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Inhibitory effects of tert-butylhydroquinone
on osteoclast differentiation via up-regulation
of heme oxygenase-1 and down-regulation of
HMGB1 release and NFATc1 expression
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ABSTRACT: Osteoclasts (OCLs) are multinucleated bone-resorbing cells that are differentiated by receptor activator of nuclear
factor kappa-B ligand (RANKL) and macrophage colony-stimulating factor (M-CSF). Our recent studies have shown that
heme-oxygenase-1 (HO-1), a stress-induced cytoprotective enzyme, plays an important role in OCL differentiation, although the
pharmacological significance of this effect remains unknown. In this study, we investigated the effects of tert-butylhydroquinone
(tBHQ), a pharmacological HO-1 inducer, on in vitro differentiation of bone marrow-derived macrophages (BMMs) or murine
monocytic cell line RAW-D into OCLs. tBHQ inhibited the formation and the bone-resorbing activity of OCLs. Moreover, tBHQ
treatment decreased the expression of nuclear factor of activated T cells cytoplasmic-1 (NFATc1), a master regulator of OCL
differentiation, andofOCLmarkers transcriptionally regulated byNFATc1, such as Src and cathepsin K. In addition, tBHQ impaired
phosphorylation of extracellular signal-regulated kinase, p38 mitogen-activated protein kinase (MAPK), Jun N-terminal kinase,
Akt, and inhibitor of nuclear factor kappa B alpha (IkBa). Finally, we show that tBHQ inhibited the release of high mobility
group box 1 (HMGB1), a recently identified activator of OCL differentiation. Thus, tBHQ inhibits OCL differentiation through
the HO-1/HMGB1 pathways. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

Osteoclasts (OCLs) are multinucleated bone-resorbing cells
formed by the fusion of mononuclear progenitors of monocyte/
macrophage lineage (Teitelbaum, 2000). The differentiation of
macrophages into OCLs is regulated by two major cytokines:
receptor activator of nuclear factor kappa-B ligand (RANKL) and
macrophage colony-stimulating factor (M-CSF). An association of
RANKL with its cell-surface receptor, RANK, triggers OCL differen-
tiation through activation of the six major signaling pathways
such as nuclear factor of activated T cells cytoplasmic-1 (NFATc1),
nuclear factor kappa B (NF-kB), phosphatidylinositol 3-kinase
(PI3K)/Akt, JunN-terminal kinase (JNK), extracellular signal-regulated
kinase (ERK) and p38 mitogen-activated protein kinase (MAPK)
(Darnay et al., 1999; Matsumoto et al., 2000; Zhang et al., 2001).
Recent studies have reported that a transient increase in reactive
oxygen species (ROS) production is essential for OCL differentiation
(Lee et al., 2005). The ROS activates a signaling cascade involving
TRAF 6, Rac 1, and NADPH oxidase 1 (NOX1). Treatment with the
reducing agent N-acetylcysteine or diphenylene iodonium, an
inhibitor of Nox, completely inhibits ROS production associated
with the differentiation of macrophages into OCLs via various
signaling pathways, such as those involving JNK, p38 MAPK
and Erk (Lee et al., 2005). More recently, we have demonstrated
that RANKL-induced suppression of the cytoprotective enzyme
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heme-oxigenase 1 (HO-1) and subsequent secretion of the
atypical inflammatory cytokine highmobility group box 1 (HMGB1)
are essential for the OCL differentiation (Sakai et al., 2012).
Gene suppression of HO-1 by RNA interference enhances OCL
differentiation and, conversely, overexpression of HO-1 inhibits
osteoclastogenesis (Sakai et al., 2012), Therefore, regulation of HO-1
in OCL differentiation may be a new therapeutic target for inflam-
matory or metabolic bone diseases such as arthritis, periodontitis
and osteoporosis. However, the mechanisms by which HO-1
regulates OCLs are still unknown.
tert-Butylhydroquinone (tBHQ) is a synthetic food antioxidant

