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Abstract

The effects of an important new anti-inflammatory agent, the selective cyclooxygenase-2 inhibitor celecoxib, on bone resorption and
osteoclastogenesis elicited by the inflammatory cytokines interleukin-1p (IL-1f) and tumor necrosis factor-o. (TNF-a), the endotoxin
lipopolysaccharide (LPS), and the systemic hormones 1a,25-dihydroxyvitamin D3 and parathyroid hormone were examined in vitro. Bone
resorption was evaluated by measuring calcium released into the culture medium in a neonatal mouse calvarial bone organ culture.
Osteoclastogenesis was evaluated by measuring tartrate-resistant acid phosphatase activity in the cells in cocultures of bone marrow cells
and osteoblastic cells and in macrophage-colony-stimulating factor-dependent bone marrow cell cultures. Celecoxib (0.1 pM) completely
inhibited the calcium release induced by IL-1B, TNF-a, and LPS. The resorptive effect of 1a,25-dihydroxyvitamin D3 was inhibited
partially by celecoxib. In contrast, celecoxib did not inhibit the calcium release elicited by parathyroid hormone or prostaglandin E,.
Celecoxib (0.1 pM) also markedly inhibited osteoclastogenesis induced by these stimulators of bone resorption except for PGE, in the
coculture system, whereas it failed to inhibit osteoclastogenesis in macrophage-colony-stimulating factor-dependent bone marrow cell
cultures. These results indicate that, under certain conditions, cyclooxygenase-2-dependent prostaglandin synthesis is critical for the bone
resorption induced by IL-1B, TNF-a, and LPS, and for the osteoclastogenesis induced by these pro-inflammatory molecules and
calciotropic hormones. The prevention of prostaglandin synthesis by inflammatory cytokines in bone cells could contribute to the efficacy

of celecoxib in preventing bone loss in rheumatoid arthritis. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Prostaglandins play an important role in bone resorption
induced by inflammatory cytokines and growth factors [1].
Prostaglandins are known to be produced from membrane
phospholipids by the sequential actions of phospholipase A,
and cyclooxygenase (COX). Two distinct COX enzymes
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have been identified: a constitutive form (COX-1) that
mediates physiological functions, and an inducible form
(COX-2) associated with pathological conditions such as
inflammation, pain, and some types of cancer [2].

Celecoxib, 4-[5-(4-methylphenyl)-3-(trifluoromethyl)-
1H-pyrazol-1-yl]benzenesulfonamide (Fig. 1), is a highly
selective inhibitor of COX-2 and has been shown to be an
anti-inflammatory and analgesic agent with gastrointest-
inal safety superior to that of traditional nonsteroidal anti-
inflammatory drugs [3,4]. The inhibitor is commercially
available for the treatment of rheumatoid arthritis, which
is associated with increased bone resorption as well as
focal osteolysis. However, the effect of this compound on
bone resorption has not been assessed. The purpose of this
study was to examine the effects of celecoxib on bone
resorption and osteoclast differentiation elicited by the
inflammatory cytokines IL-1 and TNF-a, the endotoxin
LPS, and the systemic hormones 1a,25-dihydroxyvitamin
D3 (1,25-(OH),D3) and parathyroid hormone (PTH).
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Fig. 1. Chemical structure of celecoxib, 4-[5-(4-methylphenyl)-3-(trifluor-
omethyl)-1H-pyrazol-1-yl]benzenesulfonamide.

2. Materials and methods
2.1. Reagents

Celecoxib was provided by the Searle/Monsanto Co.
Recombinant human IL-1f was purchased from Biosource
International. PTH (bovine fragment 1-34) was from
Peninsula Laboratories, Inc. LPS from Escherichia coli,
serotype 026:B6, and PGE, were obtained from Sigma.
1,25(0OH),D; was a gift from Dr. M.R. Uskokovic
(Hoffmann-La Roche). Recombinant murine macro-
phage-colony-stimulating factor (M-CSF) and murine
TNF-a were purchased from R&D Systems. Soluble recep-
tor activator of nuclear factor-xB ligand (SRANKL) was
from Pepro Tech EC, Ltd.

