totat number of
OCLs in the culture {mean % SDr. s = 4). Arrows: TRAP-positive multinu-
cleated cells, Bar = 100 pwm.

were cultured again in fresh media without destruxin B, the
OCLs showed the ruffled border and clear zone structures at
4 h after the reculture (Figs. 8e and 9¢). Among these OCLs
recultured without destruxin B (n = 11), 81.8% of OCLs
showed ruffled borders and clear zones, and the other 18.2%
also formed irregular ruffled borders and clear zones.
Throughout the experiment, neither necrotic nor apoptotic
cell death were observed in any destruxin B-treated OCLs
(data not shown). These results suggest that destruxins in-
duce the structural disorders of osteoclasts placed on bone.

We also examined the V-ATPase localization in the
destruxin B-treated OCLs by immunocytochemistry. As re-
ported previously [6,7]), immunogold particle deposition for
V-ATPase was observed along the ruffled borders in OCLs
in the control culture (Fig. 9a). However, among the OCLs
cultured with 2 puM destruxin B for 2 h (n = 5), 60% of
OCLs showed no immunogold particles along the plasma
membrane facing the dentine slices (Fig. 9b). Alternatively,
these OCLs showed immunogold particles scattered
throughout the cytoplasm and the particles along the limit-
ing membranes of some vacuoles that were lucent under an
electron microscope (Fig. 9b). However, when the OCLs
cultured with destruxin B were cultured again in fresh
media without destruxin B, immunogold particles along the
plasma membrane were observed in the OCLs at 4 h after
the reculture (Fig. 9¢). Among the OCLs recultured without
destruxin B (n = 6), 66.7% of the OCLs showed immuno-
zold particles along the plasma membrane. These results
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Fig. 6. Effects of destruxins on the morphology of polarized OCLs in the absence of osteoblastic cells. OCL preparations prepared from pOCs culture were
cultured with 0.02% {v/v) DMSO (vehicle: a.b), 2 uM destruxin B (e,d). or 0.1 uM destruxin E (e.f) for 24 h in the presence of M-CSF (20 ng/m!) and
sRANKL (100 ng/ml) on 96-well culture plates, Light micrographs {a.c.e) and fluorescent micrographs (b.d.f) were prepared from OCLs stained for TRAP
and further stained by Alexa488-conjugated phalloidin. Arrowheads: actin rings. Bar = 100 um.

—304—



H. Nakagawa et al. / Bone 33 (2003) 443-455 451

2 )
e =r —
5% 2: a0
£3 £2 a
2% 23 /
o BL 60
- =1
i3 2% w F/
=5 = &
33 -
ns K -
(= y o 0
Q 0 1 2724 25 26 27 28 =3 8 38 16 24 32 40 4%

Incubation time (h) Incubation time ( h)
a
400

= 30

a T

S

¥ 200 T

'

3w

T

a4+ + o+

Cir) DovtB DustE

Fig. 7. Reversible changes of the morphology and pit-forming activity in
OCLs cultured with destruxins. Crude OCL preparations placed on 96-well
culture plates (A.B) and dentine slices (C) were cultured in the presence of 1%
(v/v) DMSO (vehicle) (circles in A and B, Ctrl in C, Cb.e), 2 uM destruxin B

nangles in A, DestB in C, Cc.f), or 0.1 uM destruxin E (squares in B, DestE
in C, Cd.g) for the indicated periods. In some cultures, the culnire medium was
replaced with fresh medium without DMSO or destruxins (arrows in A and B)
and the cells were further cultured for the indicated periods. After the culre,
the OCLs were fixed and stained for TRAP (A.B) and the slices were stained
with Mayer’s hematoxylin (C). The rumbers of OCLs with a clear cytoplasm
and smooth periphery or pits were counted. Data are expressed as the percent-
age of the total aumber of QCLs (A,B) or as a number (C) in the culture (mean
= SD:n=4) Bar = 100 pm.

suggest that destruxins induce disorder of the V-ATPase
localization in osteoclasts.

Discusston

In the present study, we found that destruxins inhibit the
bone-resorbing activity of OCLs. Destruxins are fungal sec-
ondary metabolites and were first isolated as substances
toxic to insects and plants {13,14]. In addition to their
insecticidal and phytotoxic activities {18-20}, they were

demonstrated to show anti-tumor [21,22] and anti-viral [23-
25] activities. In this paper, we have reported the anti-
resorptive activities of destruxins for the first time. Destrux-
ins inhibited bone resorption by OCLs without affecting
their survival. However, destruxins inhibited neither the
early differentiation of progenitor cells into pOCs nor the
fusion of pOCs intc OCLs. These results suggest that
destruxins inhibit bone resorption by specifically affecting
the bone-resorbing function of osteoclasts.

As has been shown in previous studies [11,26-28],
OCLs prepared from the coculture system were more than
150 pm in diameter. These OCLs also possessed clear
cytoplasm and smooth periphery in addition to actin rings
[11,17,26~28]. When OCLs were cultured with the concen-
trations of destruxins that inhibited bone resorption, the
cytoplasm of OCLs was foamy rather than clear, the periph-
ery was irregular rather than smooth, and F-actins were
distributed throughout the cytoplasm, Such QCLs with no
actin rings also exhibited no pit-forming activity as well as
osteoclasts whose actin rings were disrupted by various
inhibitors [11,28-30]. Destruxins also disrupted actin rings
in polarized OCLs on plastic plates in the absence of osteo-
blastic cells, and ruffled borders and clear zones in polarized
OCLs on dentire slices. When destruxins were added to or
removed from the culture media, the transition of the per-
centage of OCLs with a clear cytoplasm and smooth pe-
riphery and that of OCLs with ruffled borders and clear
zones were similar to each other. When the OCLs cultured
with destruxins were cultured again in fresh media after
removal of the destruxins, the number and size of pits were
increased compared to those before the removal. These
results suggest that destruxins inhibit the bone-resorbing
activity of osteoclasts by directly inducing a disorder of the
morphological structures in polarized osteoclasts. The prop-
erties of destruxins shown in this paper (e.g., specificity to
polarized OCLs and an anti-resorptive effect of destruxin E
as strong as that of calcitonin) encourage us to develop them
as therapeutic agents for the treatment of osteoporosis. We
have not investigated the effects of destruxins in vivo,
because we have only a small amount of destruxins in our
laboratory, but it will be a worthwhile study.

The concentration of destruxin E that affected the mor-
phologies in OCLs was 30-fold lower than that of destruxin
B at the point of EDs, However, OCLs cultured with
destruxin E required more time for the transition of mor-
phology compared to OCLs cultured with destruxin B be-
fore and after removal of the destruxins. As shown in Fig. 1,
the structure of the hydroxy acid moiety in the basic struc-
ture will determine the biological effect of each destruxin.
The insecticidal effect of destruxin E is also exhibited at
lower concentrations than those of destruxin B [31], and the
concentration of destruxin E required to inhibit the prolif-
eration of leukemic cells is about 30-fold lower than that of
destruxin A or destruxin B (their ICs;, values are 0.33, 11.7,
and 9.4 peg/ml, respectively) [25]. This similarity suggests
that the action of destruxins on polarized OCLs may derive
from the same mechanism involved in the other activities. A
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Fig. 8. Effect of destruxin B on the ultrastructure in OCLs on dentine slices. Crude OCL preparations were placed on dentine sices. cultred for 2 h in the
absence {a.b) or presence of 2 uM destruxin B (c.d}. and then fixed. Some of the OCLs cultured with destruxin B were further cultured for 4 h in fresh medium
without it (¢) and then fixed. After fixation, ultrathin sections of OCLs were prepared and then examined under an eleciron microscope. Arrows: ruffled
borders. CZ: clear zones, Bars = | um (a.b). 500 nm (c-e).

