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F1G. 2. Effects of risedronate treatment on bone resorption in vertebrae 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 interval doses of tetracycline and calceine on
d 26 and 28, respectively. Vertebrae were removed on d 30 for histological and histomorphometric analyses. A, Vertical sections of vertebrae.
Bar, 500 um. B, Bone resorption-related parameters in bone histomorphometric analysis of vertebrae. Data are expressed as the mean * SEM
of four to six animals. Statistical significance was analyzed by ¢ test: *, P < 0.0001,

Ectopic bone formation

We finally examined whether ectopic bone formation in-
duced by rhBMP-2 is stimulated in OPG™/~ mice (Fig. 6A).
rthBMP-2-containing collagen disks were implanted into the
left dorsal muscular pouches of OPG™/~ and WT mice and
then recovered after 3, 6, 9, and 12 wk. Soft x-ray images
reveal that in co]Iagen disks recovered after 3 wk the areas
of calcified mass in the OPG™/~ mice were similar in size to
those in WT mice, whereas in disks recovered at 6 wk the
areas were apparently less in the OPG™/~ mice than in the

WT mice (Fl; 6A). BMD of the implants recovered after 3 wk
from OPG™/ "~ mice was similar to that from WT mice, but
BMD after 6 wk was significantly lowerin OPG ™/~ mice than
in WT mice (Fig. 6B). There was no significant difference in
bone mineral content between OPG ™/~ and WT mice at 3 wk
(data not shown). In addition, histological examination re-
vealed that rhBMP-2 similarly stimulated trabecular bone
formationin OPG™/~ and WT mice at 3 wk (data not shown).
These results suggest that ectopic bone formation induced by
rhBMP-2 was not accelerated even with a high turnover rate
of bone in OPG™/" mice.

Discussion

Although bone formation is thought to be coupled with
bone resorption, the characteristics of the coupling phenom-
ena have not been determined systematically in vivo and in
vitro (1). OPG ™/~ mice exhibited a high turover rate of bone

(6, 7). Recent studies on juvenile Paget’s disease revealed that
homozygous deletion of the gene encoding OPG results in
Paget’s disease with rapidly remodeling woven bone (8). It
was also shown that autosomal recessive idiopathic hyper-
phosphatasia with increased bone formation arises from in-
activation of OPG protein (10}. These results suggest that loss
of OPG function induces activation of osteoblastic bone for-
mation through unknown mechanisms. Is stimulation of os-
teoclastic bone resorption responsible for the activation of
osteoblasts in the loss of OPG function? To answer this ques-
tion, we studied a possible coupling between bone formation
and bone resorption in OPG™/~ mice.

Our histomorphometric analysis clearly showed that the
elevated osteoblast function in OPG™/"~ mice was sharply
decreased after the suppression of bone resorption by daily
injection of risedronate. OPG™/~ mice also showed high
serum levels of ALP activity and osteocalcin, both of which
were decreased to levels lower than those in WT mice by
bisphosphonate administration. Thus, the osteocalcin con-
centration as well as ALP activity in serum sharply reflected
the status of osteoblast function. Treatment of primary os-
teoblasts with risedronate at 1077 M showed no inhibitory
effect on ALP activity (data not shown), whereas the same
concentration of risedronate significantly inhibited pit-form-
ing activity of osteoclasts placed on dentine slices (24). Nei-
ther RANKL (1-300 ng/ml) nor OPG (1-1000 ng/ml)
showed inhibitory or stimulatory effects on the proliferation
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Fic. 3. Effects of risedronate treatment on bone formation in vertebrae 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 interval doses of tetracycline and calceine on d 23
and 28, respectively. Vertebrae were removed on d 30 for histological and histomorphometric analyses. A, Histology of trabecular bone in
vertebrae. Arrows indicate ostecblasts along the bene surface. Osteoblasts of OPG™'" mice not treated with risedronate appear more cuboidal
in shape than those of WT mice or those of OPG™/~ mice treated with risedronate. Ber, 25 um. B, Fluorescent micrographs show double-labeled
mineralization in the fronts of trabecular bone in vertebrae. Bar, 100 pm. C, Bone formation-related parameters in bone histomorphometric
analysis of vertebrae. Data are expressed as the mean + sEM of four to six animals, Statistical significance was analyzed by ¢ test: *, P < 0.0001;

**, P < 0.002; ***, P < 0.0005 (WT vs. OPG™~ mice).

and ALP activity in the culture of primary osteoblasts de-
rived from OPG™/~ mice and WT mice (data not shown).
These results suggest that bone formation is tightly coupled
with bone resorption in OPG™/~ mice.

To date, many studies have shown that induction of bone
resorption by bone-resorbing factors (e.g. PTH, 1,25-dihy-
droxyvitamin D, and prostaglandin E,) resulted in the stim-
ulation of bone formation (25-27). However, these factors act
on osteoblasts to induce RANKL expression (3). Therefore, it
is difficult to determine whether the bone formation induced
by bone-resorbing factors is the result of bone resorption or
is a phenomenon independent of bone resorption. Our re-
sults showed that inhibition of osteoclast activity in OPG™/~
mice by a bisphosphonate results in suppression of osteo-
blast function without any change in the RANKL-RANK

interaction. High serum concentrations of RANKL in
OPG™/~ mice remained unchanged even after suppression
of bone resorption by bisphosphonate. These results further
support the hypothesis that osteoclastic bone resorption di-
rectly activates osteoblast function.

Clarifying the mechanism of coupling between bone re-
sorption and formation is important for understanding the
regulation of bone metabolism. Activated osteoblasts with
cuboidal shape were often observed near sites where oste-
oclasts were actively resorbing bones. Such osteoblasts were
observed not only in trabecular bones, but also in cortical
bones in OPG™/~ mice. Wide double lines of calceine and
tetracycline, which indicate accelerated bone formation,
were localized at sites where osteoclastic bone resorption
appeared to have taken place. These results suggest that a
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FiG. 4. Serum concentrations of caleivm, phosphorus, and osteocal-
cin and serum ALP activity in OPG™" and WT mice. OPG~~ and WT
mice were injected daily with {(+BP) or without risedronate (0.01
mg/kg body weight-d) for 30 d. Serum was collected on d 30 for de-
termination of calcium, phosphorus, and osteocalcin concentrations
and ALP activity. Data are expressed as the mean = SEM of four to six
animals. Statistical significance was analyzed by ¢ test: *, P < 0.05;
*, P < 0.005; ***, P < 0.01.

coupling factor is released during osteoclastic bone resorp-
tion as a local factor. In our preliminary experiments oste-
oclasts produced a factor that induced differentiation of im-
mature mesenchymal cells into ALP-expressing cells (28).
However, the width of the double labeling in the periosteal
surface of cortical bones was also increased in OPG ™/~ mice.
Bone resorption in the periosteal surface was not as clearly
evident as resorption in the endosteal surface. Osteocyte-
mediated signals that relate to bone strain induced by bone
resorption may stimulate osteoblast function (29). This
would explain the increase in periosteal bone formation
when bore resorption was not increased.

Although increases in the width of the double labeling
were observed in the periosteal surface of cortical bones in
OPG™/" mice, cortical bone parameters (cortical area and
cortical thickness) were not significantly increased in the
mutant mice (data not shown). These results suggest that
turnover in cortical bone and that in trabecular bone in grow-
ing mice are regulated differently. The coupling itself or the
coupling factor might not be directly involved in the deter-
mination of the size of cortical bone. However, it should be
noted that enlarged porous areas of the cortical bone were
observed only in OPG™/~ mice, and risedronate treatment
significantly reduced the porous areas. These results suggest
that OPG plays an important role in turnover in cortical bone.