2.2. Organ culture of neonatal calvaria and bone
resorption assay

The neonatal mouse calvarial bone organ culture system
has been widely used to assess bone resorption induced by
a variety of agents [5—8] and described in detail [5]. Briefly,
calvaria were dissected aseptically from 4- to 6-day-old
CD-1 mice (Harlan S.D.), and were cultured free-floating
in roller tubes containing 2 mL. of DMEM supplemented
with 15% (v/v) heat-inactivated horse serum. 100 U/mL of
penicillin G and 100 pg/mL of streptomycin (penicillin/
streptomycin) were also added to the medium. The cultures
were gassed with a mixture of 50% O,, 5% CO,, and 45%
N, and incubated at 37° for either 72, 96, or 120 hr. Unless
otherwise specified, these were regassed every 24 hr, and
culture medium was changed after 24 hr. Bone resorption
was evaluated from the release of calcium into the culture
medium at 24, 48, 72, 96, and/or 120 hr of culture. The
concentration of calcium in 0.08 mL aliquots of the med-
ium was determined by fluorescent titration with a Calcette
automatic calcium analyzer (Precision Systems, Inc.). The
experiments were performed at least two times.

2.3. Primary osteoblastic cells
Primary osteoblastic cells were isolated from mouse

calvaria according to the method of Takahashi et al. [9]
with a slight modification. Briefly, calvaria were dissected

from 1-day-old CD-1 mice and washed with o-MEM.
These were digested consecutively with 0.1% (w/v) col-
lagenase (Wako Pure Chemicals Co.) and 0.2% (w/v)
dispase (Godo Shusei) in a-MEM for 5 min (population
1) and 4 x 10 min (populations 2-5) at 37° with mild
shaking. Released cells from populations 2—5 were pooled
and cultured in 100-mm dishes at 37° in a humidified 5%
CO, atmosphere in «-MEM supplemented with 10% (v/v)
FBS and penicillin/streptomycin («-MEM + FBS). After
confluence, cells were resuspended with 0.2% (w/v) col-
lagenase in o-MEM and trypsin/EDTA solution (GIBCO
BRL) and subcultured. These were then harvested and
stored at —80° until used.

2.4. Bone marrow cells

Tibiae and femora were aseptically dissected from 5- to
7-day-old CD-1 mice. The bone ends were cut off, and the
marrow was forced out in «-MEM + FBS. The marrow
suspension was filtered through a fine meshed sieve to
remove bone particles and agitated by gentle pipetting to
obtain a single cell suspension. The bone marrow cells
were washed with «-MEM + FBS and resuspended to be
used for either coculture experiments or M-CSF-dependent
bone marrow cell culture experiments.

2.5. Coculture of bone marrow cells and osteoblastic
cells

Bone marrow cells (1 x 10%) were cocultured with pri-
mary osteoblastic cells (1 x 10*)in0.2 mLof «-MEM + FBS
in the wells of 96-well plates as previously described [10].
Cultures were maintained for 6 days with or without treat-
ments. On day 3, the medium in each well was replaced
with the respective fresh medium. The experiments were
performed three times.

2.6. M-CSF-dependent bone marrow cell culture

The bone marrow cells were preincubated for 24 hr in
o-MEM + FBS in the presence of M-CSF (5 ng/mL) at a
density of 2.5 x 10° cells/mL in 100-mm dishes. After the
preincubation, nonadherent cells were collected and resus-
pended in a-MEM + FBS containing 20 ng/mL of M-CSF.
This procedure depletes stromal cells in bone marrow cell
cultures. M-CSF was added to replace the M-CSF that
would be provided by osteoblastic cells or stromal cells in
the coculture model. The cells were plated at 1 x 10° cells
per well in 96-well plates and cultured for 4 days with or
without treatments. The method has been described pre-
viously [11]. The experiments were performed two times.

2.7. Assay for osteoclastogenesis

After the indicated days of culture, the activity of TRAP,
a marker enzyme of osteoclasts, was assayed in the cells in
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each well as an indicator for osteoclast differentiation. The
cells were fixed in 10% (v/v) formalin for 10 min and
washed in 95% (v/v) ethanol. Unless otherwise specified,
these were then incubated in 0.1 mL of phosphatase sub-
strate solution (3.7 mM p-nitrophenyl phosphate in 50 mM
citrate buffer, pH 4.6) in the presence of 10 mM sodium
tartrate at 25° for 30 min. After the incubation, the solution
was removed from each well and reacted with 0.1 mL of
0.1 N NaOH. Absorbance at 410 nm in the reaction mix-
ture was measured. After the assay for TRAP activity, the
cells were stained for TRAP with 0.1 mg/mL of naphthol
AS-MX phosphate and 0.6 mg/mL of fast red violet LB
salt in 0.1 M sodium acetate buffer (pH 5.0) containing
50 mM sodium tartrate as described before [12]. The
TRAP activity in the cells in each well correlated with
the number of TRAP-positive (TRAP™) cells in the well
(data not shown).