few studies have reported that destruxins inhibit the hydro-
Iytic activity of V-ATPase [32,33] and concluded that this
activity was responsible for the inhibition of CTL-mediated
cytotoxicity and lipid accumulation in macrophages [34.35).
These reports indicate that destruxins inhibit the acidifica-
tion by V-ATPase of intracellular organelles such as lyso-
somes and endosomes. At concentrations that affected the
morphology of OCLs, destruxins did not inhibit the acidi-
fication of osteoclastic intracellular organelles as evidenced

by acridine orange staining (data not shown). Destruxins are
also known to induce the gene expression for erythropoietin
production in the epo-3 line [36], to exert an inotropic effect
on mammalian hearts [37], to increase intracellular calcium
levels, and to increase the phosphorylation levels of intra-
cellular proteins in lepidopteran cell lines [18.31]. The pos-
sibility of caleium 1on involvement in the behaviors of
destruxins on QCLs was not excluded by the present study.
To date, the involvement of several signal-transducing mol-
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ecules in the regulation of osteoclast function has been
demonstrated by low-molecular-weight compounds (RGD
peptides, herbimycin, wortmannin, statins, etc.), e.g., RGD
sequence [38,39], p60°*" tyrosine kinase (c-Src) [40,41],
phosphatidylinositol-3 kinase (PI3K) [26,27], small GTP-
binding proteins [28-30,42,43], cAMP, and PKA [9-11].
In the present study, we indicated that the behavior of
destruxins on OCLs was similar to that of calcitonin, in that
bone resorption by OCLs was inhibited without affecting
their survival. However, the morphologies of OCLs exhib-
ited by culture with destruxins were present during the
experiment when the destruxins were not removed (data not
shown). The involverment of CTR and PKA in the behavior
of destruxins was also not determined in the present study.
Further studies will be required to determine whether or not
destruxins affect osteoclasts by the same mechanism as
calcitonin. The specific activities of destruxins on polarized
OCLs will contribute to the elucidation of the relationship
between polarization and the function of osteoclasts. Since
the molecular targets of destruxins in mammalian cells
remain to be elucidated, further studies will be required to
explain the detailed physiological action mechanisms of
destruxin in osteoclasts as well as in other mammalian cells.

It is important to identify the target molecules and action
mechanism of destruxins, and to elucidate how destruxins
affect the morphological structures and bone-resorbing ac-
tivity of functional osteoclasts. These worthwhile studies
are now in progress. Knowledge of the specific properties of
destruxins in relation to functional OCLs will be useful for
elucidating the processes of polarization and expression of
osteoclast function, resulting in the provision of novel in-
formation and new therapeutic targets for metabolic bone
disorders.
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Fig. 9. Effect of destruxin B on V-ATPase localization ir OCLs on dentine
slices. Crude OCL preparations were placed on dentine slices, cultured for
2 hin the absence (a) or preseace of 2 uM destruxin B (b), and then fixed.
Some of the OCLs cultured with destruxin B were further cultured for 4 h
in fresh medium without it {¢), and then fixed. Ultrathin sections of OCLs
were prepared, incubated with rabbit anti-V-ATPase antibodies and then
with goat anti-rabbit 1gG conjugated with 10-nm colloidal gold particles.
Some of the immunogold particles, which indicate V-ATPase, are indi-
- cated by arrow-heads. Arrows: ruffled borders. Bar = 500 nm.
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We previously reported that p38 MAPK signaling is required
for osteoclast differentiation but not osteoclast function. Here
we further investigated the role of p38 MAPK in the function
and differentiation of mouse bone marrow macrophages
(BMM¢), common precursors of osteoclasts and dendritic
cells. Lipopolysaccharide (LPS) activated the p38 MAPK sig-
naling pathway in BMM¢ by sequential phosphorylation of
MAPK kinase 3/6, p38 MAPK, and activating transcription
factor-2. Treatment of BMMdé with SB203580, a p38 MAPK
inhibitor, suppressed LPS-induced phosphorylation of acti-
vating transcription factor-2. LPS stimulated production of
11-18, TNFa, and IL-6 in BMMd¢, and SB203580 failed to inhibit
the LPS-induced cytokine production. BMM¢ incorporated

latex beads via phagocytosis, and SB203580 had ne effect on
this phagocytosis. BMM¢ differentiated into dendritic cells
when treated with granulocyte macrophage colony-stimulat-
ing factor together with CD40 ligand, TNF«, or LPS, and
SB203580 failed to inhibit this differentiation. Thus, p38
MAPK-mediated signals are not involved in either BMMd¢
function or BMM¢ differentiation into dendritic cells. The
differentiation of BMMd¢ into osteoclasts in response to re-
ceptor activator of nuclear factor-«B ligand or TNFa was
strongly inhibited by SB203580. These findings emphasize the
crucial roles of p38 MAPK-mediated signaling in osteoclast
differentiation. (Endocrinology 144: 4999-5005, 2003)

EMOPOQIETIC CELLS OF the monocyte-macrophage
lineage differentiate into bone-resorbing osteoclasts
under the control of osteoblasts or bone marrow stromal cells
(1-4). Osteoblasts/stromal cells express two factors essential
for osteoclastogenesis, RANKL [receptor activator of nuclear
factor-«B (RANK) ligand] and macrophage colony-stimulat-
ing factor (M-CSF) (1-4). RANKL together with M-CSF in-
duces osteoclast formation from monocytes/macrophages in
the absence of osteoblasts/stromal cells. Mature osteoclasts
as well as osteoclast precursors express RANK, a receptor of
RANKL, and RANKI. stimulates the survival, fusion and
bone-resorbing activity of osteoclasts. TNFa has been shown
to stimulate osteoclast differentiation from monocytes/mac-
rophages through a mechanism independent of RANKL-
RANK interaction (5, 6).

Monocytes/macrophages play critical roles in innate de-
fenses against viral and bacterial infections. They produce
proinflammatory cytokines such as IL-158, TNFa, and IL-6 in
response to viral and bacterial constituents (7-9). These cy-
tokines activate the immune system to defend the host from
infections. Another important function by which macro-

Abbreviations: ATF2, Activating transcription factor-2; BMM¢, bone
marrow macrophages; CD40L, CD40 ligand; FBS, fetal bovine serum;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GM-CSF, gran-
ulocyte macrophage colony-stimulating factor; LIS, lipopolysaccharide;
M-CSF, macrophage colony-stimulating factor; MKK, MAPK kinase;
RANEK, receptor activator of nuclear factor-«B ligand; RANKL, RANK
ligand; TRAP, tartrate-resistant acid phosphatase.

phages fight infectious diseases is phagocytosis (10). Mac-
rophages show strong phagocytic activity against foreign
substances. In addition, monocyte/macrophage-lineage cells
can give rise not only to osteoclasts but also to dendritic cells,
antigen-presenting immune cells (11-13). Monocyte/macro-
phage lineage cells differentiate into immature dendritic cells
in the presence of granulocyte macrophage colony-stimulat-
ing factor (GM-CSF) (14, 15). CD40 ligand (CD40L), TNFae, or
lipopolysaccharide (LPS) then stimulates the maturation of
GM-CSF-induced immature dendritic cells (16).

The p38 MAPK family is a group of 38-kDa intracellular
signal transduction proteins (17-19). c-Jun N-terminal kinase
and ERK, together with p38 MAPK, form the MAPK family
(19). p38 MATK is predominantly activated through its phos-
phorylation by upstream MAPK kinase 3 (MKK3) and MKK6
(17, 18). Activated p38 MAPK then phosphorylates down-
stream targets, including activating transcription factor-2 (ATF-
2). SB203580, a specific inhibitor of p38 MAPK, has been widely
used to investigate the roles of p38 MAPK in the differentiation
and function of cells (17-19). SB203580 binds to the ATP pocket
of the activated p38 MAPK and inhibits phosphorylation of the
downstream targets (19). Recent studies have shown that sig-
nals mediated by p38 MAPK are involved in the differentiation
of chondrocytes and epithelial cells (20, 21). Kumar ef al. (22)
also reported that SB203580 inhibited IL-6 production induced
by IL-1 and TNFa in osteoblasts and chondrocytes. These re-
sults suggest that p38 MAPK-mediated signals are involved in
cell differentiation and function.
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We and others (23, 24) have reported that SB203580 in-
hibits RANKL-induced differentiation of precursor cells into
osteoclasts, Interestingly, it was previously found that
5B203580 fails to inhibit the survival and bone-resorption
activity of osteoclasts induced by RANKL. Moreover, p38
MAPK is phosphorylated in response to RANKL, IL-1,
TNFa, and LPS in bone marrow macrophages (BMMd),
which are the osteoclast precursors, but not in mature oste-
oclasts {23). We therefore concluded that p38 MAPK-medi-
ated signals are required for osteoclast differentiation but not
osteoclast function. It was also shown that RANKL is a sur-
vival factor of dendritic cells (25).