Whyte et al. (8) reported that serum levels of RANKL were
markedly elevated in a patient with juvenile Paget’s disease.
We confirmed that serum RANKL was similarly elevated in
OPG™/~ mice. Risedronate treatment of OPG™/~, OPG*/ ",
and WT mice showed no effect on the circulating levels of
RANKL and OPG in both types of mice. We examined
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Fi1G. 5. Serum concentrations of OPG, RANKL, and complex of OPG
and RANKL in OPG~/~, OPG*~, and WT mice. OPG~~,OPG*/~, and
WT mice were injected daily with (+BP) or without risedronate (0.01
mg'kg body weight-d) for 30 d. Serum was collected on d 30 for de-
termination of OPG, RANKL, and OPG-RANKL complex concentra-
tions. Data are expressed as the mean * SEM of four to six animals.
Statistical significance was analyzed by f test: *, P < 0.05; ** P <
0.005. No significant differences were found between the value of
control mice and that of mice treated with risedronate (+BP).

RANKL mRNA expression in tibiae obtained from OPG™/~
and WT mice using RT-PCR techniques. The level of tibial
RANKL mRNA expression in OPG™/~ mice was similar to
that in WT mice (data not shown). This result was consistent
with our previous finding that calvarial osteoblasts prepared
from OPG™/~, OPG*/~, and WT mice constitutively ex-
pressed similar levels of RANKL mRNA, which were sim-
ilarly elevated by the treatment with 1,25-dihydroxyvitamin
D; (30). We have also shown that RANKL expressed by
OPG-deficient ostecblasts functions as a membrane- or ma-
trix-associated form (30). These results suggest that OPG
deficiency does not affect local expression of RANKL mRNA,
and the serum concentration of RANKL is tightly regulated
by circulating OPG at the posttranslational level. RANKL
expressed by osteoblasts as a membrane- or matrix-associ-
ated form appears to play essential roles in increased oste-
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Fic. 6. Ectopic bone formation induced by BMP-2 in OPG ™'~ mice and WT mice. Ectopic bone formation was induced by implantation of collagen
disks impregnated with BMP-2 in OPG ™/~ mice and WT mice. After implantation for 3, 6, 9, and 12 wk, the implants were recovered, and the
BMD of the implants was determined as deseribed in Materials and Methods. A, Soft x-ray images of ossicle formed after 3 wk of implantation.
B, BMD of the implants recovered after 3, 6, 9, and 12 wk. Data are expressed as the mean + sEM of four to six animals. Statistical significance

was analyzed by ¢ test: *, P < 0.005; **, P < 0.05.

oclast differentiation and function in OPG™/~ mice. How-
ever, the possibility that circulating RANKL as well as locally
expressed RANKL have important roles in OPG deficiency-
induced bone resorption cannot be excluded.

Lam et al. (11) reported that RANKL increased anabolic
bone formation in vivo when administered as an amino-
terminal glutathione-S-transferase fusion protein into mice.
However, our results suggest that circulating RANKL does
not reflect the status of bone formation in OPG™/~ mice. It
is therefore unlikely that circulating soluble RANKL is a
coupling factor transmitting bone resorption and bone for-
mation in OPG™/~ mice. Serum levels of RANKL and OPG
in OPG*/~ mice were intermediate between those of
OPG~/~ and WT mice. Interestingly, the complex of OPG
and RANKL was detected only in the serum of OPG*/~
mice. Serum concentrations of RANKL in OPG*/~ mice were
similar to those of the RANKL-OPG complex, sug/gesting
that most of RANKL detected in the serum of OPG*/™ mice
forms the complex with OPG. Although several reports
showed that T cells release RANKL as the soluble form
(31-33), the origin of serum RANKL remains unknown. The
mechanism of action of OPG in the release of RANKL and the
origin of soluble RANKL in OPG™/~ mice are currently
under investigation in our laboratories.

To determine whether the coupling factor is a systemic
factor, we examined ectopic bone formation induced by im-
plantation of BMP-2 into OPG™/~ and WT mice. BMD of
ectopic bone evaluated 3 wk after the implantation showed
no significant difference between OPG™/~ and WT mice.
Thus, BMP-induced ectopic bone formation in OPG™/~ mice
was not accelerated even in the high turnover state of bone,
suggesting that the coupling factor is a local factor. Atten-
uation of minerals from ectopic bones 6 wk after implanta-
tion was clearly more pronounced in OPG™/~ mice than in
WT mice. The number of osteoclasts appearing in the ectopic
bones was higher in OPG ™/~ mice than in WT mice (data not

shown). Thus, the increase in osteoclastic bone resorption in
BMP-induced ectopic bone may have masked systemic and
anabolic signals for bone formation in OPG ™/~ mice. Further
experiments are needed to determine the role of osteoclastic
bone resorption in ectopic bone formation.

Both bone resorption and formation were exiremely en-
hanced in OPG ™/~ mice, but bone volume in these mice was
gradually decreased after birth. This suggests that bone re-
sorption induced by OPG deficiency exceeds bone formation
induced by the coupling mechanism. The decrease in bone
volume even in the high turnover state of bone is also ob-
served in postmenopausal osteoporosis. Recently, Kawano et
al. (34) reported that androgen receptor-deficient male mice
exhibited high bone turnover with increased bone resorption
and formation, but their trabecular and cortical bone masses
were significantly reduced. They also found that deficiency
in androgen receptors enhanced RANKL expression in os-
teoblasts that resulted in the stimulation of osteoclastogen-
esis (34). These results suggest that bone loss is induced even
in the high turnover state of bone if bone resorption exceeds
bone formation in some bone deceases.

In conclusion, bone formation was tightly coupled with
bone resorption in OPG ™/~ mice. BMP-induced ectopic bone
formation was not accelerated even at the high turnover state
of bone in OPG™/~ mice. Bisphosphonates appear to be first
choice medicines for the treatment of diseases that have a
high turnover rate of bone, such as Paget's disease (12).
Moreover, our results support the usefulness of bisphospho-
nate treatment in children with OPG deficiency-related id-
iopathic hyperphosphatasia and suggest that a coupling fac-
tor transmitted from bone resorption to bone formation
exists at the local sites of bone. Further studies are necessary
to elucidate the characteristics of this coupling factor. Such
an approach will provide valuable information for the treat-
ment of metabolic bone diseases such as osteoporosis and
rheumatoid arthritis.
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Suppression of Osteoprotegerin Expression by Prostaglandin
E, Is Crucially Involved in Lipopolysaccharide-Induced
Osteoclast Formation®

Koji Suda,** Nobnyuki Udagawa,* Nobuaki Sato,* Masamichi Takami," Kanami Itoh,’
Je-Tae Woo," Naoyuki Takahashi,?* and Kazuo Nagai'

Lipopolysaccharide is a potent stimulator of bone resorption in Inflammatory diseases. The mechanism by which LPS Induces
osteoclastogenesis was studied in cocultures of mouse osteoblasts and bone marrow cells. LPS stimulated ostenclast formation and
PGE, production in cocultures of mouse osteoblasts and bone marrow cells, and the stimolation was completely Inhibited by
NS$398, a cyclooxygenase-2 inhibitor. Osteoblasts, but not bone macrow cells, produced PGE, in response to LPS. LPS-induced
osteaclast formation was also inhibited by osteoprotegerin (OPG), a decoy receptor of receptor activator of NF-xB ligand
{(RANKLY), but not by anti-mouse TNFRI Ab or IL~1 receptor antagonist, LPS Induced both stimulation of RANKL mRNA
expression and tnhibition of OPG mRNA expression in osteoblasts, NS398 blocked LPS-induced down-regulation of OPG mRNA
expression, but not LPS-induced op-regulation of RANKL mRNA expression, suggesting that down-regulation of OFG expression
by PGE, is involved in LPS-induced osteoclast formation in the cocultures. NSI98 falled to fnhibit LPS-induced osteoclastogenesis
in cocnltures containing OPG Knockout mouse-detived osteoblasts, IL-1 also stimulated PGE; production in osteoblasts and
osteoclast formation in the ¢ocultures, and the stimalation was Inhibited by NS398. As seen with LPS, NS398 fajled to inhibit
IL-1-induced osteoclast formation in cocultures with OPG-deficient osteoblasts, These results sugpest that IL~-1 as well as LPS
stimulates osteoclastogenesis through (wo paraliel events; direct enhancement of RANKL expression and suppression of OPG
expression, which Is mediated by PCE, production, The Journal of Immunology, 2004, 172: 0000-0000,

originate from hemopeietic progenitors of the mono-  RANKL, osteoprotegerin (OPG), which inhibits ostenclast formas.