that prevents oxidative deterioration of oil and fat content of foods
(Gharavi et al., 2007). More importantly, tBHQ has been shown to
exhibit several pharmacological effects, such as anti-oxidant, anti-
inflammatory, and anti-carcinogenic effects, especially for stomach
cancers (Jin et al., 2010; Koh et al., 2009). One mechanism by
which tBHQ exerts these effects, is through induction of phase II
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detoxification enzymes, including NAD(P)H: quinone oxidoreduc-
tase (NQO1), glutamate–cysteine ligase catalytic subunit (GCLC),
glutamate–cysteine ligase modifier subunit (GCLM) and HO-1
(Rushmore and Kong, 2002; Xu et al., 2005). Several previous stud-
ies have reported that tBHQ increases the expression of HO-1 in
hepatocytes, neonatal fibroblasts (Keum et al., 2006), neuronal
PC12 cells (Li et al., 2007), colon carcinoma HT-29cells and hepa-
toma HepG2 cells (Cheung et al., 2011). Given that tBHQ is capable
of inducing HO-1 in OCLs, it may inhibit OCL differentiation. There-
fore, we investigated the effects of tBHQ on osteoclastogenesis,
and examined some of the potential molecular mechanisms of
tBHQ action, especially cell signaling. We herein report the
effects of tBHQ on OCL differentiation using in vitro cultured
OCLs.

Materials and Methods

Reagents

tBHQ was purchased from Wako Pure Chemicals (Osaka, Japan).
M-CSF was purchased from Kyowa Hakko Kogyo (Tokyo, Japan).
Recombinant RANKL was prepared as previously described (Hu
et al., 2008). The following antibodies (Abs) were purchased: b-
actin (Sigma-Aldrich, St. Louis, MO, USA), Src (Upstate, Lake
Placid, NY, USA), c-fms, RANK and NFATc1 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), HO-1 (Stressgen, Ann Arbor, MI,
USA), HMGB1 (Abcam, Cambridge, UK), phospho-ERK1/2
(Thr202/Tyr204), phospho-JNK (Thr183/Tyr185), phospho-p38
MAPK (Thr180/Tyr182), phospho-IkBa (Ser32) and phospho-Akt
(Ser473) (Cell Signaling Technology, Danvers, MA, USA). Cathepsin
K Ab was prepared as described previously (Kamiya et al.,
1998). The Osteo Assay Stripwell Plate was purchased from
Corning (Corning, NY, USA). All other reagents including PMSF
and the protease inhibitor cocktail were obtained from Sigma-
Aldrich.
Cell Culture

Five-week-old male BALB/c mice were obtained from CLEA Japan,
Inc. (Tokyo, Japan) and were maintained in an air-conditioned
room with a 12-h light/dark cycle and given a basal diet, MF
(Oriental Yeast, Co., Tokyo, Japan) and water ad libitum. All animals
were handled in our facilities under the approved protocols of
the Nagasaki University Animal Care Committee. To isolate BMMs,
marrow cells from mice femurs and tibias were cultured over-
night in a-minimal essential medium (a-MEM) (Wako Pure Che-
micals, Osaka, Japan) containing 10% fetal bovine serum (FBS),
100 Uml–1 penicillin and 100mgml–1 streptomycin in the presence
of M-CSF (50 ngml–1) at 37 �C in a 5% CO2 atmosphere. After har-
vesting the non-adherent cells, stroma-free bone marrow cells
were cultured in the presence of 50ngml–1M-CSF. After 3 days,
the non-adherent cells were washed out and the adherent cells
were used as BMMs. The BMMs were replated, and then further
cultured with fresh medium containing M-CSF (30ngml–1) and
RANKL (50ngml–1) for the times indicated. The cells were fixed
with 4% paraformaldehyde and stained for tartarate-resistant acid
phosphatase (TRAP) activity using a previously described method
(Hotokezaka et al., 2002). TRAP-positive (red) cells with three or
more nuclei were considered mature osteoclasts. The murine
monocytic cell line RAW-Dwas kindly provided by Professor Toshio
Kukita (KyushuUniversity, Japan) and cultured in a-MEM containing
10% FBSwith RANKL (50ngml–1) (Watanabe et al., 2004). Cells were
Copyright © 2012 Johnwileyonlinelibrary.com/journal/jat
treated with or without 0.1–100mM tBHQ for indicated periods.
tBHQ was dissolved in dimethyl sulfoxide (DMSO). The final
concentration of DMSO (vehicle) was 0.005% (v/v), which is a
control vehicle. The bone-resorbing activity of OCLs was assayed
using the Osteo Assay Stripwell Plate after 5 days of culture. The
resorption area was determined using the Image J software
(http://rsbweb.nih.gov/ij/).
Cell Viability Assay