In the present study, we further investigated the role of p38
MAPK-mediated signaling in the function and differentia-
tion of BMM¢, comumon precursors of osteoclasts and den-
dritic cells. We showed here that inhibition of p38 MAPK
activity by SB203580 in BMM¢ did not suppress the cytokine
production or phagocytic activity of BMMd. SB203580 failed
to inhibit dendritic cell differentiation of BMMd, whereas it
strongly inhibited the induction of BMM¢ differentiation
into osteoclasts by RANKL and TNF«. These findings sug-
gest that p38 MAPK-mediated signaling is crucially involved
in osteoclast differentiation.

Materials and Methods
Animals and chemicals

Five- to 8-wk-old male ddY mice were obtained from Shizuoka Lab-
oratories Animal Center (Shizuoka, Japan). Three- to 4-wk-old C57BL/é]
mice were obtained from The Jackson Laboratory (Bar Harbor, ME). All
procedures for animal care were approved by the Animal Management
Cormmittee of Matsumoto Dental University. Recombinant human M-
CSF (Leukoprol) was obtained from Kyowa Hakko Kogyo Co. (Tekyo,
Japan). Recombinant murine GM-CSF and soluble RANKL were pur-
chased from PeproTech EC Ltd. (London, UK). Mouse TNFa was ob-
tained from Genzyme TECHNE (Minneapolis, MN). Mouse CD8-con-
jugated CD40L in insect cell culture supernatant was provided by Dr.
Yongwon Choi (University of Pennsylvaria, Philadelphia, PA). LPS was
purified from Escherichia coli strain K235 as described (26). SB203580 was
purchased from Calbiochem Co. (La Jolla, CA). Latex beads {0.75-pm
microspheres, 2.68%) were from Polysciences, Inc. (Warrington, PA).
Rabbit polyclonal antibodies against phospho-p38 MAPK, p38 MAFPK,
phospho-MKK3/6, MKK3, phospho-ATF-2, ATF-2, phospho-ERK, and
ERK were purchased from Cell Signaling Technology, Inc. (Beverly,
MA). ELISA kits for mouse IL-18 and TNFa were obtained from Gen-
zyme TECHNE, and that for mouse IL-6 was obtained from ENDOGEN
{Woburn, MA). Specific PCR primers for mouse IL-18, IL-6, TNFa, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were synthe-
sized by Life Technologies, Inc. (Tokyo, Japan). Other chemicals and
reagents were of analytical grade.

Preparation of mouse bone marrow macrophages

Bone marrow cells obtained from tibiae of 5- to 8-wk-old adult mice
were suspended in aMEM (Sigma, 5t. Louis, MO) supplemented with
10% fetal bovine serum (FBS) {JRH Biosciences, Lenexa, KS) in 60-mm
diameter dishes for 16 hin the presence of M-CSF (100 ng/ml) (5). Then,
nonadherent cells were harvested and further cultured for 2 d with
M-CSF (100 ng/ml). Nonadherent cells were completely removed from
the cultures by pipetting. The adherent cells, almost all of which ex-
pressed macrophage-specific antigens such as Mac-1, Moma-2, and F4/
80, were used as BMMd (5). Usually, bone marrow cells from three
animals were pooled and used for the BMM4¢ preparation in each
experiment.
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Osteoclast differentiation

BMM¢ were further cultured for 4 d with M-CSF {100 ng/ml) to-
gether with RANKL (100 ng/ml) or TNFa (20 ng/ml) in 48-well plates
in the presence or absence of SB203580 at 10™7 M or 107% M. Cells were
then fixed and stained for tartrate-resistant acid phosphatase (TRAP; a
marker enzyme of osteoclasts}) as described (27). TRAP-positive
multinucleated cells judged by microscopic examination contain three or
more nuclei were counted as osteoclasts. The number of osteoclasts
formed in the culture varied greatly in each experiment (28). Therefore,
the results obtained from one experiment typical of three independent
experiments were expressed as the means * sp of three cultures. The
significance of the differences was determined using Student's # test.

Cytokine production and phagocytosis assay

BMMd¢ were further cultured for 48 h with vehicle (control) or LPS
(1 pg/ml). Some cultures were pretreated with SB203580 (10~¢ M) over-
night in the presence of M-CSF (100 ng /m1). The concentrations of [L-18,
TNFa, and IL-6 in the conditioned medium were determined using the
respective ELISA kits. BMM¢ were cultured on 18-mm coverslips in
12-well plates at 10° cells/1 ml/well with M-CSF {100 ng/ml) in the
presence or absence of SB203580 at 107% m. BMM¢ were further main-
tained in serum-free aMEM for 4 h, and then latex beads (1:500 dilution)
were added to each well for 10 mirn, 20 min, 40 min, or 1 h. The cells on
the coverslips were thern rinsed twice with cold PBS, fixed with methanol
and stained with Giemsa’s solution. Cells containing latex beads were
counted as bead-positive cells. Phagocytic activity of macrophages was
measured as the percentage of bead-positive cells among the total cells.
The results obtained from one typical experiment of three independent
experiments were expressed as the means * sp of three cultures.

Dendritic cell differentiation

Bone matrow cells prepared from C57BL/ 6] mice were suspended in
oMEM supplemented with 10% FBS in 100-mm diameter dishes (107
cells/10 ml/dish) in the presence of M-CSF (30 ng/ml). After the cells
were cultured for 2 d, the adherent cells were harvested by treatment
with 0.05% trypsin and EDTA (Life Technologies, Inc.) for 5 min. The
harvested cells were resuspended in RPMI 1640 medium (Sigma) sup-
plemented with 5% FBS, because dendritic cell differentiation from
BMM¢ is generally examined in this culture condition (29). Atd 0, cells
were seeded in 24-well plates (2 X 10° cells/0.5 ml/well} with GM-CSF
(10 ng/ml) in the presence of increasing concentrations of SB203580. On
d 2, two thirds of the culture supernatant was replaced with fresh
medium containing the same concentrations of GM-CSF and SB203580.
On d 4, another milliliter of fresh medium containing CD40L (1:500
dilution of the original solution), TNFa (20 ng/ml final concentration)
or LPS (1 pg/ml final concentration) was added to some cultures to
stimulate the maturation of dendritic cells. After further culturing for
2 d, the cells were stained with biotin-conjugated anti-CD11¢ antibody
followed by streptavidin-fluorescein isothiocyanate and phycoerythrin-
conjugated CD86 antibody (all from BD PharMingen, San Diego, CA).
The stained cells were analyzed by fluorescence-activated cell sorting as
described (29).

PCR amplification of reverse-transeribed mRNA

BMM¢ were cultured for 24 h in aMEM containing 10% FBS with
vehicle (control) or LPS (1 ug/mil) in the presence or absence of S8203580
(107% M) on 60-mm diameter dishes. Some cultures of BMM¢ were
pretreated with SB203580 {107¢ M) for overnight in the presence of
M-CSF (100 ng/ml). Total cellular RNA was then extracted using TRIzo}
solution (Life Technologies, Inc.). First-strand ¢DNA was synthesized
from total RNA with random primers and subjected to PCR amplifica-
tion with Ex Tag polymerase (Takara Biochemicals, Shiga, Japan) using
the following specific PCR primers: mouse IL-18, 5-AAGCTCTCCAC-
CTCAATGGA-3' (forward, nucleotides 431-450) and 5'-TGCTT-
GAGAGGTGCTGATGT-3" (reverse, nucleotides 713-732); mouse
TNFa, 5'-ACGTGGAACTGGCAGAAGAG-3' (forward, nucleotides
26-45) and 5-TGGAAGACTCCTCCCAGGTA-3' (reverse, nucleotides
589-608); mouse IL-6, 5'-TTCCATCCAGTTGCCTTCTT-3' {forward,
nucleotides 26~45) and 5'-TCTTGGTCCTTAGCCACTCC-3' (reverse,
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nucleotides 546-565); and mouse GAPDH, 5-ACCACAGTCCATGC-
CATCAC-3' (forward, nucleotides 566-585) and 5'-TCCACCACCCT-
GTTGCTGTA-3' (reverse, nucleotides 998-1017). The PCR products
were separated by electrophoresis on 2% agarose gels and visualized by
ethidium bromide staining with UV light illumination. The sizes of the
PCR products for mouse IL-18, TNFe, IL-6, and GAPDH were 302, 583,
541, and 452 bp, respectively.