¢yte/macrophage lincage {1-4). Ostcoblasts or bone  tion in vive and in virro by interrupting the interaction between
tmarrow stromal cells arc involved in osteoclastogenesis thrugha  RANKL and RANK (14, 15).
mechanism involving cell-to-cell contact with osteoclast progeni. In mouse cell cocultures, osteoclasts are formed in response (o
lors (4, 5). Studics of M-CSF-deficient op/op mice have shawnthat  bone-resorbing  factors such as  1,25-dihydroxyvitamin D,
M-CSF produced by ostcoblasts is an essential facior for osteoclas-  (1,25(0H),Dy), parathyroid hormone (PTH), PGE,, and IL-11 (4}.
togenesis (6. 7). Recoplor activator of NF-xB ligand (RANKLY'  Almost gl of the bone-resorbing factors stimulete expression of
(3) was also identificd as another factor essential for osteoclasto-  RANKL in osteoblasts/stromal cells (4), Thres independent signals
genesis {8-11). RANKL (s a member of the TNF-ligand family  have been proposed to induce RANKL expression in osteoblasts/
that js expressed by osteoblag's/swromal cells as a membrane-2s-  stromal cells: vitamin D receptor-mediated signals induced by
sociated factor, Osteoclast precursors cxpress RANK, areceptor of  1,25(0H),D,, cAMP/protein kinase A (PKA)-mediated signals {n-
RANKL: recognize RANK]. through cell-cell interaction; and dif-  duced by PTH or PGE,, and gp130-mediated signals induced by
ferentiate into ostcoclasts in the presence of M-CSF (12, 13). Os- L1 (4), Among these signals, vitamin D reeeptor- and cAMP/
PKA-mediated signals suppress OPG expression in osteablasts/

*Departneni of Bicengineering. Tokyo Institule of Technology. Yokohama, Japwn,  Slromal cells. Recently, we reported that compounds that elevate

"Department of Biochemisry, Schoml of Denrstry. Shown Univenity, Yokye, intrace 1ei : : . :
Japan: *Depanment of Biochemistry. Schaal of Dentistry. and Institote for Oral raccllulac calcium, such as fonomycin, A23187, cyclopiazonic
Scicnoe. Motsumato Dentab Untiversity. Shiojiri, Japan: ond YDepartment of Biolog. acid, and thapsigargin, stimulated osteoclast formation in mouse

O sleoctasts are bone-resorbing multinuclcated cells that  teoblasts/Stromal cells also produce a soluble decoy receptor for

ical Chentistry, Chuby University. Kasugai. Japan coculteres {(16). Treatment of primary osteoblasts with those com-

Received for publication August 26, 2003, Acsspied for publication Novomber pounds stimulated the expression of RANKL, Thus, the signal me-
- . . .

{8. 3n03, diated by calcium and protein kinase C (PKC) is proposed to be

The costs of publication of this artick were defrayed in part by the pryment of page another (fourth) si i inm i _
chazgas. This orticle must therefone be haraby marked advertisement in wectrdancs ( ) signal thet induces RANKL expression 1n osteo .

with (8 US.C. Section 1734 xolely ta indicate this fact, blasts/stramal cells.

1 This study wns apportedin part by grants-n-aid (12137200, 13887153, 13470304 and Severe bone lloss due to excessive bone resorption is observed in
14207075) from the Minisry of Education. Cultare, Sports. Science, and Techmology of  inflammatary diseases such as periodnntitis and osteomyclitis and
Japan. K.S. is Reseiuch Fellme of the: Japan Society for the Promotion of Sciease some types of arthritides (17), LPS, a major constituent of Gram-

2 Address corrcspondence and reprint requests to [Or. Naoyuli Takahashi. Instiate for negative bacteria, i sed H
Oral Seicnce, Matsumoto Dentid Unitwirsicy, 1780 Gobarn. Hiro-oka, Shiojiri-shi, in %hes e infl 18 pﬂ;??" tobea pote;:usnmulator Of.bme loss
Nagano 309-0781, Jnpan. B-mail adiness: raleahashingo@po.mdu.oc.jp l ammatory diseases (17-22). Recently, Toll-like recep-

3 Abbreviations used in this paper: RANKL. receptor activaioe of NE-xB ligang, 'O 4 (TLR4) was jdentified as the signal-transducing receptor for
12SOHLD.. 1. 25-dhvdroxvvitamin D,; COX2. cvclnzvaene 2 EIA, enzvme  LPS (23, 24), The eytoplasmic signaling cascade of TLR4 is sim-
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ilar to that of IL-1Rs. Both TLR4 and IL-1Rs use comman sig-
naling molecules such as myeloid differentiation factor 88 and
TNFR-associated factor 6 (25-29). Macrophages, lymphocytes,
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and osteoblaste/stromal cells express TLR4, and produce PGE;
and proinflammatory cytokines such as TNF-a gnd IL-1 in re-
sponsc to LPS (30, 31), These inflammatory factors also stimulate
osteoclastogenesis directly or indirecdly (17422, 32).

LPS stimulates PGE, production in the target cells through the
induction of mitogen-inducible cyclnoxygenass 2 (COX2) expres-
sion (33). N5398, a nonsteroidil anti-inflammatory agent, specif-
ically Inhibits COX2 without affecting COX1 activity (34). There-
fore, NS398 has been used as a tool to explore the role of PGE, in
pathelogical processes involving COX2 activity. PGE; exerts its
biologieal actions through binding to four specific membrane re-
ceptors (EP1, EF2, EP3, and 1P4) (35). Sakuma et al, (20, 21)
reparted that induction of nsteoclast formation by LFS, TNT-«,
and IL-1 was barely observed wn cell culwres prepared from EP4
knockout (EP4—/~) mice, and that urinary excretion of dcoxypyr-
idinoling, a sensitive marker fo bone rescrption, was not increased
in EP4™'~ mice injewted with LPS. These results suggest that
PGE, is a key factor in the enhancement of ostwoclastogenesis by
LPS in vive and in vitro. However, it is still not known how PGE,
is involved in the induction of osteoclastogenesis by LES,

14 the present study, we examined the mechanism of the induc-
tien of osteoclast formation by LPS in coculwres of mouse ostco-
blasts and bonc mammow cells. We showed that LPS promoted os-
teoclastogenesis through (wo parallel evenls: one was direct
enhancement of RANKL cxpression, and the other was suppres-
sion of QPG production medisted by PGE, in osteoblasts. Tn ad-
dition, ¥I.-1 stimulated ostcoclast formation in the cocultures in a
manner similar to LPS,

Materials and Methods
Reagenis and mice

LYS (Escherichia cnli 026:86) and FGE, were purchased from Sipma-
Aldrich (St. Lonis, MQ). NSY98 was from Calbiochem (San Dicgo. CA).
Human tOPG and mouse 1115 were obtained from PeproTech (London.
UK Mouse rTNF-e and ntouse tTL-1 receptor entagonist (rI-1ra) were
obtained from R&D Systems (Minneapolis, MN). Anti-mouse TNFR1 Ab
was obtained from Genzyme Diagnostics (Cambridge, MA), Six« to 9-wk-
old male and newborn ddY mice 'were obtained from Sankyo Laboratory
Animal Center (Tokyo, Japan). CSTBL/6 (B6) misc and OPG-deficient
(OPG~'"Y mice (CSTBL/E (BEY) were obtained from Clcar Japan Clea
(Takyo, Japan), This study was revigwed ond approved by the Showa Uni-
versity Animal Care and Use Committes,