2.8. Statistical analysis

The data were subjected to analysis of variance followed
by Fisher’s least significant difference (LSD) test. P < 0.05
was considered to be a significant difference.

3. Results
3.1. Effect of celecoxib on bone resorption

Celecoxib (0.01-0.1 pM) concentration-dependently
inhibited calcium release from neonatal mouse calvarial
bones stimulated by IL-1B (10 ng/mL) in 72-hr cultures
(Fig. 2). Fig. 3 shows the time course and reversibility of
the effect of celecoxib on IL-1pB-stimulated bone resorp-
tion. IL-1P caused a time-dependent increase in calcium
release during a 72-hr culture. This was abolished by
treatment with celecoxib (0.1 uM). When celecoxib was
removed after 72 hr and the bones were cultured for
an additional 48 hr in fresh medium without celecoxib,
their response to IL-1B recovered, although it was
less than in the bones that had never been treated with
celecoxib. Celecoxib (0.1 uM) also completely inhibited
the calcium release induced by TNF-a (10 ng/mL)
(Fig. 4) or by LPS (1 pg/mL) (Fig. 5). Fig. 6 shows
the effect of celecoxib on 1,25-(OH),D5 (10 nM)-stimu-
lated bone resorption. The resorptive effect of this
hormone was inhibited partially by celecoxib. In contrast,
celecoxib did not inhibit the calcium release elicited
by PTH (3 nM) (Fig. 7A). As shown in Fig. 7B, the
resorptive effect of PTH was not affected even when
calvaria were pretreated with celecoxib for 24 hr before
adding PTH. Fig. 8 shows the effects of celecoxib on
the bone resorption stimulated by PGE,. Celecoxib did
not affect the calcium release elicited by PGE, at either
a low (0.125 uM) (A) or a high (0.5 uM) (B) PGE,
concentration.
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Fig. 2. Concentration-dependence of the effect of celecoxib on IL-1
(10 ng/mL)-stimulated bone resorption in neonatal mouse calvaria
assessed as described in Section 2. Each point represents the mean =+
SEM of responses from three calvaria. (**) P < 0.01: significant increase
compared with the control (no celecoxib, no IL-1B); (}) P < 0.05 and
(ff) P < 0.01: significant inhibition compared with treatment without
celecoxib.

3.2. Effect of celecoxib on osteoclastogenesis

All of the stimulators of bone resorption tested in the
calvarial cultures also increased TRAP activity in cocul-
tures of bone marrow cells and osteoblastic cells, which
reflected formation of TRAP' cells (Figs. 9 and 10).
Celecoxib (0.1 uM) markedly inhibited the increase in
TRAP activity and the formation of TRAP™ cells induced
by all of these stimulators except for PGE, (Figs. 9 and 10).
As shown in Fig. 11, the inhibitory effect of celecoxib on
TRAP activity elicited by IL-1 was concentration-depen-
dent. Fig. 12 shows the effect of celecoxib on osteoclas-
togenesis in bone marrow cells cultured in the absence of
osteoblastic cells or stromal cells. Cells were cultured in
the presence of M-CSF and either the stimulators or
sRANKL with or without celecoxib. Among the agents
tested, only TNF-a and sSRANKL-induced osteoclastogen-
esis in this model, and these responses were not affected by
celecoxib (0.1 uM).

4. Discussion

COX-2 inhibitors are compounds that selectively and
potently inhibit COX-2, while preserving COX-1 activity.
Thus, they have anti-inflammatory and analgesic proper-
ties with little or no gastrointestinal side-effects [2].
Although much attention has been focussed on their effects
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Fig. 3. Time course and reversibility of the effect of celecoxib on IL-1-stimulated bone resorption in neonatal mouse calvaria. Each column represents the
mean = SEM of responses from three calvaria. (*) P < 0.05 and (**) P < 0.01: significant increase compared with the control; ({1) P < 0.01: significant