Cells seeded in 96-well culture plates were rinsed twice with
phosphate-buffered saline (PBS), and incubated with the Cell
Counting Kit-8 solution (Dojindo, Kumamoto, Japan) for 1 h.
Absorbance at 450 nm was measured with a microplate reader
(Bio-Rad iMark™; Bio-Rad, Hercules, CA, USA).
Western Blot Analysis

BMMs were stimulated with or without RANKL in the presence of
M-CSF for the indicated times. Cells were rinsed twice with ice-cold
PBS, and lysed in a cell lysis buffer (50mMTris-HCl, pH 8.0, 1%Non-
idet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 150mM NaCl)
containing 2mM sodium orthovanadate, 20mM NaF, 1mM
phenylmethylsulfonyl fluoride and a proteinase inhibitor cocktail.
The protein concentration of each sample was measured with
BCA Protein Assay Reagent (Thermo Pierce, Rockford, IL, USA). Five
micrograms of lysate protein per lane was resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and proteins were electroblotted onto a polyvinylidene difluoride
membrane. The blots were blocked with 5% BSA in 20mM
Tris-HCl, pH 7.5 containing 500mM NaCl and 0.1% Tween 20 for
1 h at room temperature, probed with various antibodies
overnight at 4�C, washed, incubated with horseradish peroxidase-
conjugated secondary antibodies and finally detectedwith ECL-Plus
(GE Healthcare Life Sciences, Amersham Place, UK). The immunore-
active bands were analyzed using LAS1000 (Fuji Photo Film, Tokyo,
Japan). In some experiments, the optical intensity of individual
bands was normalized to the corresponding values of b-actin.
Statistical Analysis

All values are expressed as means � standard deviations. Data
were analyzed by ANOVA followed by the Tukey–Kramer post-
hoc test multiple comparison (*P< 0.05 or **P< 0.01).
Results

tBHQUp-regulates HO-1 Expression duringOCLDifferentiation

The structure of tBHQ is shown in Fig. 1A. To determine whether
tBHQ up-regulates the expression of HO-1 in OCLs, we first inves-
tigated the effects of tBHQ on the murine monocytic cell line
RAW-D, which differentiates into mature OCL after treatment with
RANKL. As shown in Fig. 1B, HO-1 expression was increased in a
dose-dependent manner when RAW-D cells were cultured with
the indicated concentration of tBHQ for 48 h in the presence of
RANKL (50ngml–1). Similar effects were observed in native BMMs.
BMMs cultured with M-CSF and RANKL in the presence of 10mΜ
tBHQ increased the HO-1 expression in a time-dependent manner
(Fig. 1C). Thus, tBHQ up-regulates HO-1 in both RAW-D cells and
BMMs during OCL differentiation.
J. Appl. Toxicol. 2012Wiley & Sons, Ltd.
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Figure 1. The effects of tert-butylhydroquinone (tBHQ) on heme-
oxygenase-1 (HO-1) protein expression. (A) The structure of tBHQ (B)
RAW-D cells were cultured with receptor activator of nuclear factor kappa-B
ligand (RANKL) (50ngml–1) for 60h in the presence of tBHQ at the indicated
concentrations (0, 10, 25, 50, 75 and 100mM). (C) bone marrow-derived
macrophages (BMMs) were cultured with macrophage colony-stimulating
factor (M-CSF) (30ngml–1) and RANKL (50ngml–1) for the indicated times
(0, 1, 3, 6 and 8h) in the presence of tBHQ (10mM). The sameprotein amounts
of cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), followed by western blotting with Abs against
HO-1. b-Actin was used as a loading control. The data are representative of
three independent experiments. The numbers below each band represent
the relative intensity of HO-1 to the b-actin band.