Cell preparation and osteoclast formation assay

Primary osteoblasts were obtaincd. from calvariae of newborn ddY mice,
C57BL/S (B6) mice. and OPG ™" mice by the conventional method using
collngenase (36), Bone mamow cells weee collected from femora and tibias
of 6- to 9-wk-old male mice. Primary ostcoblasts (1 X 10* cells) and bone
marrow eclls (2 X 10" cells) were cocultured for § days in a-MEM con-
wining 10% FCS (CSL. Victoria, Anstralia) in 96-well tissue culture platss
{Coming, Coming, NY) (0.2 niWwell). Coculiures were incubated in the
presence of LPS (0.001-10 ug/ml), PGE, (§ M), IL+18 (10 ng/m), or
TNF-ar (10 ng/ml) for the final 3 days. Some cocultures were pretreated
with N8398 (1 pM), OPG (100 ng/ml). IL-1ra (10 pg/ml}, und TNFRI Ab
{10 pg/ml) for | h before adding LPS, PGE, 118, nc TNF-a. Then
coculturcs were fixed and stainedt for tartrate-resistant acid phosphatase
(TRAP; a marker enzyme of astcoclasts), TRAP-positive cells containing
> nuclei were counted os ostecciasts, The resuits obtained from u Lypical
experiment of three independem experiments are expressed as the mean =
8D of four cultures,

Measurement of PGE; production
Primary osteoblasts (3 X 10* celis) and bone marrow cells (6 X llO“ cells)

MECHANISM OF LPS-INDUCED OSTEOCLASTOGENESIS

tios with scversl eicosanoids; PGE,, 100%; PGE, ethanolamide, 100%:
PGE,, 43%; PGE,, 18.7%; 6-kcto PGF o, 1%: and 8-isv PGFon, 0,25%.

Northern blot analysis

Primary ostcoblasts (1 3 10" cells) were sceded in cell culture dishes (60
mm in diameter; Corning) and cultured in a-MEM ¢ontaining 10% FCS for
3 days. After incubation in a-MEM containing 0.1% FCS for 3 h, the cells
were incubared with LPS {1 pg/m!) or IL-18 (10 ng/ml). In some cxper-
iments, ostcoblasts wers cocultured with bone marrow cclis (2 X 107 cells)
in the presence of LPS (1 pg/mb) for 1 or 48 h. Some coltures weee ulso
treated with N5398 (1 M) for I h befors the addition of LPS. Total RNA
was isolated from cultures using TRIzol (Life Technologies, Grand Island,
NY). Northemn blot analysis was performed using denaturing formalde-
hyde/sgarose pels, as described (16), Double-stranded ¢DNA (ragments
encoding mouse RANKL QPG and COX2 were kindly provided by H.
Yasuda (Snow Brand Milk Products. Tochigi, JaPan). cDNA probes
(RANKL. OPG. COX2, and B-tubulin) labeled with “2P were synthesized
using ¢ cDNA labeling kiy (Takara, Tokyo, Japan). The RANKL, OPG,
COX?2. and B-tubulin probes were hybridized with membrencs to which
total RNA isolated from osteoblasts had been transferred. The membrancs
were ex to Kondak BioMax MS fifm (Rochester, NY) for 3-48 h.
Signals of RANKL, OPG, COX2, and B-tubnlin mRNA were quantified
using a radioactive image analyzer (BAS2000: Fuji Photo Film, Tokyo,
Japan), Signals of RANKL, OPG. and COX2 mRNAs were normalized
with the tespective S-tubulin mRNA expression levels to calculage the
relative intensity.

Resnits
PGE, is reguired for osteoclast formation induced by LPS

LP3 stimulated TRAP-positive osteoclast formation in cocultures
of primary osteoblasts and bone marrow cells in a dose-dependent
manner (Fig. 1A). The maximal number of ostenclasts was ob-
served at 1 pg/ml of LPS. We then examined whether PGE; is
involved in the induction of osteoclast formation by LPS. LPS (1
pg/ml) as well as PGE; {1 uM} induced TRAP-positive osteoglast
formation in the cocultures (Fig. 1, 8 and €). N8398 (| uM), 2
specific inhibitor of COX2, supprussed the induction of osteoclast
formation by LPS, but not by PGE, in the cocultures (Fig. I, B and
€). Both LPS- and PGE -induced osteoclast formation in the co.
cultures was strongly inhibited by simultancous addition of QPG
(100 ng/mi) (Fig. L, B and C). These results suggcst that both PGE,
production and RANKL-RANK interaction are required for LPS-
induced ostcoclast formation in the cocultures, We nexl examined
whether LPS induccs osteoclastogenesis through [L-1 and TNF-a.
Recombinant IL-18 (10 ng/ml) and TNF-a (10 ng/ml) induced
osteoclastogenesis in the ¢coculiures. IL-1m (10 pg/ml) and anti-
mouse TNPFRI Ab (10 ug/ml) strongly inhibited the osteoclast
formation induced by I.18 and TNF-a, respectively, However,
neither IL-1ra nor TNFRL Ab affected ostcoclastogenesis induced
by LPS (Fig. 1D). These results sugpest that PGE; is a critical
factor in LPS-induced osteoclastogenesis.

Osteoblasts mainly produce PGE, in response to LPS

We then measurcd the PGE, concentration in the conditioned me-
dium of coculturcs incubated with or without LPS (1 pg/ml} for
6 h (Fig. 24). LPS significantly increased the PGE, concentration
in the colture medium {Fig. 24). The addition of NS398 (1 uM) to
the coctltures completely blocked the induction of PGE, produc-
tion by LPS in the cocultures (Fig. 24), To determine the type of
cells that respond to LPS in the cocultures, osteoblasts and hone
marrow cells were cultured separately in the presence or absence
of LPS for 6 h (Fig, 28). L.PS stimulated PGE, production in th
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were cullured separately or in combination with or without LPS (1 pg/mt)
of IL-18 (10 pg/ml) in a-MEM containing 10% FCS in 48.well colre
plates (Comning), After the cultures were incubated for 6 h, the concentra.
tiop of PGE, in the culture medium was determined psing an enzyme
immunoassay (ElA; Cayman Chernjcals, Ann Arbor, ME). The Ab showed
the following cross-reactivity determiped by compating the bond/frec ra-
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cultures of osteoblasis, but not bone marrow cells, LES-induced
PGE, production was strongly inhibited by the addition of NS398
(Fig. 2B). Northern blot analysis showed that treatment of ostco- .
biasts with LPS for 3 h stimulated the expression of COX2 mRNA
(Fig. 2C). These results suggest that osteohlasts in the coculturcs
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FIGURE 1. Bffcets of NS398, OPG, IL-Iny, aad
TNFR! Ab on ostzoclast formstion in cocvlturcs
reated with LPS. A, Mouse primary osteoblasts and
bone marow cells were cocultmred for 5 days, LPS
(0.001-10 pe/ml} was added to the cocultures for
the final 3 days. TRAP-positive multinucleated ¢elly
containing >3 nuclel were counted as osieoclasts.
Values are expressed as the meang & SD of quadru-
plicate culurcs. B. LPS (1 ug/ml) or PGE, (1 uM)

Ostaoclaststwell
o 8 8 88 ¥
b

l

B . +NS388

+0OPG

together with or withour NS398 (1 uM) or OPG
(100 ng/ml} was added to the cocultures for the faal
3 days. The cells were then fixed and stuined for
TRAP. Armowheads indicate TRAP-positive
multinucleated cells, Bar, 200 um, €, TRAP-pasi-
tive multinucleated cells containing >3 nuclei were
counted ss osteoclasts. Values sre expressed as the

O

oCoMEMGT 1 10 KD
LPS (ughm

PGE

+LPS +PGE; PS5 41 «TNF«a

tacens * SD of qoadruplicals cultures, D, LPS {1
pg/ml), I-18 (10 ng/ml), or TNF-# (10 ng/mi) to-
gether with or without IL-lra (10 pp/mb) and
TNFRI1 Ab (10 pg/ml) was added to the cocultures
for the final 3 days. TRAP-positive multinucleated
cells containing >3 nuclei were countod as oste-
octasts. Values are expressed as the means = SD of
quadruplicate cultures,
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produce PGE; in response ta LDS via up-rgulation of COX2
MRNA expression.