inhibition compared with treatment without celecoxib.
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Fig. 4. Effect of celecoxib on TNF-o-stimulated bone resorption in
neonatal mouse calvaria. Each column represents the mean = SEM of
responses from five calvaria. (x) P < 0.05 and (x*) P < 0.01: significant
increase compared with the control; (f) P < 0.05 and (tf) P < 0.01:
significant inhibition compared with treatment without celecoxib.
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Fig. 5. Effect of celecoxib on LPS-stimulated bone resorption in neonatal
mouse calvaria. Each column represents the mean + SEM of responses
from three calvaria. (xx) P < 0.01: significant increase compared with the
control; (1) P < 0.01: significant inhibition compared with treatment
without celecoxib.
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Fig. 6. Effect of celecoxib on 1,25-(OH),D; (1,25-D)-stimulated bone
resorption in neonatal mouse calvaria. Each column represents the
mean + SEM of responses from four calvaria. (x) P < 0.05 and (xx)
P < 0.01: significant increase compared with the control; (1) P < 0.01:
significant inhibition compared with treatment without celecoxib.

on inflammation and pain, recent studies suggest that
COX-2 inhibitors might be useful in the treatment or
prevention of other types of diseases such as colon cancer
[13]. The present study demonstrated that celecoxib is also
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an efficacious inhibitor of bone resorption. Celecoxib
completely and reversibly inhibited IL-1-stimulated bone
resorption at a concentration of 0.1 pM. The inhibitory
effect was comparable to that of a powerful non-selective
COX inhibitor, indomethacin (data not shown). Again
there was complete inhibition by celecoxib of the bone
resorption induced by TNF-o and LPS. Celecoxib also
inhibited 1,25-(OH),Ds-stimulated bone resorption,
although the inhibition was not complete. These results
indicate that in neonatal mouse calvarial cultures, COX-2-
dependent prostaglandin synthesis is essential for the bone
resorption induced by IL-1B, TNF-a, and LPS, and is
involved in the resorption elicited by 1,25-(OH),D5. This
is consistent with previous studies which have shown that
these cytokines, endotoxin, and hormone exert their effects
on bone resorption to some extent by a prostaglandin-
dependent mechanism [7,14-18] and that the stimulation
of prostaglandin production is largely through the induc-
tion of COX-2 expression [19-22]. On the other hand, the
present results contrast with previous reports in which the
resorptive effect of IL-1P was not inhibited by indometha-
cin [20,23]. This might be due to a difference in the
experimental conditions such as the length of the preincu-
bation period [24]. In the calvarial cultures, prostaglandin
synthesis can be readily elicited. Medium PGE, concen-
trations at 72 hr ranged from 0.05 to 0.13 ng/mL in control
cultures, and increased in IL-1f (1.75 ng/mL)-stimulated
cultures, ranging from 4.16 to 6.00 ng/mL (unpublished
data, measured by an enzyme immunoassay). Therefore,
the inhibitory effect of celecoxib might be less apparent in
another system such as fetal rat limb bone cultures in which
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Fig. 7. Lack of effect of celecoxib on PTH-stimulated bone resorption in neonatal mouse calvaria. (A) Celecoxib was present together with PTH during the
whole experimental period. Each column represents the mean £ SEM of responses from four calvaria. () P < 0.01: significant increase compared with the
control. (B) Celecoxib was added 24 hr prior to adding PTH. Each column represents the mean + SEM of responses from three calvaria. («x) P < 0.01:

significant increase compared with the control.
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(A) 2.25 T (B) ] 1
D Control D Control *%
4 Celecoxib(0.1 uM) 3 Celecoxib(0.1 pM)
PGE (0125 uM) PGE (0.5 uM)
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Fig. 8. Lack of effect of celecoxib on PGE,-stimulated bone resorption in neonatal mouse calvaria. (A) 0.125 uM PGE,. Each column represents the
mean + SEM of responses from five calvaria. (%) P < 0.01: significant increase compared with the control. (B) 0.5 uM PGE,. Each column represents the
mean £+ SEM of responses from three calvaria. (x) P < 0.05 and (x*) P < 0.01: significant increase compared with the control; () P < 0.01: significant
inhibition compared with treatment without celecoxib.