Western blot analysis

BMM¢ prepared in 60-mm diameter dishes were further incubated
with vehicle (control), or LPS (1 pg/ml) in the presence or absence of
SB203580 (10~ M) for 30 min, and then washed twice with PBS and lysed
in cell lysate buffer [62.5 mm Tris-HCl (pH 6.8), 2% sodium dodecyl
sulfate, 10.2% 2-mercaptoethanol, 10% glycerol, and 0.01% bromophenol
blue]. Some cultures of BMMd were pretreated with SB203580 (107° m)
overnight in the presence of M-CSF (100 ng/ml). Whole cell extracts
were electrophoresed on a 10% SDS-polyacrylamide get and transferred

TABLE 1. Effect of SB203580 on CD40L-induced dendritic cell
maturation®

Mature dendritic cells (%)

SB203580 (M)
Control CD40L
0 17823 80.7 + 2.2
107 174+ 1.1 80816
1078 164> 26 792+39

% Bone marrow cell-derived dendritic cells were prepared with or
without CD40L (1:1000 dilution of the original solution} in the pres-
ence or absence of SB203580 at the indicated concentrations. Cells
were stained with antibodies for CD11¢ and CD86 and analyzed by
FACS. The results are expressed as the means * sD of three inde-
pendent experiments.

1 2 3
Phospho-MKK3/6 sS4l 1. Control
MKK3 2. LPS
Phospho;p38MAPK - 3. LPS
+SB203580

p3sMAPK i
Phospho-ATF2
ATF2

Phospho-ERK

MAPK, ATF2, and ERK induced by LPS in BMM¢. Bone marrow cells
were cultured for 16 h with M-CSF (100 ng/ml) as described in Ma-
terials and Methods. Then nonadherent cells were harvested and
further cultured with M-CSF (100 ng/ml). After culturing for 2 d,
nonadherent cells were carefully removed, and adherent cells were
used as BMM¢. Some cultures of BMM¢ were pretreated with
SB203530 (107° M) overnight in the presence of M-CSF (100 ng/ml).
BMM¢ were then incubated with LPS (1 pg/ml) for 30 min in the
presence or absence of SB203580 (10° M), and total-cell lysates were
prepared. The lysates were separated by SDS-PAGE, transferred onto
nitrocellulose membranes, and immunoblotted with the indicated
antibodies (1:100¢ dilution).
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onto a nitrocellulose membrane (Millipore, Bedford, MA). After block-
ing with 5% skim milk in Tris-buffered saline containing 0.1% Tween 20
(TBS-T), the anti-phospho-MKK3/6 antibody, anti-MKK3 antibody, an-
ti-phospho-p38 MAPK antibody, anti-p38 MAPK antibody, anti-phos-
pho-ATF2 antibody, anti-ATF2 antibody, anti-phospho-ERK antibody
or anti-ERK antibody (1:1000 dilution) was added in TBS-T containing
5% BSA, and the bound antibodies were visualized by using the en-
hanced chemiluminescence (ECL) assay with reagents from Amersham
Co. (Arlington Heights, IL} followed by exposure to x-ray film.

Results

BMM¢ were prepared from mouse bone marrow cultures
treated with M-CSF for 3 d. When BMM¢ were treated with
RANKL and M-CSF, more than 70% of BMM ¢ differentiated
into TRAP-positive mononuclear cells and multinucleated
cells within 4 d. SB203580, a specific inhibitor of p38 MAPK,
strongly inhibited the induction of osteoclast differentiation
by RANKL (see Table 1). We first examined whether
SB203580 specifically blocked p38 MAPK signaling in BMM¢
(Fig. 1). SB203580 is known to bind to the ATP binding site
of the activated p38 MAPK and to inhibit the kinase activity
(19). We found that MKK3/6, p38 MAPK, ATF2, and ERK
were markedly phosphorylated in BMMé treated with LPS
for 30 min. We previously showed that RANKL and TNFao
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Fig. 2. Effect of SB203580 on the production of IL-18, TNF«, and
IL-6 induced by LPS in mouse BMM¢. BMM¢ were prepared in
48-well plates. Some cultures of BMM¢ were pretreated with
SB203580 (107% M) overnight. The BMMd¢ were then incubated with
or without LPS (1 ug/ml) for 48 h in the presence or ahsence of
SB203580 (107° M). The conditioned medium of each well was col-
lected and the concentrations of IL-18 (A), TNFa (B), and IL-6 (C) in
the conditioned medium were measured using the respective ELISA
kits. The results were expressed as the means * sb of three cultures.
D, BMM ¢ were prepared in 60 mm diameter dishes. Some cultures
of BMM¢ were also pretreated with SB203580 (105 M) for overnight.
The BMM¢ were then incubated for 24 h with LPS (1 pg/ml) in the
presence or absence of SB203580 (107® M), Total RNA was then
extracted from BMM¢, and the expression of IL-18, TNFa, IL-6, and
GAPDH mRNAs was analyzed by RT-PCR. The PCR products for
IL-18, TNFa, IL-6, and GAPDH were 302, 583, 541, and 452 bp,
respectively. ®, Significantly different from the culture treated with
LPS; P < 0.05.
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as well as LPS stimulate phosphorylation of p38 MAPK in
BMM¢ (24). SB203580 did not inhibit LPS-induced phos-
phorylation of p38 MAPK, ERK, or MKK3/6, which is the
upstream activator of p38 MAPK, but strongly suppressed
the phosphorylation of ATF2, which is one of the down-
stream targets of p38 MAPK (Fig. 1). The total amounts of the
MKK3, p38 MAPK, ERK, and ATF2 proteins in BMMé¢ re-
mained unchanged in the presence and absence of LPS
and/or 5B203580 (Fig. 1). Altogether, these results demon-
strate that 5B203580 inhibited p38 MAPK-mediated signal-
ing in BMM.

The role of p38 MAPK-mediated signaling in BMM¢ func-
tion was then examined using SB203580. Treatment of
BMM¢ with LPS for 48 h markedly stimulated the produc-
tion of proinflammatory cytokines such as IL-18, TNFe, and
IL-6 in BMMd (Fig. 2, A-C). BMM¢ were preincubated with
SB203580 overnight and further treated with LPS together
with 5B203580. The SB compound showed no inhibitory
effect on the LPS-induced production of IL-18 and TNFa in
BMM@¢ (Fig. 2, A and B). RT-PCR analysis confirmed that the
expression of IL-18 and TNFe mRNAs in BMM¢ was up-
regulated by LPS, and SB203580 showed no inhibitory effects
on the mRNA expression (Fig. 2D). There was a downward
trend in IL-6 production in the presence of SB203580 at both
the mRNA and protein levels, but the inhibitory effect of
S5B203580 was not marked (Fig. 2, C and D). These results
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suggest that p38 MAPK activity is not crucially involved in
the production of these cytokines in BMMg.