LPS regulates RANKL and QPG gene expression in osteoblasts

We next analyzed the effects of LPS on RANKL and OPG mRNA
expression lcvels in primary okteoblasts by Northern blot analysis
{Tig. 3. Treatment of the osteoblasts with LPS increased RANKL
mRNA expression with two peoks at 3 and 48 b, The capression of
RANKL mRNA after weatment with LPS was increased within
1 h, and was still higher than that of the controf cultures even after
72 h {Fig. 3A). The expression of OPG mRNA in osteoblasts was
also enhanced by the treatment with LPS for 3 h (Fip. 3A). How-
ever, the expression of OPG mRNA in osteoblasts treated with
LPS for 48 or 72 h was decreased to a leve] lower than that of the
coniral culture (Fig. 3A}. NS3¢8 (1 uM) had no effect on the level
of RANKL mRNA induced by LPS at 3 h (Fig. 38). The LPS.
induced up-regulation of RANKL mRNA expression at 48 h was
slightly inhibited by the COX2 inhibitor, but the level of the
mRNA was much higher than that in the control cultures, In ¢on-
trast, the LPS-Induced down-regulation of OPG mRINA expression
in osteoblasts at 48 h after wweatmant with LPS was completely
blocked by the addition of NS398, although the OPG mRNA ex-
pression &t 3 h was not affected by the COX2 inhibitor (Fig. 3B).
The expression kevels of RANKL and OPG mRNAs in bone mar-
row cells were lower than those in primary osteoblasts, and were
unchanged cven after treatment with NS398 for 3 or 48 h (data not
shown). These results suggest thal PGE, produced by osteoblasts
plays an important role in the down-regulation of QPG expression,
but not the up-regulation of RANKL expression in osteoblasts
wreated with LPS.
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were ¢ocultured with bone marrow cells from wild-type mice in
the presence or absence of NS398, OPG, and/or LPS (Fig. 4). In
agreement with previously reported findings (37), TRAP-positive
osteoclasts were formed in cocultures containing OPG ™'~ osten-
blasts even in the absence of any stimulus (Fig. 4). The number of
osteaclasts was further increased in the LPS-treated cocultures
containing OPG™"" osteohiasts. NS298 strangly suppressed the
spontancous osteoclast formation in the control cocultures cons
taining OPG™'~ osteoblasts, This suggests that endogenous
production of PGE, plays an important role in the osteoclast
formation in cocultures containing OPG ™/~ ostecblasts. N5398
slightly, but not completely, inhibited LPS-induced osteoclast
formation in cocultures containing OPG ™'~ ostzoblasts (Fig. 4).
OPG complerely suppresred osteoclast formation in the cogul-
tures treated or not treated with LPS (Fig. 4). These results
suggest that the down-regulation of OPG exgpression by PGE, is
crucially involved in the osteoclast formation induced by LPS
in the cocultures.

IL-1 stimulates osteoclast formation in @ manner similar to LPS

Beeause the signaling pathway of IL-1Rs is quite similar ¢ that of
TLR4 (26-30), we finally examined whether IL-1 stimulates 0s-
teoclastogenesis in the cocultures in a manner similar o LPS.
IL-18 (10 ng/ml) induced osteoclast formation in the wild-type
cocultures, and the induction was inhibitad by NS398 (1 xM) and
OPG (100 ng/ml) (Fig. 54). WL-18 (10 ng/ml} also stimulsted
PGE, production in ostcoblusts, but not in bone marrow cells aftcr
treatment for 6 h (Fig. 58). Northurn blot analysis showed that
IL-18 up-regulated COX2 mRNA expression in osteoblasts at 3 b
(Fig, 5C). TL-18 also stimulated RANKL mRNA cxpression at 3 h
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osteaclast formation by LPS cultures of OPG =/~ osteablasts and wild-type bo

ype bone marrow ¢ells
(the control: 53 = 11, the mean * 8D of four cultures) (Fig. $D),
NS8398 (1 M) did not completely suppress LPS-induced oste-
oclast formation in the cocultures with OPG ™/~ ostcoblasts, but

We next examined how PGE, production is involved in LPS-in.
duced ostcoclast formation using osteobiasts from OPG-deficient
(OPG ') mice. Primary osteoblasts prepared from OPG ™/ mice

oy
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FIGURE 2. LPS induces PGE, production and COX2 expression in os-
teoblasts. A, Primary osteoblasts and bone marrow (BM) cells were cocul-
tured with T.PS (t pg/ml) in the presence or ahsence of N8398 (1 uM).
ARer the cultures were incubated for 6 b, the concentation of PGE, in the
culturs sapernatant was detenmined using EIA, Values arc expressed as the
means = $D of quadruplicate cultures. 8, Primary osteoblasts and bone
marrow cells were cultured scparstely with LPS {1 ug/ml) in the presence
or absence of N§398 (1 M) for 6 h. The PGE; concentration in the culture
supernatant was determined vsing EIA, Values are expressed us Lhe means
% 5D of quadruplicate cultures. ¢, Primary osteoblusts were teeated with
LES (1 pg/m) for 3 b, Total RNA was isoloed from the ostcoblasts, and
COX2 and B-tubulin mRNA expiession was anatyzed by Nortbern blot-
ting. Figurcs belaw the signals represent the intensity of the COX2 mRNA
signals relative to the B-tubulin mMRNA signals.

OPG did (Fig. 5D). These results suggest that [L~1 and LPS stim-
nlate osteoclast formation in the same manner in the cocultures.

Discussion

In vivo and in vitro experiments have shown that PGE, is crucially
involved in the induction of osteoclastic bone resorption by IL-1,
TNF-a, and LPS (20). EP4 subtype-mediated signaling has been
shown o be particularly impartane for the induction of bone re-
sorption by such inflammation-related factors as well as PGRE;
(20). The present study showed that LPS stimulated COX2 ex-
pression and PGE, productior in osteoblasts, and N8398, a spx-
cific inhibitor of COX2, strongly blocked the LPS-induced oste-
oclast formation in cocultures containing wild-type ostecblasts

MECHANISM OF LPS-INDUCED OSTEOCLASTOGENESIS

B-tubulin

OPG !
Fold increass
p-tubultn §

LPS
NS388 -~ =~ - - 4

FIGURE 3. LPS5 regulaics the expression of RANKL end OPG mRNAs
in osteoblasts, A, Primary osteoblasts were ireated with LPS (1 ug/mt) for
0-72 h. Tota! RNA was Iolated from the osteoblasts, and the expression
of RANKL, OFG. end S-tubulin mRNAs was analyzed by Northern blot-
ting, Figures helow the signals represent the intensity of the RANKL and
OPG mRNA signals relative ta the B-tbolin mRNA signals. B, Primary
ostechlasis were treated with LPS (1 up/mi) for 3 or 48 bin the presence
of bone marow cells. NS398 (1 uM) wes also added to some culmres.
After incubatlon for the indicated periods, bone marrow cells wene re-
moved by pipetting, Total RNA was isolated from osteoblasts, and the
expression of RANKL, OPG, and S-tubuilic mRNAs was analyzed by
Northern blotting. Figures below the sipnals represent the intensity of the
RANKL and OPG mRNA signals relative to the S-tubolin mRNA signals.