bone resorption is largely prostaglandin-independent [8]. failed to inhibit the bone resorption elicited by PTH,
Although PTH is the most potent stimulator of prostaglan- indicating that its effect on bone resorption is independent
din production in bone [25] and the stimulation is mainly of COX-2 in the present experimental model. This lack of
through induction of COX-2 expression [19], celecoxib dependence on prostaglandin has also been found by others
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Fig. 9. Effect of celecoxib (0.1 uM) on osteoclastogenesis induced by various stimulators of bone resorption in 6-day cocultures of bone marrow cells and
osteoblastic cells prepared as described in Section 2. Each column represents the mean = SEM of responses from three or four wells. IL-1: IL-1f (10 ng/mL);
TNF: TNF-o (30 ng/mL); LPS: LPS (1 pg/mL); 1,25-D: 1,25-(OH),D5 (10 nM); PTH: PTH1-34 (10 nM); PGE: PGE, (1 pM). (%) P < 0.05 and (xx)
P < 0.01: significant increase compared with the control; ({1) P < 0.01: significant inhibition compared with treatment without celecoxib.
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Fig. 10. Photomicrographs of cocultures of bone marrow cells and osteoblastic cells. After culture for 6 days, cells were stained for TRAP. Celecoxib
(0.1 uM) inhibited formation of TRAP-positive cells stimulated by IL-1B (10 ng/mL) and TNF-a (30 ng/mL). 1 Bar = 50 uM.
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Fig. 11. Concentration-dependent effect of celecoxib on osteoclastogen-
esis elicited by IL-1p (10 ng/mL) in 6-day cocultures of bone marrow cells
and osteoblastic cells. Each column represents the mean + SEM of
responses from three wells. (xx) P < 0.01: significant increase compared
with the control; (1) P < 0.01: significant inhibition compared with IL-1f
alone.

who have shown that indomethacin did not affect the
resorptive effect of PTH in organ culture [20]. Celecoxib
did not affect the resorptive effect of PGE,, a major product
of COX enzymes in bone tissues. Previous studies have
shown that prostaglandins can increase their own produc-
tion by inducing COX-2 expression [26], thereby enhan-
cing their resorptive effects [27]. However, our results
indicate that the resorption process downstream of pros-
taglandin production was unaffected by COX-2 in this
model system, and confirm that the inhibitory effects
elicited by celecoxib in our studies were due to inhibition
of COX-2-dependent responses, rather than a more general
effect on bone resorption.

Prostaglandins stimulate osteoclast differentiation
through both direct and indirect effects on hemopoietic
precursors [1,11]. The indirect effect is mediated by
sRANKL, which has been shown to serve as a common
final mediator through which many resorptive stimuli
cause osteoblasts/stromal cells to activate osteoclastogen-
esis [28]. The present results confirmed that PGE, induces
osteoclastogenesis. However, the response to PGE, was
relatively small as compared with that of the other stimu-
lators. Since it has been found that PGE, also has direct
inhibitory effects on osteoclasts [29], PGE, at the relatively
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Fig. 12. Lack of effect of celecoxib (0.1 pM) on osteoclastogenesis in M-CSF-dependent bone marrow cell cultures prepared as described in Section 2. Each
column represents the mean = SEM of responses from three wells. IL-1: IL-1p (10 ng/mL); TNF: TNF-a (30 ng/mL); LPS: LPS (1 ug/mL); 1,25-D: 1,
25-(OH),D5 (10 nM); PTH: PTH1-34 (10 nM); PGE: PGE, (1 uM); RANKL: sRANKL (50 ng/mL). sSRANKL-treated cells were incubated in substrate

solution for only 5 min due to high TRAP activities.

high concentration (1 uM) used in this study may have
inhibited mature osteoclasts, in addition to stimulating
osteoclastogenesis. It has been demonstrated that the sti-
mulatory effects of several cytokines and calciotropic
hormones on osteoclast formation in cocultures or bone
marrow cell cultures are mediated to a greater or lesser
extent by endogenous prostaglandin synthesis [15,22,30].
Consistent with these findings, in cocultures of bone
marrow cells and osteoblastic cells celecoxib markedly
inhibited osteoclastogenesis induced by all of the stimu-
lators of bone resorption tested in the organ cultures except
for PGE,. In contrast, celecoxib failed to inhibit osteo-
clastogenesis induced by TNF-o and sSRANKL in the M-
CSF-dependent bone marrow cell cultures. It is worth
noting that there was still a small persistent stimulatory
effect of TNF-o in the coculture system, even in the
presence of celecoxib. These results suggest that in the
present osteoclastogenesis model, COX-2-dependent pros-
taglandin synthesis by osteoblastic cells or stromal cells is
essential for the osteoclast differentiation induced by IL-
1B, LPS, 1,25-(OH),D3, and PTH, and that TNF-o can
exert its effects on osteoclastogenesis by both prostaglan-
din-dependent and -independent mechanisms. The direct
stimulatory effect of TNF-o0 on osteoclast differentiation
has been shown previously by others [31].