Macrophages can ingest great quantities of latex beads by
phagocytosis. We next examined whether phagocytosis of
BMM¢ is affected by the treatment of BMM¢ with SB203580.
BMM¢ were incubated with latex beads for 10—60 min, and
the BMM¢ that incorporated latex beads were counted as
phagocytic cells (Fig. 3A). The number of BMM¢ incorpo-
rating latex leads increased as the incubation period in-
creased. Almost all BMM¢ showed phagocytic activity
within 60 min (Fig. 3A). The time course of changes in the
phagocytosis of BMMé¢ was not affected by the addition of
SB203580. The phagocytic activity of BMM¢ was also eval-
uated after incubation for 40 min. The proportions of BMM¢
incorporating more than 100 latex beads, 50-100 beads, and
less than 50 beads were about 10%, 25%, and 50% of total
BMM¢, respectively (Fig. 3, B and C). Again, SB203580 failed
to inhibit the phagocytic activity of BMM¢.

Finally, we examined the possible involvement of p38
MAPK-mediated signaling in dendritic cell differentiation,
because dendritic cells differentiate from the same precur-
sors as osteoclasts. BMM¢ were cultured for 4 d in the pres-
ence of GM-CSF to induce dendritic cell differentiation. The
cells were further cultured for 2 d in the presence of GM-CSF
with or without CD40L to induce their maturation (Fig. 4A).
Without CD40L stimulation, the majority of the cells were
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- W SB203580
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$8203580

Fig, 3. Effect of 8B203580 on the phagocytosis of BMM¢. BMM¢ were prepared on 18-mm diameter glass coverslips in 12-well plates. BMM¢
were then maintained in serum-free medium for 4 h. Some cultures of BMM¢ were preincubated with SB203580 (108 M) for overnight, and
maintained in serum-free medium in the presence of SB203580. BMM¢ were incubated with latex beads for 10 min, 20 min, 40 min,or 1 h
in the presence or absence of $B203580 (107 M). BMM4¢ on coverslips were then fixed and stained with Giemsa’s solution, and observed by
microscopic examination. A, Time course of changes of phagocytic activity in BMM¢ treated or not treated with SB203580. Cells incorporating
beads were counted as bead-positive cells. The percentage of bead-positive cells was calculated at the indicated time points. The sD was small
enough to be included at each mean point. B, Effect of SB203580 on phagocytic activity of BMM¢. BMM4¢ were incubated with latex beads for
40 min. Cells incorporating beads were counted as bead-pesitive cells, and divided into three groups according to the number of beads
incorporated (>100 beads, 50-100 beads, <50 beads) in each cell. The percentage of bead-positive cells was calculated. C, Dark- and bright-field
images of BMM¢ treated or not treated with SB203580. BMM¢ were incubated with latex beads for 40 min. Latex beads incorporated in BMMé
appeared as bright green dots in the dark field with UV light illumination {upper panels). Nuclei of BMM¢ appeared in purple in the bright
field (lower panels). Bar, 50 pm.
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A $B203580 TABLE 2. Effect of $B203580 on RANKL- and TNFa-induced
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FiG. 4. Effect of SB203580 on the differentiation and maturation of
dendritic cells. BMM ¢ were cultured for 4 d in 24-well plates (2 x 10°
cells/1 ml/well) with GM-CSF (10 ng/ml) to induce the dendritic cell
differentiation in the presence of SB203580 at the indicated doses.
Then, the culture was further treated for 2 d with or without CD40L
(1:1000 dilution of the original solution), TNFe (20 ng/ml) or LPS (1
ug/ml) to stimulate the maturation of dendritic cells in the presence
or absence of SB203580. Cells were stained with antibodies for CD11c
and CD86, and analyzed by fluorescence-activated cell sorting. Dot
plots show the expression of CD1lc and CD86 on the cells (upper
panels in A). Histograms show the distribution of CD86-positive cells
in the CD11c-positive cell population (lower panels in A and B).

CD11c (a marker of dendritic cells) positive and CD86 (a
marker of mature dendritic cells) negative (Fig. 4A, upper
panels). With CD40L stimulation, the majority of the cells
were CD11c and CD86 double positive (Fig. 4A, lower panels).
SB203580 at 1077 M to 3 X 107® M had no effect on the
expression of either CD11c or CD86 (Fig. 4A, upper panels).
Treatment with TNFa or LPS similarly stimulated the mat-
uration of dendritic cells in the presence of GM-CSF (Fig. 4B).
The induction of dendritic cell maturation by TNFa and LPS
was not affected by the addition of SB203580 (Fig. 4B).
The effect of SB203580 on CD40L-induced dendritic cell

presence or absence of SB203580 at the indicated concentrations.
TRAP-positive multinucleated cells containing three or more nuclei
were counted as osteoclasts. No TRAP-positive osteoclasts were
formed in the absence of RANKL or TNFa. The results were expressed
as the means *+ sD of three cultures.

bede Sionificantly different from the culture treated without
S§B203580; * P < 0.05, P < 0.01, ¢ P < 0.005, * P < 0.001.

differentiation was compared with that on RANKL- and
TNFa-induced osteoclast differentiation. CD40L markedly
increased the number of CD86-positive mature dendritic
cells (Table 1). The induction of dendritic cell maturation by
CD40L was not affected by SB203580 even at 107 m. Treat-
ment of BMM¢ with RANKL or TNFa stimulated osteoclast
formation (Table 2). SB203580, even at 1077 M, inhibited the
induction of osteoclastic differentiation of BMM¢ by RANKL
(33.4 = 15.4% of the control, the mean * sp of experiments
1-3) and TINFa (45.6 = 11.7% of the control, the mean * sp
of experiments 4-6). 5B203580 at 1077 M showed no inhib-
itory effect on the dendritic cell differentiation induced by
CD40L, TNFa or LPS (Fig. 4). Neither cytokine production
nor phagocytic activity of BMM¢ was significantly inhibited
by 1077 M SB2035807 (data not shown).

Discussion

Using SB203580, a specific inhibitor of p38 MAPK, we
investigated the roles of p38 MAPK in the function and
differentiation of BMM4¢, the common precursors of oste-
oclasts and dendritic cells. Pretreatment of BMM¢ with
SB203580 inhibited the induction of ATF2 phosphorylation
by LPS, suggesting that SB203580 shuts off the p38 MAPK-
mediated signaling in BMM¢. However, SB203580 failed to
inhibit LPS-induced production of IL-18 and TNFa by
BMMé. LPS-induced IL-6 production in BMM¢ was only
slightly inhibited by SB203580. Moreover, SB203580 had no
inhibitory effect on the phagocytic activity of BMM¢. BMMd¢
differentiated into dendritic cells in the presence of GM-CSF,
and matured in response to the stimulation by CD40L, TNFe
or LPS. SB203580 again failed to inhibit the differentiation
and maturation of dendritic cells. In the present study, den-
dritic cell differentiation was examined in cultures of BMM¢
derived from C57BL/6] mice, whereas osteoclast differenti-
ation was examined in cultures of BMM¢ from ddY mice. We
have confirmed that BMMd derived from C57BL/6] mice
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differentiated similarly into osteoclasts in response to
RANKL or TNFa, and the osteoclast differentiation was
strongly inhibited by SB203580. These results suggest that
p38 MAPK-mediated signaling is not involved in either
BMM4¢ functions such as cytokine production and phago-
cytosis or dendritic cell differentiation from the common
precursors of osteoclasts and dendritic cells.

The role of p38 MAPK in cytokine production and cell
differentiation is highly controversial. Baldassare et al. (30)
reported that SB203580 inhibited the induction of IL-18 pro-
duction by LPS in RAW264.7 cells and ]774 cells, but
SB203580 did not alter IL-18 mRNA levels in another ANA-1
macrophage cell line. Rawadi ef al. (31) showed that Raw
264.7 celis produced IL-18, TNEFe, and IL-6 in response to
Mycoplasma fermentans membrane lipoproteins, and this pro-
duction was strongly inhibited by SB203580. In contrast,
peritoneal macrophages obtained from MKK3-deficient
mice, in which p38 MAPK activation was diminished, pro-
duced TNFa normally in response to LPS (32). Yosimichi et
al. (20) reported that connective tissue growth factor stimu-
lated both differentiation and proliferation of chondrocytes,
and the differentiation of chondrocytes induced by connec-
tive tissue growth factor was selectively inhibited by
SB203580. Bhowick ef al. {21} also reported that TGFB in-
duced epithelial to mesenchymal transdifferentiation in
mammary epithelial cells, and inhibition of p38 MATPK ac-
tivity by the expression of a dominant-negative p38 MAPK
blocked epithelial to mesenchymal transdifferentiation in-
duced by TGFB. In contrast, SB203580 has been shown to
enhance monocytic differentiation of HL60 cells induced by
1,25-dihydroxyvitamin D; {33). These results suggest that the
role of p38 MAPK differs in different types of cells and/or
different physiological states. The divergence in the effects of
SB203580 on several cell types may be due to differences in
isoforms of p38 MAPK involved in the differentiation of each
cell type. SB203580 has been shown to inhibit p38 MAPK,
p38a, and p38B2, but not p38y (34, 35). It is also possible that
the role of p38 MAPK may differ in cells of different origin
and/or different states. In some cells, the target of p38 MAPK
will function at the translational level (36, 37), whereas in
others, its target will function at the transcriptional level (19,
30). Further studies will be necessary to elucidate the dif-
ferent roles of p38 MAPK in cytokine production and cell
differentiation.