inhibitors did not block this stimulation (21). In agreement with
this finding, NS398 failed to inhibit the induction of RANKL ex-
pression by LPS in osteoblasts (Fig. 3). These results suggest that
LPS induccd RANKL expression in 2 manner that was indepen-
dent of PGE, production in ostzoblasts. In contrast, the treatment
of osteoblasts in the cocultures with LPS together with NS398
blocked the down-regulation of OPG mRNA expression at 48 h
{Fig. 3). This suggests that suppression of QPG by PGE, is an
imporzant event in ostcoclast formation in the cocultures tréated
with LPS. This notion was further supported by the finding that
LPS stimylated osteoclast formation ¢ven in the presence of
NS398 in cocultures containing osteoblasts derived from OPG™/~
mice (Fig. 4). Thus, PGE, appears to play an important role as a
supprossor of QPG expression rather than an activator of RANKL
expression in LPS-induced osteoclast formation (Fig. 6). Recently,
Fu et al. (38) reported that the activation of CREB by PTH is
required for PTH-induced down-regulation of OPG cxpression.
This suggests that the cAMP-PKA signels play a role in PGE,-
induced suppression of OPG mRNA expression. Further smdy will
clucidate the detail mechanism of the down-regulation of OPG
expression by PGE,.
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(Figs. 1 and 2). These results suggost thal PGE, is somehow in-
volved in LPS-induced ostecclast formation in the cocultures
through PGE, receptors of EF4 subtype.
Tt was reported thar LPS stimulated the expression of RANKL
mRNA in osteoblasts obtained from EP4™'" mice, and that COX
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PGE, has been shown to induce RANKL mRNA expression in
osteoblasts (10). Suzawa et al. (39) reported that PGE -induced
RANKL expression is mediated through the cAMP signaling path-
way. In our experiments, N§398 failed to inhibit RANKL expres-
sion in ostcoblasts wreated with LPS for as long as 48 h (Fig. 3).

o
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FIGURE 4. Effects of NSX98 on LPS-induced ostgoclast farmation in
eocultures condaining OPG™'~ mouse-derived ostecblasts, A, Primary os-
teoblasts prepared from OPG™'™ mice were cocultured with wild-type
bone marrow cells for 5 days. LPS {1 ug/ml) was added to the cocultires
with ar wilhout N5398 (1 uM) or OPG (100 ng/ml) for the final 3 days,
The ¢ells were then fixed and staired for TRAP. Arrowheads indicate the
TRAP-positive osteoclasts, Bar, 200 um. 8, TRAP-positive cells contain-
ing >1 guclel wete counted as outeoclasts, Values are expressed as the
means ¥ SD of quadraplicate cultures,

This suggests that LPS induces RANKL expression by the mech-
anism independent of PGE, production. Kikuchi et al. (40) re-
ported that LP3 induces RANKL through extracellular signal-reg-
ulated kinase (ERK) and PKC. We also confirmed that calcium/
PKC Inhibitors, such as BAFTA-AM (an intracellufar calcium
chelater) and Ro-32-0432 (a PKC iphibiter), and BRK inhibitor
PDY80S9 inhibited LPS-induccd RANKI mRNA expression in
osteoblasts (K.8., unpublished obscrvation). PD93039 failed to in-
hibit the induction of RANKL mRNA expression by PGE; and the
induction of osteoclast farmation in cocultures treated with PGE,
{data not shown), These results suggcst that LPS directly stimu-
lates RANKL expression throngh ealeium/PKC signals, followed
by FRK signals in osteoblasts. Tt is unlikely that PGE,-induced
signals directly cross talk with LPS-induced signals in the induc-
tion of RANKL expression in osteoblasts.

The intracellular signaling pathway of TI.R4 is quite similar to
that of IL-IRs (25-29), Like LPS, IL.{ stimulated COX2 mRNA
expression 8t 3 h and PGE, production al 6 h in osteoblast cultures
(Fig. 5). IL-18 also induced RANKL mRNA ¢xpression in osteo-
Plasts, as previously reported (data not shown) (32), N5358 inhib.
ited IL-1-induced osteoclast fermation strongly in eocultures con-
taining wild-type: osteoblasts. but only partially in cocultures
containing OPG ™/~ osteoblasts (Fig. 5). These results suggest that
PGE; produccd by osteoblasts in response to IL-1 plays a similar

5
A B

250 150 + Ostoobiasts BM colls
—)

09 -

E .00l
ém g'loo
- [+ ]
5 g w0
8 SOJ a.

0 0 ii'ri
L1 - + 4+ LA = +» ¢ - + 4
NSI98 - - + - NSIGE - - & . -+
OPG » = =« &

C D
200 L8
coxz gam
10 38 Foll Nressa Q
1004

B-Tubulln g
8 ¥
[}

N3G -+ -

FIGURE 5, IL-1 induces osteoclast formation in the cocnltures in a
maaner similer to LPS. A, Mousc primary osteoblasts and bone marrow
(BM) cells were cocultured with IL-13 (10 np/ml) in the presence or ab-
scnee of NS398 (1 uM) or CPG (100 ng/ml). TRAP-pasitive cells con-
taining >3 nuclei were counted as ostcoclasts, Values are expressed as the
means * SD of quadruplicate cultures. B, Primary osteoblasts and bone
marrow cells were cultered scparately with IL-18 (10 ag/ml) in the pres-
cnce of abseace of NS398 (1 uM) for 6 h, The PGE; concentration in the
¢cuiture supematant wag determined using EIA. Values are cxpressed s the
means + SD of quadriplicate cultares. C, Primary ostcoblasts were treated
with IL-18 (10 ng/ml) for 3 h, and then COX2 and B-lubulin mRNA
expression was analyzed by Northern blotting. Figures belew the signals
represent the inteosity of the COX2 mRNA signals relative to the §-tubulin
MRNA signals. D, Primary osteoblasts prepared from OPG™~ mice and
wild-type bone marrow cells were cocylturad with IL-18 (10 np/ml) in the
preseoce or absence of NS398 (1 M) or OPG (100 ng/ml). TRAP-positive
cells containing >3 nuclei were counted as osleoclasts, Values are ex-
pressed as the means + §D of quadruplicate cultures.

of either OPG or NS398 (Fig. 4). These results suggest that
RANKL is Involved in the spontaneous ostcociast formation, and
that PGE, constitutively produced in the coculturcs stimulates
RANKL expression in ostcoblasts. LP$ and IL-1B8 further en-
hanced osteoclast formation In cocultures containing OPG~'~ os-
teoblasts (Fig, 4), suggesting that the up-regulation of RANKL
expression by LPS and IL-1 enhances the osteoclast formation,
The induction of ostcoclast formation by LPS and IL-1 in cocul-
tures containing OPG ™/~ esteoblasts was partially inhibited by the
addition of N5398. Thercfore, PGE, induced by LPS and IL-]
appears to be involved in RANKL expression in ostecblasts, Our
results indicate that the full inhibition of LPS. and IL-1-induced
osteoclast formation by NS398 requires PGE,-dependent suppres-
sion of OPG production (Fig, 6).

The previous studies bave shown that OPG production by os-
teoblasts is down-regulated by bone-resorbing factors such as

P —_— B P ) K]
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role to LPS in osteoclast formation through the suppression of

OBG cxpression (Fig. 6).

In cocultures containing OPG ™/~ osicoblasts, osteoclasts were
formed even in the absence of any stimulus (Fig, 4). The sponta-
neous osteoclast formation was strongly inhibited by the addition

c086. 002
1,25(0H), 134, PIH, and PGE, (3%, 41=44). Uur resulls connrmea

the previous finding that osteoclasts spontanecusly form in the
control cocultures containing OPG ™/~ osteoblasts. The decrease in
OPG production by osteoblasts was a key event for the induction
of ostcoglastogenesis by LPS and IL-1, OPG™'~ mice exhibited
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Ostooclast

precursors Oateociagt
FIGURE & A possible mechanism of the Induction of osteoclastogen-
csis by LPS and IL-1, LPS and 1L-1 promots the differentiation of oste-
nclast precursors into ostonclasts through two parallel events in osteoblasts:
direct enhanccment of RANKL, expression, and suppression of OPG pro-
duction mediated by PGE,. PGE; induced by LPS and TL- | also stimulates
RANKL expression, but the suppreasion of QPG productios in osteoblasts
appeas 1o be more important than the indoction of RANKL expression in
osteoblasts for the stimulation of osteoclastogenesis, Ses text for details,

severs osteoporosis caused by enhanced osteoclast Formation and
function {14, 15, 45, 46), These results suggest that OPG is a
physiological regulator of bons resorption, and that the balance
betwecn RANKL and OPG expressions at bone is particuiarly im-
portant for the regulation of bane resorption in vivo and in vitro.