tBHQ inhibits osteoclast differentiation
tBHQ Inhibits Osteoclastogenesis in vitro

Our recent study demonstrated that RANKL-mediated suppression
of HO-1 promoted osteoclastogenesis and, conversely, induction
of HO-1 inhibited osteoclastogenesis (Sakai et al., 2012). To assess
the effects of tBHQ on RANKL-induced osteoclastogenesis, we
examinedOCL differentiation of RAW-D cells incubatedwith RANKL
(50 ngml–1) by TRAP staining, which is themost reliablemethod to
assess OCL formation. Treatment with 10mM tBHQ markedly
decreased the formation of mononuclear and multinuclear OCLs
(Fig 2A). The number of TRAP-positive multinucleated OCLs
after tBHQ treatment was significantly suppressed by treatment
with 1 mM, and abolished with 25 mM tBHQ (Fig. 2B). Treatment
J. Appl. Toxicol. 2012 Copyright © 2012 John
of OCLs with 0.1–25 mM tBHQ had no effect on cell viability,
but viability significantly decreased on treatment with 50 mM
tBHQ (Fig. 2C).
We also tested the effects of tBHQ on RANKL-induced

osteoclastogenesis of BMMs. TRAP staining confirmed that tBHQ
inhibited OCL formation by BMMs (Fig. 2D). The number of
TRAP-positive BMM-derived OCLs was significantly decreased by
treatment with a tBHQ concentration greater than 1mM (Fig. 2E).
Interestingly, OCLs treated with 10–25mM tBHQ showed a small
but insignificant increase in viability (Fig. 2F). Thus, tBHQ inhibits
osteoclastogenesis at non-toxic concentrations in the RANKL-
induced in vitro culture system.
Effects of tBHQ on the Bone-Resorbing Activity of OCLs

To investigate whether tBHQ inhibits the bone-resorbing activity
of OCLs, we performed a pit formation assay with BMM-derived
OCLs after induction with M-CSF- and RANKL. As shown in Fig. 3A,
OCLs treated with concentrations higher than 10mM tBHQ
exhibited reduced bone-resorbing activities, whereas untreated
OCLs displayed moderate bone-resorbing activity. The calculated
resorption area of OCLs treated with 10 or 50mM tBHQ was
markedly lower than that of untreated OCLs (Fig. 3B). These results
indicate that tBHQ inhibits the physiological bone resorbing
activity of OCLs.
Effects of tBHQ on the Expression of OCL Marker Proteins

To further study the effects of tBHQ on OCL differentiation, we
analyzed the expression of OCL marker proteins by western
blotting. RANK is a type I membrane protein that is expressed on
the surface of OCLs and has been implicated in OCL activation
(Yasuda et al., 1998). c-fms is an M-CSF receptor, whereas c-Src is
a non-receptor-type tyrosine kinase that regulates the formation
of actin-rich podosomes in OCLs (Kim et al., 2010). NFATc1 is a
master regulator for OCL differentiation through Ca2+/calmodulin-
dependent calcineurin (Takayanagi et al., 2002). Cathepsin K is a
lysosomal cysteine proteinase specifically expressed in OCLs
(Delaisse et al., 2003). As shown in Fig. 4A, the level of NFATc1
protein in BMM-derived OCLs was markedly decreased by treat-
ment with 10mM tBHQ. The levels of RANK were increased slightly
with 100mM tBHQ, whereas those of c-fms were significantly
decreased (Fig. 4A). Consistent with these results, the expression
of cathepsin K, which is transcriptionally regulated by NFATc1,
was drastically decreased after tBHQ treatment (Fig. 4A). In RAW-
D-derived OCLs, the expression of RANK was virtually unchanged,
whereas expression of c-fms was highly decreased (Fig. 4B). The
expression of c-Src, which is also transcriptionally regulated by
NFATc1, was strikingly decreased (Fig. 4B). These results indicate
that tBHQ inhibits the expression of c-fms, NFATc1 and NFATc1-
regulated proteins such as cathepsin K and c-Src.
Effects of tBHQ on Intracellular Signaling Pathways in OCLs