CD40-mediated signals have been shown to be quite sim-
ilar to those of RANK (38). Nevertheless, CD40L-induced
maturation of dendritic cells was not suppressed by the ad-
dition of SB203580. Like RANKL, TNF«a has been shown to
stimulate osteoclast differentiation from monocyte/macro-
phage lineage cells, including BMM¢ (5, 6). TNFa-induced
osteoclast formation in BMM¢ was strongly inhibited by
SB203580 even at 10”7 M. Matsumoto et al. (23) also reported
that treatment of RAW264.7 cells with SB203580 inhibited
TNFa-induced osteoclast differentiation. Thus, the p38
MAPK pathway plays a crucial role in not only RANKL-
mediated but also TNFa-mediated osteoclast differentiation.
In contrast to its effect on osteoclast differentiation, SB203580
failed to inhibit the induction of dendritic cell differentiation
and maturation by TNFa as well as CD40L. The induction of
human osteoclast formation by RANKL plus M-CSF from

Li et ol. * p38 MAPK and Osteoclast Differentiation

CD14-positive cells in peripheral blood was also inhibited by
the addition of SB203580 (data not shown). These results
emphasize the importance of p38 MAPK-mediated signaling
in the differentiation of osteoclasts but not dendritic cells
from their common precursors. Recently, a transcription fac-
tor, NFAT2 (NFATc1), has been shown to play a critical role
in the differentiation of osteoclasts induced by RANKL (39,
40). Therefore, it is proposed that the p38 MAPK signaling is
involved in the induction of NFAT2 activation.

We previously reported that osteoclasts expressed a cer-
tain amount of p38 MAPK but failed to phosphorylate p38
MAPK in response to any of the stimuli examined (24). LPS
did not induce the phosphorylation of MKK3/6 or ATF2 in
osteoclasts, suggesting that the p38 MAPK signaling path-
way is not entirely functional in osteoclasts. These findings
raise novel questions concerning the role of p38 MAPK in
osteoclast differentiation and function: why is p38 MAPK-
mediated signaling important for osteoclast but not dendritic
cell differentiation? How is the p38 MAPK signaling path-
way selectively shut down in osteoclasts after the completion
of their differentiation? Further studies on p38 MAPK-me-
diated events in osteoclast precursors will provide new in-
sights into the regulatory mechanisms of osteoclast differ-
entiation and function.
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Osteoprotegerin Regulates Bone Formation through a
Coupling Mechanism with Bone Resorption
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Deficiency of osteoprotegerin (OPG), a soluble decoy receptor
for receptor activator of nuclear factor-«B ligand (RANKL), in
mice induces osteoporosis caused by enhanced bone resorp-
tion, but also accelerates bone formation. We examined
whether bone formation is coupled with bone resorption in
OPG-deficient (OPG™'"} mice using risedronate, an inhibitor
of bone resorption. Histomorphometric analysis showed that
bone formation-related parameters (e.g. mineral apposition
rate and osteoblast surface/bone surface) in OPG™~ mice
sharply decreased with suppression of bone resorption by
daily injection of risedronate for 30 d. OPG '~ mice exhibited
high serum alkaline phosphatase activity and osteocalcin con-

centration, both of which were decreased to the levels in wild-
type mice by the risedronate injection. Serum levels of RANKL
were markedly elevated in OPG ™'~ mice, but were unaffected
by risedronate. The ectopic bone formation induced by bone
morphogenetic protein-2 implantation into OPG™'~ mice was
not accelerated even with a high turnover rate of bone, but
attenuation of mineral density from the ectopic bone was
more pronounced than that in wild-type mice, These results
suggest that bone formation is coupled with bone resorption
at local sites in OPG™~ mice, and that serum RANKL levels do
not reflect this coupling. (Endocrinology 144: 5441-5449, 2003)

ONE IS continuously destroyed and reformed to main-
tain bone volume and calcium homeostasis in verte-
brates throughout the life span, Osteoclasts and ostecblasts
are specialized cells responsible for bone resorption and for-
mation, respectively (1). In normal bone remodeling, osteo-
blastic bone formation follows osteoclastic bone resorption
and occurs in a precise and quantitative manner. In this
coupling between bone resorption and bone formation, a
coupling factor that induces bone formation is assumed to be
released during osteoclastic bone resorption (2). However,
neither the characteristics nor the action mechanism of this
coupling factor have been clarified.

The discovery of a receptor activator of nuclear factor-«xB
ligand (RANKL) helps elucidate the mechanisms of oste-
oclast differentiation and functicn that are regulated by os-
teoblasts (3-5). Osteoprotegerin (OPG), a soluble decoy re-
ceptor of RANKL, inhibits both differentiation and function
of osteoclasts by inhibiting the interaction between RANKL
and RANK (the receptor of RANKL) (3-5). OPG-deficient
(OPG™/") mice exhibited severe osteoporosis due to en-
hanced osteoclastogenesis as adults (6, 7). Compared with
wild-type (WT) mice, adult OPG™/~ mice had lower bone
mineral density {BMD), characterized by severe trabecular
and cortical bone porosity, marked thinning of parietal bones
of the skull, and a high incidence of fractures (6, 7). Despite

Abbreviations: ALP, Alkaline phosphatase; BMD, bone mineral den-
sity; OPG, osteoprotegerin; RANKL, receptor activator of nuclear fac-
tor-«B ligand; rh, recombinant human; WT, wild-type.

this lower density, osteoblastic bene formation was higher,
and serum alkaline phosphatase (ALP) activity was elevated
in OPG™/~ mice (6). These results suggest that bone forma-
tion is coupled with bone resorption in OPG™/~ mice.

Juvenile Paget’s disease, an autosomal recessive osteopa-
thy, is characterized by rapidly remodeling woven bone,
osteopenia, fractures, and progressive skeletal deformity. A
homozygous deletion of the gene enceding OPG was found
in two Navajo patients with juvenile Paget's disease (8).
Serum ALP activities and RANKL of these patients were
significantly much higher than age-matched control values
{8). Thus, OPG is a critical regulator of postnatal skeletal
development and homeostasis in humans as well as mice.
Mutations of RANK that cause an increase in RANK-medi-
ated nuclear factor-kB signaling in vitro have been found in
patients suffering from familial expansile osteolysis and fa-
milial Paget’s disease of bone (9). The homozygous deletion
of an aspartate residue from OPG, which induces loss of
function, causes an idiopathic hyperphosphatasia with high
bone turnover (10). These results suggest that excessive
RANKL-RANK signaling leads to a high turnover state of
bone with stimulated osteoblastic bone formation. Lam et al.
(11) also reported that RANKL increased anabolic bone for-
mation in vivo when administered as an amino-terminal glu-
tathione-5-transferase fusion protein into mice, suggesting
that soluble RANKL in serum might be involved in the high
bone turnover.