We previously reported that LPS and IL.1 directly stimulated
the survival, fusion, and pii-forming activity of osteoclasts (47).
Thos¢ results together with the results shown in this study suggest
that LPS and IL-]1 are involved in the stimulation of osteoclastic
bone rcsorption in several ways: LPS and IL-1 directly stimulate
osteoclast function, induce RAINKL expression in osteoblasts, and
suppress OPG expression through enhancement of PGE, produc-
tion. Further studies will be necessary to clucidate the precise
mechanism of the regolation of osteoclastic bone resorption in-
duced by these inflammatory factors.
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Lipopolysaccharide Promotes the Survival of Osteoclasts Via
Toll-Like Receptor 4, but Cytokine Production of Osteoclasts
in Response to Lipopolysaccharide Is Different from That of
Macrophages’

Kanami Itoh,* Nobuyuki Udagawa,” Kanichiro Kobayashi,* Koji Suda,* Xiaotong Li,*
Masamichi Takami,* Nobuo Okahashi,® Tatsuji Nishihara,’ and Naoyuki Takahashi®*

Lipopolysaccharide is a pathogen that causes inflammatory bone loss. Monocytes and macrophages produce proinflammatory
cytokines such as IL-1, TNF-a, and IL-6 in response to LPS. We examined the effects of LPS on the function of osteoclasts formed
in vitro in comparison with its effect on bone marrow macrophages, osteoclast precursors. Both osteoclasts and bone marrow
macrophages expressed mRNA of Toll-like receptor 4 (TLR4) and CD14, components of the LPS receptor system. LPS induced
rapid degradation of I-«B in osteoclasts, and stimulated the survival of osteoclasts. LPS failed to support the survival of osteoclasts
derived from C3H/HeJ mice, which possess a missense mutation in the TLLR4 gene. The LPS-promoted survival of osteoclasts was
not mediated by any of the cytokines known to prolong the survival of osteoclasts, such as IL-18, TNF-a, and receptor activator
of NF-xB ligand. LPS stimulated the production of proinflammatory cytokines such as IL-18, TNF-&, and IL-6 in bone marrow
macrophages and peritoneal macrophages, but not in osteoclasts. These results indicate that osteoclasts respond to LPS through
TLR4, but the characteristics of osteaclasts are quite different from those of their precursors, macrophages, in terms of proin-

flammatory cytokine production in response to LPS. The Journal of Immunology, 2003, 170: 3688-3695.

membrane of Gram-negative bacteria, induces the pro-

duction of proinflammatory cytokines such as IL-1,
TNF-a, and IL-6 in macrophages, lymphocytes, and endothelial
cells (1-3). These cytokines activate immune systems to defend
the host from bacterial infection (4, 5). Recent studies have pro-
vided new insights into the receptor system for LPS in the innate
immune system (6-9). CD14 is a membrane-anchored glycopro-
tein that functions as a member of the LPS receptor system (10).
Recently, Toll-like receptor 4 (TLR4)” was identified as the signal-
transducing receptor for LPS (11-13). The binding of LPS to
CD14 initiates signal transduction through TLR4, which results in
the release of proinflammatory cytokines and the induction of the
systemic inflarnmatory response.

I ipopolysaccharide, the major component of the outer
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Recent studies have also revealed that the signaling cascade of
TLR4 is quite similar to that of IL-1Rs (6-9). Both types of re-
ceptors use TNFR-associated factor 6 (TRAFS) as a common sig-
naling molecule (14, 15). LPS and IL-1 induce the degradation of
I-«B in the target cells to activate NF-xB (16). Then NF-«B trans-
locates from the cytosol to the nucleus, and regulates the expres-
sion of the target genes that regulate immune and inflammatory
responses. Recent studies also demonstrated that C3H/HeJ mice,
which show extremely low responsiveness to LPS, have a point
mutation in the intracellular domain of TLR4 (11-13). These re-
sults further support the notion that TLR4 is a signaling receptor
responsible for LPS-induced inflammatory responses.

Osteoclasts, the multinucleated giant cells that resorb bone, de-
velop from hemopoietic cells of the monocyte/macrophage lineage
(17-20). Osteoblasts or bone marrow stromal cells have been
shown to be involved in osteoclastogenesis (20, 21). Studies of
M-CSF-deficient op/op mice have shown that M-CSF produced by
osteoblasts/stromal cells is an essential factor for osteoclastogen-
esis {22, 23). Recently, the gene for another essential factor for
osteoclastogenesis, receptor activator of NF-«xB ligand (RANKL),
was cloned (24-27). RANKL is a new member of the TNF ligand
family, and is expressed by osteoblasts/stromal cells in response to
many bone-resorbing factors. Osteoclast precursors express
RANK, a TNFR family member, recognize RANKL expressed by
osteoblasts/stromal cells, and differentiate into osteoclasts in the
presence of M-CSF (28, 29). Osteoprotegerin (OPG), which is
produced by many types of cells including osteoblasts/stromal
cells, is a soluble decoy receptor for RANKL, and blocks oste-
oclastogenesis by inhibiting RANKL-RANK interaction (30, 31).

The cytoplasmic tail of RANK has been shown to interact with
TRAFI, TRAF2, TRAF3, TRAFS, and TRAFS (32-34). Among
these TRAFs, TRAF6 appears to play important roles in osteoclast
differentiation and function. TRAF6 knockout mice develop severe
osteopetrosis (14, 15), and overexpression of TRAFS in osteoclast
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progenitors induces their differentiation into osteoclasts (35). We
previously reported that IL-1 stimulated the survival, fusion, and
bone resorption activity of osteoclasts (36, 37), and that TNF-a
directly stimulated the differentiation of osteoclasts (38). The stim-
ulatory effects of TNF-a and IL-1 on osteoclast differentiation and
function appear to be independent of the RANKL-RANK interac-
tion, because these TNF-a- and IL-i-induced effects are not in-
hibited by the simultancous addition of OPG (38). TNF type 1
receptor p35 (TNFRI) and type I receplor p75 {TNFR2) have
been shown to use TRAF2Z as a common signal transducer in the
target cells (39, 40). These results suggest that TRAF-mediated
signals play central roles in the regulation of osteoclast differen-
tiation and function. Abu-Amer et al. (41) reported that LPS stim-
slated osteoclast formation in vivo and in vitro, and LPS-induced
osteoclastogenesis is mediated by TNFRI.

In the present study, we explored the role of LPS in the function
of osteoclasts in comparison with its role in bone marrow macro-
phages. We found that beth osteoclasts and bone marrow macro-
phages expressed TLR4 and CD14 mRNAs, and induced degra-
dation of I-kB in response to LPS. LPS strongly supported the
surviva! of osteoclasts via TL.R4-mediated signals. LPS enhanced
the production of proinfiammatory cytokines such as IL-1, TNF-a,
and 1L-6 in bone marrow macrophages and peritoneal macro-
phages. In contrast, the production of these cytokines in osteoclasts
was not stimulated by LPS. Thus, osteoclasts respond to LPS
through TLR4, but the responsiveness to LPS is quite different
between osteoclasts and macrophages, the precursors of oste-
oclasts, in terms of proinflammatory cytokine production.