Since most findings were comparable between the cal-
varial experiments and coculture experiments, the inhibi-
tory effect of celecoxib on bone resorption could be
attributable, at least in part, to the inhibition of osteoclas-
togenesis. For example, the concentration-response of the
inhibitory effect of celecoxib on IL-1B-stimulated bone

resorption was similar to that on the osteoclastogenesis
induced by IL-1f. On the other hand, there was a dissocia-
tion of results obtained in the two systems using PTH as a
stimulator. Celecoxib (0.1 pM) completely inhibited osteo-
clast differentiation induced by PTH (10 nM), whereas it
failed to inhibit the bone resorption elicited by PTH
(3 nM). The reason for the dissociation is not known.
One possible explanation is that in the calvarial cultures
PTH may have acted predominantly on preexisting osteo-
clasts as either an activator or a survival factor by a
prostaglandin-independent mechanism rather than promot-
ing formation of new osteoclasts.

In conclusion, the present study suggests that, under
certain conditions, COX-2-dependent prostaglandin synth-
esis is critical for the bone resorption induced by IL-1,
TNF-a, and LPS, and for the osteoclastogenesis induced by
these pro-inflammatory molecules and calciotropic hor-
mones. Since it has been suggested that IL-1 and TNF-o
have important roles in the pathogenesis of bone loss
associated with rheumatoid arthritis [32], the prevention
of prostaglandin synthesis by these cytokines in bone cells
might contribute to the efficacy of celecoxib in the treat-
ment of rheumatoid arthritis. Our results also suggest that
COX-2 inhibitors could be potential therapeutic adjuncts
for the treatment of increased bone resorption associated
with postmenopausal osteoporosis and periodontal disease,
in which inflammatory cytokines and/or endotoxin are
involved [33,34]. Very recently, celecoxib has been shown
to reduce implant wear debris-induced inflammation and
the associated osteolysis in mouse calvaria in vivo [35].
Further studies using in vivo models of bone resorption
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could address the efficacy of celecoxib in these other
pathophysiological states.

Acknowledgment

This study was supported by a research grant from
Searle/Monsanto.

References

(1]

[2

—

3

—

[4

finar

[5

—_

[6

—_

[7

—

[8

—_

[9

—

[10]

[11]

[12]

[13]

Pilbeam CC, Harrison JR, Raisz LG. Prostaglandins and bone
metabolism. In: Bilezikian JP, Raisz LG, Rodan GA, editors.
Principles of bone biology. San Diego, CA: Academic Press, 1996.
p. 715-28.

Marnett LJ, Kalgutkar AS. Cyclooxygenase-2 inhibitors: discovery,
selectivity, and the future. Trends Pharmacol Sci 1999;20:465-9.
Seibert K, Zhang Y, Leahy K, Hauser S, Masferrer J, Perkins W, Lee
L, Isakson P. Pharmacological and biochemical demonstration of the
role of cyclooxygenase-2 in inflammation and pain. Proc Natl Acad
Sci USA 1994;91:12013-7.

Penning TD, Talley JJ, Bertenshaw SR, Carter JS, Collins PW,
Docter S, Graneto MJ, Lee LF, Malecha JW, Miyashiro JM, Rogers
RS, Rogier DJ, Yu SS, Anderson GD, Burton EG, Cogburn JN,
Gregory SA, Koboldt CM, Perkins WE, Seibert K, Veenhuizen AW,
Zhang YY, Isakson PC. Synthesis and biological evaluation of the
1,5-diarylpyrazole class of cyclooxygenase-2 inhibitors: identifica-
tion of 4-5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl-
benzenesulfonamide (SC-58635, celecoxib). ] Med Chem 1997;40:
1347-65.

Stern PH, Krieger NS. Comparison of fetal rat limb bones and
neonatal mouse calvaria: effects of parathyroid hormone and 10,25-
dihydroxyvitamin Ds. Calcif Tissue Int 1983;35:172-6.