Bisphosphonates, compounds with a carbon-substituted
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pyrophosphate structure (P-C-P), inhibit osteoclastic bone
resorption in vivo and in vitro (12). Accumulated studies
revealed the action mechanism of bisphosphonates as fol-
lows: 1) bisphosphonates bind rapidly and tightly to bone
mineral when administered in vive (13); 2) osteoclasts incor-
porate bisphosphonates during bone resorption (12-14); and
3) the incorporated bisphosphonate disrupts the cytoskele-
ton and induces apoptosis of osteoclasts (14, 15). Thus,
bisphosphonates inhibit osteoclast function directly and
specifically.

Bone morphogenetic proteins (BMPs) induce ectopic bone
formation when implanted into muscular tissues (16). We
have shown that phosphodiesterase inhibitors, such as pen-
toxifyline and rolipram, stimulated the recombinant human
BMP-2 (thBMP-2)-induced ectopic bone formation (17, 18).
When phosphodiesterase inhibitors were injected into mice
bearing rhBMP-2-containing implants, both the size and the
mineral content in the ectopic bones induced by rhBMP-2
were higher in the inhibitor-treated mice than in control mice
(17, 18). These results suggest that stimulatory or inhibitory
circulating factors for bone formation in mice can be detected
using a system of rhBMP-2-induced ectopic bone formation.

In the present study we examined whether bone formation
is coupled with bone resorption in OPG ™/~ mice by injecting
the mice daily with risedronate, a bisphosphonate, for 30 d.
Histomorphometric and histochemical analyses were then
performed on the femurs and vertebrae. Concentrations of
serum calcium, phosphorous, osteocalcin, OPG, RANKL,
and the complex of OPG and RANKL were measured. To
determine whether a coupling factor is a systemic factor,
circulating factors for bone formation were also examined in
OPG™ /" mice using a system of thBMP-2-induced ectopic
bone formation. When risedronate was daily injected into
OPG™/~and WT mice for 30 d, bone formation-related pa-
rameters (¢.g. mineral apposition rate and osteoblast surface/
bone surface) were sharply decreased with the suppression
of osteoclastic bone resorption in OPG™/~ mice. However,
ectopic bone formation was similarly induced by the im-
plantation of thBMP-2 in OPG~/~ and WT mice. The serum
concentration of RANKL was markedly elevated in OPG™/~
mice, but was unaffected by the administration of risedr-
onate. These results suggest that bone formation is tightly
coupled with bone resorption at local sites in OPG ™/~ mice,
and that serum levels of RANKL do not reflect the coupling.

Materials and Methods
Animals and drugs

Male OPG™/~, OPG*/" (heterozygote), and WT mice (C57BL/6])
were obtained from Japan Clea Co. (Tokyo, Japan). All procedures for
animal care were approved by the animal management committee of
Matsumoto Dental University. Risedronate was supplied by Procter and
Gamble Pharmaceuticals (Cincinnati, OH). Other chemicals and re-
agents were of analytical grade.

Bone histomorphometry

Zero (saline solution alone) or 0.01 mg risedronate/kg body weight-d
was sc injected into OPG™/~ {14-wk-old), OPG*/~ (6-wk-old), and WT
{14-wk-old) mice daily for 30 d (11 animals/group). Tetracycline hy-
drochloride (Sigma-Aldrich Corp., St. Louis, MO; 30 mg/kg body
weight) and calcein {Sigma-Aldrich Corp.; 6 mg/kg body weight) were
injected on d 26 and 28, respectively, for ir vive fluorescent labeling of
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mineralization sites. Nine mice of each group were killed on d 30 for
bone histomorphometric analysis. Their femurs and vertebrae were then
removed, fixed in 70% ethanol, and embedded in glycol-methacrylate
without decalcification. Sections were prepared and stained with Vil-
lanueva Goldner to discriminate between mineralized and unmineral-
ized bone and to identify cellular components. Quantitative histomor-
phometric analysis was performed in a blind fashion. Images were also
visualized by fluorescent microscopy. Nomenclature and units were
used according to the recommendation of the nomenclature committee
of the American Society for Bone and Mineral Research (19).

Tissue preparation for the histological analysis of bone

Two mice from each group were anesthetized with Ketalar (Sankyo,
Tokyo, Japan) and were perfused for 15 min with 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.3) through the left ventricle on d 30.
Femurs were removed and immersed immediately in the same fixative
for an additional 20 h at 4 C. After specimens were washed with phos-
phate buffer, they were decalcified in 10% EDTA-2Nain 0.1 M Tris buffer
{pH 7.3) for 3-4 wk at 4 C. Decalcified specimens were then washed in
phosphate buffer, dehydrated in a graded series of ethanol, and em-
bedded in semi-water-soluble resin (Immune-Bed kit, Polysciences, Inc,,
Warrington, PA). Tartrate-resistant acid phosphatase, a marker enzyme
of osteoclasts, was detected using enzyme histochemistry with naphthol
AS-MX phosphate (Sigma-Aldrich Corp.} as a substrate and Fast Violet
LB salt (Sigma-Aldrich Corp.) as a dye as previously described (7, 20).

Measurements of serum calcium, phosphorous,
and osteocalein

Blood from 18-wk-old male OPG™/" mice and WT mice with or
without risedronate treatment was collected by heart puncture under
anesthesia with diethylether. Serum concentrations of calcium and phos-
phorus were measured using a calcium E kit (Wako, Osaka, Japan) and
an inorganic phosphorus C kit (Wako), respectively. Serum ALP activity
was determined by the method of Woltgens ¢t al. (21) with a slight
maodification as described previously (22). The amount of osteocalcin in
serum was measured using a sensitive ELISA kit (Biomedical Technol-
ogies, Inc.,, Stoughton, MA}.

Measurements of serum OPG, RANKL, and the complex of
OPG and RANKL

Serum concentrations of OPG and RANKL in QPG ~/~, OPG*“~,and
WT mice treated with or without risedronate were measured using the
respective ELISA kits (R&D Systems, Inc., Minneapolis, MN) as de-
scribed previously (23). Serum concentrations of the complex of RANKL
and OPG were also determined by the quantitative sandwich ELISA
system using microplates precoated with anti-RANKL polyclonal anti-
bodies and peroxidase-linked anti-OPG polyclonal antibodies (R&D
Systems, Inc.). Quantitative analysis of the complex form of RANKL and
OPG showed that RANKL bound to OPG in an equivalent molarity, and
that preincubation of RANKL and OPG for 30 min at 25 C was enough
to form the complex. Serum and the various concentrations of the
RANKL and OPG complex were pipetted into the wells of microplates
precoated with anti-RANKL polyclonal antibodies, and incubated for
12 h at 4 C to allow the binding of RANKL present in the samples to the
immobilized anti-RANKL antibodies. After washing away unbound
substances using PBS, peroxidase-linked polyclonal antibodies against
mouse OPG were added to the wells for 2 h at room temperature. The
wells were washed with PBS and then incubated with a substrate
solution (tetramethylbenzidine and hydrogen peroxide) as described.
The enzyme reaction yielded a blue product that turned yellow when
a stop solution (1 M HCI) was added. Measurement of the complex was
conducted at 450 nm using 2 plate reader (Biclumin 960, Amersham
Pharmacia Biotech, Arlington Heights, IL). The intra- and interassay
coefficients of variation were less than 11.2%.

Ectopic bone formation

rhBMP-2 was produced by Genetic Institute (Cambridge, MA) and
was donated to us through Yamanouchi Pharmaceutical (Tokyo, Japan).
rthBMP-2 was provided in a buffer solution (5 mm glutamic acid, 2.5%
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glycine, 0.5% sucrose, and 0.01% Tween 80} at a concentration of 1 ug /ul
after filter sterilization. Individual implant pellets were prepared as
follows: 5 pl of the thBMP-2 solution (1 mg/mi) were added to 20 ul 0.01
M HCl, then blotted onto a collagen sponge disk (6-mm diameter, 1-mm
thickness) fabricated from commercially available bovine collagen
sheets (Helistat, Integra Life Sciences Co., Plainsboro, NJ), freeze-dried
as a pellet, and kept at —20 C until implantation into mice. Before the
surgery for implantation, mice were anesthetized with diethylether. The
pellets were implanted into the left dorsal muscle pouches (one pellet per
animal) in OPG™/~ and WT mice and then harvested after 3, 6, 9, and
12 wk. At the end of the implantation periods, the implants were har-
vested to evaluate size, BMD, and bone mineral content of the rhBMP-
2-induced ossicle. All harvested tissues were radiophotographed with
a soft x-ray apparatus (Sofron Co., Tokyo, Japan). BMD (milligrams per
square centimeter) of each ossicle was measured by single energy x-ray
absorptiometry using a bone mineral analyzer (DCS-600R, Aloka Co.,
Tokyo, Japan) (17, 18).