We next examined the effects of tBHQ on RANKL-induced intra-
cellular signaling pathways during OCL differentiation of BMMs.
Various studies have shown that RANKL-induced OCL differen-
tiation is regulated by six important signaling molecules: NFATc1,
NF-kB, PI3K/AKT, JNK, ERK and p38 MAPK (Boyle et al., 2003).
Therefore, we investigated the effects of tBHQ on five signaling
pathways other than NFATc1, namely phosphorylation of ERK,
p38 MAPK, AKT, JNK and IkBa by western blotting. BMMs were
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jat
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Figure 2. The effects of tert-butylhydroquinone (tBHQ) on osteoclast (OCL) differentiation from RAW-D cells or bone marrow-derived macrophages
(BMMs). (A) RAW-D cells were cultured for 72h with the indicated concentrations of tBHQ in the presence of receptor activator of nuclear factor kappa-B
ligand (RANKL) (50 ngml–1). Tartrate-resistant acid phosphatase (TRAP) staining was performed after fixation. The data are representative of three indepen-
dent experiments. Bars, 50mm. (B) The number of TRAP-positive multinucleated OCLs at 72 h of culture was counted. (C) Cell viability of the RAW-D-derived
OCLs at 72h of culture was analyzed using the Cell Counting Kit. (D) BMMs were cultured for 72 h with the indicated concentrations of tBHQ in the presence
of macrophage colony-stimulating factor (M-CSF) (30ngml–1) and RANKL (50 ngml–1). TRAP staining was performed after fixation. The data are representa-
tive of three independent experiments. Bars, 50mm. (E) The number of TRAP-positive multinucleated OCLs at 72h of culture was counted. (F) Cell viability of
the BMM-derived-OCLs at 72 h of culture was analyzed using the Cell Counting Kit. The data are shown as the mean (standard deviations) of four wells
(significance compared with M-CSF and RANKL **P< 0.01).
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Figure 3. The effects of tert-butylhydroquinone (tBHQ) on the bone-
resorbing activity of osteoclasts (OCLs). BMMs were cultured for 5days with
the indicated concentrations of tBHQ in the presence of macrophage
colony-stimulating factor (M-CSF) (30 ngml–1) and receptor activator of
nuclear factor kappa-B ligand (RANKL) (50 ngml–1). (A) A photograph of
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mined using Image J software. The data are shown as the mean (standard
deviation) of three wells (significance compared with DMSO, ** P< 0.01).
The data are representative of three independent experiments.
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Figure 4. The effects of tert-butylhydroquinone (tBHQ) on the expression of
osteoclast (OCL) marker proteins. (A) Bone marrow-derived macrophages
(BMMs) were cultured with macrophage colony-stimulating factor (M-CSF)
(30ngml–1) and receptor activator of nuclear factor kappa-B ligand (RANKL)
(50ngml–1) for 60h in the presence of tBHQ at the indicated concentrations
(0, 10, 50 and 100mM). The same protein amounts of cell lysates were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), followed by western blotting with Abs specific to RANK, c-fms,
NFATc1 and cathepsin K. b-Actin was used as a loading control. The data
are representative of three independent experiments. (B) RAW-D cells were
cultured with RANKL (50ngml–1) for 60h in the presence of tBHQ at the
indicated concentrations (0, 10, 25, 50, 75 and 100mM). The same protein
amounts of cell lysates were subjected to SDS-PAGE, followed by western
blotting with Abs specific to RANK, c-fms and c-Src. b-Actin was used as a
loading control. The data are representative of three independent experi-
ments. The numbers below each band represent the relative intensity
normalized to the corresponding values of b-actin.

tBHQ inhibits osteoclast differentiation
untreated or pre-incubated with 10mM tBHQ for 12 h and were
subsequently stimulated with RANKL. As shown in Fig. 5,
phosphorylation of ERK was slightly inhibited by tBHQ treatment,
but phosphorylation of p38 MAPK, AKT and IkBa was markedly
decreased. In addition, JNK was phosphorylated 10min after
RANKL stimulation in untreated cells, but this was delayed to
30min after tBHQ treatment. Thus, tBHQ inhibits various RANKL-
stimulated signaling cascades.
tBHQ Inhibits OCL Differentiation via Down-regulation of
HMGB1 Release