Klaushofer K, Hoffmann O, Stewart PJ, Czerwenka E, Koller K,
Peterlik M, Stern PH. Cyclosporine A inhibits bone resorption in
cultured neonatal mouse calvaria. J Pharmacol Exp Ther 1987;243:
584-90.

Hoffmann O, Klaushofer K, Czerwenka E, Koller K, Leis HIJ,
Gleispach H, Peterlik M. Calcitriol-stimulated bone resorption in
neonatal mouse calvaria: effects of indomethacin and gamma
interferon. J Bone Miner Res 1987;2(Suppl 1):455.

Tatrai A, Foster S, Lakatos P, Shankar G, Stern PH. Endothelin-1
actions on resorption, collagen, and noncollagen protein synthesis,
and phosphatidylinositol turnover in bone organ cultures. Endocri-
nology 1992;131:603-7.

Takahashi N, Akatsu T, Udagawa N, Sasaki T, Yamaguchi A,
Moseley JM, Martin TJ, Suda T. Osteoblastic cells are involved in
osteoclast formation. Endocrinology 1988;123:2600-2.

Akatsu T, Tamura T, Takahashi N, Udagawa N, Tanaka S, Sasaki T,
Yamaguchi A, Nagata N, Suda T. Preparation and characterization of
mouse osteoclast-like multinucleated cell population. J Bone Miner
Res 1992;7:1297-306.

Wani MR, Fuller K, Kim NS, Choi Y, Chambers T. Prostaglandin E,
cooperates with TRANCE in osteoclast induction from hemopoietic
precursors: synergistic activation of differentiation, cell spreading,
and fusion. Endocrinology 1999;140:1927-35.

Woo J, Kasai S, Stern PH, Nagai K. Compactin suppresses bone
resorption by inhibiting the fusion of prefusion osteoclasts and
disrupting the actin ring in osteoclasts. J Bone Miner Res 2000;15:
650-62.

Bresalier RS. Prevention of colorectal cancer: tumor progression,
chemoprevention, and COX-2 inhibition. Gastroenterology 2000;119:
267-8.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

531

Sato K, Fujii Y, Kasono K, Saji M, Tsushima T, Shizume K.
Stimulation of prostaglandin E, and bone resorption by recombinant
human interleukin-1 alpha in fetal mouse bones. Biochem Biophys
Res Commun 1986;138:618-24.

Akatsu T, Takahashi N, Udagawa N, Imamura K, Yamaguchi A, Sato
K, Nagata N, Suda T. Role of prostaglandins in interleukin-1-induced
bone resorption in mice in vitro. J Bone Miner Res 1991;6:183—
90.

Tashjian AH, Voelkel EF, Lazzaro M, Goad D, Bosma T, Levine L.
Tumor necrosis factor-o. (cachetin) stimulates bone resorption in
mouse calvaria via a prostaglandin-mediated mechanism. Endocri-
nology 1987;120:2029-36.

Ishihara Y, Nishihara T, Maki E, Noguchi T, Koga T. Role of
interleukin-1 and prostaglandin in in vitro bone resorption induced by
Actinobacillus actinomycetemcomitans lipopolysaccharide. J Period-
ontal Res 1991;26:155-60.

Lader CS, Flanagan AM. Prostaglandin E,, interleukin-1o., and tumor
necrosis factor-o. increase human osteoclast formation, and bone
resorption in vitro. Endocrinology 1998;139:3157-64.

Kawaguchi H, Raisz LG, Voznesensky OS, Alander CB, Hakeda Y,
Pilbeam CC. Regulation of the two prostaglandin G/H synthases by
parathyroid hormone, interleukin-1, cortisol and prostaglandin E,
in cultured neonatal mouse calvariae. Endocrinology 1994;135:
1157-64.

Kawaguchi H, Nemoto K, Raisz LG, Harrison JR, Voznesensky OS,
Alander CB, Pilbeam CC. Interleukin-4 inhibits prostaglandin G/H
synthase-2, and cytosolic phospholipase A, induction in neonatal
mouse parietal bone cultures. J Bone Miner Res 1996;11:358-68.
Sakurai Y, Yamaguchi M, Abiko Y. Inhibitory effect of low-level
laser irradiation on LPS-stimulated prostaglandin E, production and
cyclooxygenase-2 in human gingival fibroblasts. Eur J Oral Sci
2000;108:29-34.