Statistics

Data are expressed as the mean * sgm. Statistical analysis was per-
formed by { test.

Resulis
Bone histomorphometry and histological analysis of bone

A previous histomorphometric study showed that osteo-
blastic bone formation as well as osteoclastic bone resorption
were elevated in OPG™/~ mice (6). In our current study, to
examine whether bone resorption is coupled with bene for-
mation in OPG ™/~ mice, risedronate was injected daily into
OPG /" mice (0.01 mg/kg body weight) for 30 d. Severe loss
of trabecular bone in femora was evident in untreated 18-
wk-old male OPG™/~ mice (Fig. 1A). Treatment of OPG /"~
mice as well as WT mice with risedronate increased the
trabecular bones in the femoral neck portions (Fig. 1A). High
magnification of the femoral cortical bone showed that os-
teoblasts of untreated OPG™/~ mice existed as cuboidal os-
teoblasts along the bone surface {Fig. 1B). Risedronate treat-
ment changed the shape of osteoblasts from cuboidal to flat.
Cross-sections of femurs of untreated OPG™/ ™ mice revealed
excessive osteoclastic bone resorption in the endosteal sites
(Fig. 1C). Risedronate treatment of OPG™/~ mice inhibited
bone resorption and increased the bone volume of femoral
cortical portions. Te porous area of cortical bone was strik-
ingly larger in untreated OPG ™/~ mice than in WT mice (Fig.
1E). Risedronate treatment of OPG™/~ mice significantly
reduced the porous area/cortical area. The double labeling
study with tetracycline and calceine revealed that the width
of double labels was increased in both endosteal and peri-
osteal surfaces of cortical bones in untreated OPG™/~ mice
{Fig. 1D). Risedronate treatment narrowed this width. Bone
formation rates of cortical bones in untreated OPG ™/~ mice
were 2.5-fold in the endosteal surface and 1.4-fold higher in
the periosteal surface than those in WT mice (Fig. 1E). Risedr-
onate treatment of OPG™/~ mice returned the elevated bone
formation rates to those of WT mice.

Histomorphometric analysis was performed in more de-
tail in vertebrae of OPG™/~ and WT mice treated with or
without risedronate. Most trabecular bones were lost in the
vertebrae of untreated OPG™/~ mice (Fig. 2A). Risedronate
treatment markediy increased vertebral trabecular bones in
OPG™/~ mice as well as in WT mice. Bone resorption-related
parameters (osteoclast surface /bone surface, osteoclast num-
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ber /bone surface, and eroded surface /bone surface} were all
elevated in untreated OPG™/" mice (Fig. 2B). Risedronate
treatment significantly decreased these elevated parameters.
Risedronate treatment only slightly decreased these bone
resorption-related parameters in WT mice (Fig. 2B).

Similar to the osteoblasts in the cortical bones (Fig. 1B),
osteoblasts along the vertebral trabecular bones of untreated
OPG™/™ mice were more cuboidal than those in WT mice
(Fig. 3A). Risedronate treatment of OPG™/~ mice changed
the shape of the osteoblasts from cuboidal to flat. A double-
labeling study revealed that mineralization of trabecular
bones in untreated OPG™/~ mice was markedly elevated,
and treatment with risedronate apparently suppressed the
mineralization of these bones, as evidenced by the disap-
pearance of the thickly labeled surfaces (arrows in Fig. 3B).
The static histomorphometric measurements showed that
bone formation-related parameters {osteoid volume/bone
volume, mineral apposition rate, osteoblast surface/bone
surface, and bone formation rate/bone surface) were all sig-
nificantly higher in untreated OPG ™/~ mice than in WT mice
{Fig. 3C). Risedronate treatment decreased these elevated
bone formation-related parameters to levels lower than those
in WT mice. Risedronate treatment also decreased the bone
formation-related parameters in WT mice (Fig. 3C). Bone
volume/tissue volume and trabecular number of vertebrae
were significantly lower in OPG™/~ mice than in WT mice
(Fig. 3D). Risedronate treatment increased bone volume and
trabecular number in both OPG™/~ and WT mice. These
results suggest that the increase in bone resorption due to
OPG deficiency is more accelerated than the compensatory
increase in bone formation in OPG™/~ mice.

Serum calcium, phosphorous, and osteocalcin

There were no significant differences in serum concentra-
tions of calcium and phosphorus between OPG '/~ and WT
mice (Fig. 4). Serum phosphorus levels in risedronate-treated
mice were significantly lower than those in WT mice (Fig, 4).
Serum parameters of bone formation (ALP activity and os-
teocalcin concentration) were about four and three times
higher, respectively, in OPG™/~ mice than in WT mice (Fig.
4). Risedronate treatment of OPG™/~ mice resulted in de-
creases in serum ALT activity and osteocalcin concentration
to the levels found in WT mice.

Serum OPG, RANKL, and the complex of OPG and RANKIL

Serum levels of RANKL were elevated in a patient with
OPG-deficient juvenile Paget’s disease (8). Furthermore, cir-
culating RANKL stimulated anabolic bone formation in vivo
{11). We therefore measured the serum levels of RANKL and
OPG in OPG™/~, OPG*/~ (heterozygote), and WT mice
treated with or without risedronate (Fig. 5). Although serum
OPG was detectable in OPG*/~ and WT mice, the level in
OPG*/~ mice was significantly lower than that in WT mice.
The serum level of RANKL was extremely low in WT mice,
but was markedly elevated in OPG ™/~ mice. The serum level
of RANKL in OPG*/~ mice was significantly higher than
that in WT mice, but lower than that in OPG~/~ mice.
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Fic. 1. Effects of risedronate treatment on femurs of OPG ™'~ and WT mice. OPG™'~ and WT mice were injected daily with (+BP) or without

(Cont) risedronate (0.01 mg/kg body weight-d) for 30 d. Mice were given in

terval doses of tetracycline and calceine on d 26 and 28, respectively.

Femurs were removed on d 30 for histological and histomorphometric analyses. A, Histological evaluation of proximal femurs. Bar, 500 pm.
B, High magnification of femoral cortical bones. Arrows indicate osteoblasts along the bone surface. Osteoblasts of OPG™'~ mice not treated

with risedronate appear more cuboidal in shape than those of WT mice
Cross-sections of femurs. Bar, 500 um. D, Fluorescent micrographs showi

or those of OPG™'" mice treated with risedronate. Bar, 50 pm. C,
ng double-labeled mineralization in the fronts of femurs. Arrows and

arrowheads indicate endosteal and periosteal bone formation, respectively. Bar, 100 pm. E, Histomorphemetric analysis of femurs. Parameters
of bone resorption and formation were determined in femoral cortical bones. Data are expressed as the mean * seM of four to six animals.

Statistical significance was analyzed by ¢ test: *, P < 0.0001.

There was a possibility that OPG interfered with the inter-
action between anti-RANKL antibodies and RANKL in the
ELISA when OPG formed a complex with RANKL in serum.
Therefore, we established an ELISA for the complex of OPG-
RANKL and then compared the serum levels of the complex
among OPG™/~, OPG*/~, and WT mice (Fig. 5). The com-
plex of OPG-RANKL in serum was detected in OPG ™/~ mice
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but not in WT mice (Fig. 5). Treatment of OPG™/~, OPG*/~,
and WT mice with risedronate showed no effect on the cir-
culating levels of RANKL, OPG, and the complex of OPG and
RANKL (Fig. 5). These results suggest that circulating
RANKL does not reflect the status of bone resorption and
formationin OPG ™/~ mice, and that the serum concentration
of RANKL is tightly regulated by circulating OPG.