Materials and Methods

Animals and chemicals

Five-week-old male and newborn ddY mice were obtained from Sankyo
Laboratory Animal Center (Tokyo, Japan) and Saitama Experimental An-
imals {Saitama, Japan), respectively. TNFR1 knockout mice (C57BL/6)
strain) were obtained from The Jackson Laboratory (Bar Harbor, ME).
C3H/HeJ mice that have a point muotation in the TLR4 gene and normal
control C3H/HeN mice were obtained from Sankyo Laboratory Animal
Center. LPS was purified in our laboratory from Escherichia coli strain
K235, as described previously (42). Human rM-CSF (Leukoprol) was ob-
tained from Kyowa Hakke Kogyo (Tokyo, Japan). Anti-mouse CD14 goat
polyclonal Abs and anti-mouse IL-18 goat polyclonal Abs were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA) and Genzyme Techne
{Minneapolis, MN), respectively. Mouse IL-1R antagonist (IL-1Ra) was
obtained from R&D Systems (Minneapolis, MN). ELISA Kits for mouse
IL-18 and TNF.a were obtained from Genzyme Techne, and that for
mouse TL-6 was obtained from Endogen (Woburn. MA). '**I-labeled hu-
man calcitonin (sp. act., 74 TBg/mmol) was purchased from Amersham
(Buckinghamshire, U.K.). 1,25-Dihydroxyvitamin D, was purchased from
Wako Pure Chemicals (Osaka, Japan). Recombinant mouse TNF-c, IL-1 4,
and IL-18 were obtained from Genzyme Techne. Pronase E was obtained
from Calbiochem (La Jolla. CA).

Assay of survival of mature osteoclasts

Primary osteoblasts were prepared from calvariae of newbomn ddY, C3H/
Hel, or C3H/HeN mice, as described (21, 43). Osteoblasts and freshly
prepared bone marrow cells were cocultured in «MEM supplemented with
10% FBS (JRH Biosciences. Lenexa, KS) and 1,25-dihydroxyvitamin Dy
(10™% M) in 100-mm-diameter dishes precoated with collagen gel. as de-
scribed previously (43). Ostecclasts were formed within 6 days in the co-
cultures. All the cells in the cocultures were recovered from the dishes by
treatment with oMEM containing 0.2% collagenase (43). The purity of
osteoclasts in the crude preparation was ~5%. To purify osteoclasts, the
crude osteoclast preparation was plated in culture dishes (24-well dishes).
After cells were cultured for 4 h, osteoblasts were removed by treatinent
with PBS containing 0.001% pronase E. Some cultures were then fixed and
stained for tartrate-Tesistant acid phosphatase (TRAP. 2 marker enzyme of
osteoclasts). The purity of osteoclasts in this preparation was ~95% (36.
43). Purified osteoclasts were further incubated for the indicated periods in
the presence or absence of IL-1. RANKL. TNF-a, or LPS, and stained for
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TRAP. TRAP-positive multinucleated cells (MNCs) with more than three
nuclei were counted as fiving esteaclasts.

Monse bone marrow macrophage and peritoneal macrophage
cnlmres

Bone marrow cells obtained from tibiae of 5- to 8-wk-old ddY mice were
suspended in aMEM containing 10% FBS und culred in 48-well plutes
(1.5 % 107 cells/0.3 mifwell) in the presence of M-CSF (50 ng/ml) (18).
After cells were cultured for 4 days, nonadherent cells were completely
removed from the cultures by pipetting. Almost all of the adherent cells
expressed macrophage-specific Ags such as Mac-1. Moma-2, and F4/80
(38). These macrophages were further cultured overnight with vehicle
(control) or LPS (1 pg/ml). Peritoneal macrophages were obtained from
peritoneal exudate cells by periteneal lavage with cold aMEM medium 4
days after i.p. injection of thioglycolate {2 ml: Remel. Lenexa, KS). Peri-
toneal exudate cells were seeded at 1.5 X 10° cells in 300 pl aMEM
containing 10% FBS/well of 48-well plates, and were allowed to adhere 3 h
at 37°C in 5% CO,. Nonacherent cells were removed by washing in me-
dium 10 provide cullures routinely comprising >95% adherent macro-
phages. Peritoneal macrophages were activated with 1 ug/ml LPS, as in-
dicated below. Some cultures were subjected to immunostaining with anti-
mouse IL-18 Abs, The concentrations of IL-18, TNF-a. and IL-6 in the
conditioned medium were determined using the respective ELISA Kits.

PCR amplification of reverse-transcribed mRNA

For semiquantitative RT-PCR analysis, total cellular RNA was extracted
from bone marrow macrophages and purified osteoclasts using TR1zol so-
lution (Life Technologies, Grand Island, NY). First strand ¢<DNA was syn-
thesized from the total RNA with random primers and subjected to PCR
amplification with EX Tag polymerase (Takara Biochemicals, Shiga, Ja-
pan) using the following specific PCR primers: mouse TLR2, §'-
TCGCTTTTTCCCAATCTCAC-3" (forward, nt 743-762) and 5'-TGTA
ACGCAACAGCTTCAGG-3' (reverse, nt 1123-1142); mouse TLR4, 5'-
AATTCCTGCAGTGGGTCAAG-3 (forward, nt 1178-1197) and 5'-
AGGCGATACAATTCCACCTG-3' (reverse, nt 2359-2378). mouse
CDI14, 5'-ACATCTTGAACCTCCGCAAC-3' (forward, nt 454-473) and
5'-AGGGTTCCTATCCAGCCTGT-3" (reverse, nt 934-953) mouse
GAPDH, 5'-ACCACAGTCCATGCCATCAC-3' (forward, nt 366-585)
and 5-TCCACCACCCTGTTGCTGTA-3' (reverse, nt 998-1017). The
PCR products were scparated by electrophoresis on a 2% agarose gel, and
visunlized by ethidium bromide staining and UV light illumination. The
sizes of PCR products for mouse TLR2, TLR4, CD14, and GAPDH are
400, 601, 500, and 452 bp, respectively.

Cytochemical and immunochemical staining

For TRAP staining. cultures were fixed with PBS containing 10% Formalin
and treated with methanol-acetone {50:50. viv) for 1 min (43). Cells were
then incubated in an acetate buffer (0.1 M sodium acetate, pH 5.0) con-
taining naphtho! AS-MX phosphate as a subsirate and red violet B asa
stain in the presence of 50 mM sodium tartrate. as described (43). TRAP-
positive cells appeared as dark-red cells. For immunohistochemical stain-
ing, cells were washed twice with PBS, fixed with cold methanol-acetone
(50:50, v/v) for 10 min, and incubated for 90 min with anti-mouse CD14
Ab and anti-mouse IL-18 goat polyclonal Abs as the first Abs. The bound
Abs were visualized using biotinylated second Abs, avidin-biotin-conju-
gated peroxidase, and an 3-amino-9-ethylcarbazole substrate kit (Histofine,
Nichirei, Tokyo, Japan) (44). The positive cells appeared as dark-brown
cells.

Autoradiography of **I-labeled human calcitonin

Osteoclast preparations obtained from mouse cocultures were plated on
coverslips in 24-well plates, and incubated with 0.2 nM '**[-labeled human
calcitonin in «MEM containing 0.1% BSA for | h at room temperature (43,
45). The cells were then washed twice with PBS and fixed for 5 min in 0.1
M sodium cacodylate buffer (pH 7.4) containing 1% formaldehyde and 1%
glutaraldehyde. The specimens were then subjected to immunocytochem-
istry for IL-1 8. Thereafter, the coverslips were mounted on glass slides and
dipped in NR-M2 emulsion {Konica Photo Film, Tokye, Japan). They were
then stored for 14 days in the dark and develeped in Rendol (Fuji Photo
Film. Tokyo. Japan). The expression of calcitonin recepters was detected
by microscopic examination as a dense accumulation of grains due to '**I-
labeled calcitonin binding.

Western blot analysis

Bone marrow macrophages and purified osteoclasts were incubated for
various periods in the presence of LPS (I pg/ml). Cells were washed twice
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