To explore the molecular mechanisms by which tBHQ inhibits
OCL differentiation, we investigated the effects of tBHQ on the
extracellular release of HMGB1. Previously, HMGB1 was identi-
fied as an OCL differentiation cytokine (Yamoah et al., 2008;
Zhou et al., 2008). Recently, we demonstrated the functional
relationship between the HO-1 induction and HMGB1 release
(Sakai et al., 2012). Namely, the RANKL-induced suppression of
HO-1 promotes osteoclastogenesis and enhances the HMGB1
release, and conversely, induction of HO-1 with hemin or
curcumin inhibits osteoclastogenesis and suppresses HMGB1
release (Sakai et al., 2012). Therefore, we investigated whether
tBHQ inhibits OCL formation through an effect on HMGB1
release. As shown in Fig. 6A, RANKL increased levels of HMGB1
in media time-dependently as previously reported (Zhou et al.,
2008). tBHQ decreased extracellular release of HMGB1, whereas
J. Appl. Toxicol. 2012 Copyright © 2012 John
tBHQ had no effect on HMGB1 levels in cell lysates (Fig. 6B).
Thus tBHQ inhibits OCL differentiation via an HO-1/HMGB1-
dependent pathway.
Discussion

In this study, we demonstrated that tBHQ increased the
expression of HO-1 and inhibited the differentiation of BMMs
or RAW-D cells into mature OCLs in vitro. In addition, tBHQ
markedly inhibited the bone-resorbing activity of OCLs.
Moreover, tBHQ treatment markedly abolished RANKL-induced
phosphorylation of p38 MAPK and AKT in OCLs, and had slight
effects on ERK-, JNK- and IkBa phosphorylation. tBHQ treatment
of OCLs also down-regulated NFATc1 and its target proteins Src
and cathepsin K. One of the molecular mechanisms by which
tBHQ inhibited OCL differentiation was through up-regulation
of HO-1 and inhibition of HMGB1 release. To our knowledge, this
study is the first report that tBHQ has a powerful inhibitory effect
on osteoclastogenesis.
Up-regulation of HO-1 in OCLs is probably a common mecha-

nism of action of tBHQ in many cell types. For example, tBHQ
has been shown to enhance the expression of HO-1 in primary
cultured rat and human hepatocytes (Keum et al., 2006) and
mouse neonatal fibroblasts (Keum et al., 2006), or in cell lines, such
as rat neuronal PC12 cells (Li et al., 2007) and human hepatoma
HepG2 cells (Cheung et al., 2011). HO-1 up-regulation in these
cells is mediated by the transcription factor nuclear factor
erythroid 2 (NF-E2)-related factor 2 (Nrf2), which is activated by
oxidative stress or electrophilic stress (Kensler et al., 2007). Various
studies have reported that Nrf2 translocates into the nucleus and
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jat
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and receptor activator of nuclear factor kappa-B ligand (RANKL) (50ngml–1)
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binds to the antioxidant response element located in the 50-flank-
ing region of various phase II detoxification enzymes: NQO1,
GCLC, GCLM and HO-1 (Kensler et al., 2007). Consistent with the
earlier observations, we found that tBHQ enhanced HO-1 protein
expression in both BMM- and RAW-D-derived OCLs. Therefore, we
speculate that tBHQ-induced up-regulation of HO-1 in OCLs is
mediated by an Nrf2-dependent pathway.