Okada Y, Lorenzo JA, Freeman AM, Tomita M, Morham SG, Raisz
LG, Pilbeam CC. Prostaglandin G/H synthase-2 is required for
maximal formation of osteoclast-like cells in culture. J Clin Invest
2000;105:823-32.

Gowen M, Wood DD, Ihrie EJ, McGuire MKB, Russell RGG. An
interleukin-1-like factor stimulates bone resorption in vitro. Nature
1983;306:378-80.

Garrett IR, Mundy GR. Relationship between interleukin-1 and
prostaglandins in resorbing neonatal calvaria. J Bone Miner Res
1989;4:789-94.

Klein-Nulend J, Pilbeam CC, Harrison JR, Fall PM, Raisz LG.
Mechanism of regulation of prostaglandin production by parathyroid
hormone, interleukin-1, and cortisol in cultured mouse parietal bones.
Endocrinology 1991;128:2503-10.

Pilbeam CC, Raisz LG, Voznesensky O, Alander CB, Delman BN,
Kawaguchi K. Autoregulation of inducible prostaglandin G/H synthase
in osteoblastic cells by prostaglandins. J Bone Miner Res 1994;
10:406-14.

Raisz LG, Alander CB, Fall PM, Simmons HA. Effects of
prostaglandin F2o0 on bone formation and resorption in cultured
neonatal mouse calvariae: role of prostaglandin E, production.
Endocrinology 1990;126:1076-9.

Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M,
Mochizuki S, Tomoyasu A, Yano K, Goto M, Murakami A, Tsuda E,
Morinaga T, Higashio K, Udagawa N, Takahashi N, Suda T.
Osteoclast differentiation factor is a ligand for osteoprotegerin/
osteoclastogenesis-inhibitory factor and is identical to TRANCE/
RANKL. Proc Natl Acad Sci USA 1998;95:3597-602.

Fuller K, Chambers TJ. Effect of arachidonic acid metabolites on
bone resorption by isolated rat osteoclasts. J Bone Miner Res 1989;
4:209-15.

Collins DA, Chambers TJ. Prostaglandin E, promotes osteoclast
formation in murine hematopoietic cultures through an action on
hematopoietic cells. J Bone Miner Res 1992;7:555-61.



532

[31]

[32]

(33]

K. Igarashi et al./Biochemical Pharmacology 63 (2002) 523-532

Kobayashi K, Takahashi N, Jimi E, Udagawa N, Takami M, Kotake
S, Nakagawa N, Kinosaki M, Yamaguchi K, Shima N, Yasuda H,
Morinaga T, Higashio K, Martin TJ, Suda T. Tumor necrosis factor-
o stimulates osteoclast differentiation by a mechanism indepen-
dent of the ODF/RANKL-RANK interaction. J Exp Med 2000;
191:275-85.

Goldring SR, Gravallese EM. Pathogenesis of bone erosions in
rheumatoid arthritis. Curr Opin Rheumatol 2000;12:195-9.

Pacifici R, Brown C, Puscheck E, Friedrich E, Slatopolsky E, Maggio
D, McCracken R, Avioli LV. Effect of surgical menopause and

[34]

[35]

estrogen replacement on cytokine release from human blood mono-
nuclear cells. Proc Natl Acad Sci USA 1991;88:5134-8.

Chiang CY, Kyritsis G, Graves DT, Amar S. Interleukin-1, and tumor
necrosis factor activities partially account for calvarial bone
resorption induced by local injection of lipopolysaccharide. Infect
Immun 1999;67:4231-6.

Zhang X, Morham SG, Langenbach R, Young DA, Xing L, Boyce
BF, Puzas EJ, Rosier RN, O’Keefe RJ, Schwarz EM. Evidence for a
direct role of cyclooxygenase-2 in implant wear debris-induced
osteolysis. J Bone Miner Res 2001;16:660-70.



	Effects of a selective cyclooxygenase-2 inhibitor, celecoxib, on bone resorption and osteoclastogenesis in vitro
	Introduction
	Materials and methods
	Reagents
	Organ culture of neonatal calvaria and bone resorption assay
	Primary osteoblastic cells
	Bone marrow cells
	Coculture of bone marrow cells and osteoblastic cells
	M-CSF-dependent bone marrow cell culture
	Assay for osteoclastogenesis
	Statistical analysis

	Results
	Effect of celecoxib on bone resorption
	Effect of celecoxib on osteoclastogenesis

	Discussion
	Acknowledgements
	References