Distinct from these common intracellular events such as the
HO-1 up-regulation, it is likely that tBHQ affects MAPK signaling
in different ways. It has been reported that tBHQ inhibits phos-
phorylation of p38 in LPS-stimulated microglia (Koh et al.,
2009). OCLs and microglia are both macrophage-like cells and
showed similar patterns of p38 phosphorylation after stimula-
tion with tBHQ. Similarly, tBHQ suppressed phosphorylation of
p38, ERK1/2 and JNK in neuron-like PC12 cells (Khodagholi and
Tusi, 2011). By contrast, tBHQ activates p38 in human hepatoma
HepG2 and murine hepatoma Hepa1c1c7 cells (Yu et al., 2000).
In this study, tBHQ inhibited OCL differentiation by abolishing
p38 MAPK, AKT and IkBa phospholyration, and had smaller
effects on ERK and JNK phosphorylation. The differences among
cell types in MAPK activation after tBHQ treatment are probably
owing to its activation as a secondary effect of tBHQ. Generally,
it appears that tBHQ directly regulates ROS generation but not
MAPK pathways in the cells (Alamed et al., 2009; Khodagholi
and Tusi, 2011). Therefore, it is not surprising that tBHQ caused
Copyright © 2012 Johnwileyonlinelibrary.com/journal/jat
up-regulation of HO-1 and simultaneously down-regulation of
MAPK in OCLs, although it causes up-regulation of HO-1 and
activation of MAPK in other cells.

A previous study has reported that tBHQ-induced transcription of
HO-1 is calcium dependent in several cell types. Indeed, chelation of
calcium by EGTA and BAPTA attenuated tBHQ-induced HO-1
expression in HT-29 or HepG2 cells (Cheung et al., 2011). Thus,
tBHQ also interferes with calcium-mediated signaling pathways.
Consistent with these observations, we found that tBHQ markedly
reduced NFATc1 up-regulation by RANKL in OCLs. This inhibition
was highly sensitive because 10mM tBHQ almost abolished NFATc1
expression (Fig. 4). Importantly, it is well established that calcium
signaling is essential for the differentiation of OCLs (Takayanagi
et al., 2002). Cytoplasmic calcium oscillations occur during
RANKL-mediated osteoclastogenesis. Intracellular calcium oscilla-
tions up-regulate and auto-amplify NFATc1 during osteoclastogen-
esis (Hwang and Putney, 2011). In addition, NFATc1 is known to
regulate the expression of c-Src and cathepsin K (Song et al.,
2009). Therefore, tBHQ inhibited calcium-NFATc1-dependent signal-
ing in OCLs including the expression of c-Src and cathepsin K.

HMGB1 was identified as an OCL differentiation cytokine
(Yamoah et al., 2008; Zhou et al., 2008). Previous studies have
demonstrated that extracellular HMGB1, which acts as a proin-
flammatory cytokine, can bind to cell-surface receptors such as
the receptor for advanced glycation end products and Toll-like
receptors 2 and 4, and modulate differentiation of OCL precursors
in the presence of RANKL (Yamoah et al., 2008; Zhou et al., 2008).
Recently, we demonstrated the functional relationship between
the HO-1 induction and HMGB1 release (Sakai et al., 2012). In
J. Appl. Toxicol. 2012Wiley & Sons, Ltd.
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Figure 7. Schematicmodel of inhibitory effects of tert-butylhydroquinone
(tBHQ) on osteoclastogenesis. Receptor activator of nuclear factor kappa-B
ligand (RANKL) induces activation of a MAPK pathway, NFATc1 pathway,
NF-kB pathway and PI3K/Akt pathway. In addition, RANKL stimulates the
extracellular release of high mobility group box 1 (HMGB1). Inhibition of
these pathways by tBHQ significantly reduces induction of the NFATc1
transcription factor expression, leading to suppressed osteoclastogenic
gene expression, such as Src and cathepsin K, and subsequently osteoclast
(OCL) formation and function.

tBHQ inhibits osteoclast differentiation
the present study, tBHQ induced up-regulation of HO-1 and
inhibited extracellular release of HMGB1 during osteoclastogen-
esis. Although the precise molecular mechanisms by which
HO-1 and HMGB1 function in OCLs remain unknown, it will be
important to determine the molecular target of tBHQ in OCLs.

In conclusion, tBHQ inhibited OCL differentiation through
down-regulation of NFATc1 and inhibition of phosphorylation of
p38 MAPK, AKT and IkBa. In addition, tBHQ inhibits OCL differen-
tiation via up-regulation of HO-1 and inhibition of HMGB1 release
(Fig. 7). Taken together, it is likely that tBHQ inhibits OCL differen-
tiation via multiple pathways, including through NFATc1-, p38
MAPK/AKT/IkBa-, HO-1- and HMGB1- dependent pathways.
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