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ABSTRACT

Heme oxygenase (HO-1) catalyzes heme to carbon monoxide (CO), biliverdin/bilirubin, and
iron. It prevents the pathogenesis of several human diseases. Here we assessed the beneficial
effect of heme degradation products on osteoclastogenesis induced by receptor activator of
NF-kB ligand (RANKL). Treatment of RAW264.7 cells with CORM-2 (a CO donor) and
bilirubin, but not with iron, decreased RANKL-induced osteoclastogenesis, with CORM-2
having a more potent anti-osteogenic effect. CORM-2 also inhibited RANKL-induced
osteoclastogenesis and osteoclastic resorption activity in marrow-derived macrophages.
Treatment with hemin, a HO-1 inducer, strongly inhibited RANKL-induced
osteocl astogenesis in wild-type macrophages, but not effectively in HO-1"" cells. CORM-2
reduced RANK L-induced NFATc1 expression by inhibiting IKK-dependent NF-kB activation
and reactive oxygen species production. These results suggest that CO has a potent inhibitory
effect on RANKL-induced osteoclastogenesis by inhibiting redox-sensitive NF-kB-mediated
NFATc1 expression. Our findings indicate that HO-1/CO can act as an anti-resorption agent

to reduce bone loss by blocking osteoclast differentiation.
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INTRODUCTION

Bone homeostasis is strictly regulated by a physiological process involving the formation
and resorption of bone by osteoblast and osteoclast. Enhanced osteoclast formation
(osteoclastogenesis) is an underlining mechanism of osteolytic bone diseases, including
osteoporosis, rheumatoid arthritis, and bone metastatic disease. Osteoclasts are specialized
multinucleated giant cells derived from mononuclear progenitors of monocytes/macrophages
lineage through a differentiation process that is mainly modulated by receptor activator of
nuclear factor-kB (RANKL) and macrophage colony-stimulating factor (M-CSF) (1, 2).

RANKL-induced osteoclast differentiation is mainly modulated by TNF receptor-
associated factor 6 (TRAF 6)-mediated multiple pathways, including stimulation of the
transcription factors nuclear factor-kB (NF-xB) through IkB kinase (IKK) activation and
activator protein-1 (AP-1) complex containing c-Fos through mitogen-activated protein
kinase (MAPK) (3, 4). These transcription factors ultimately activate the transcription of
transcription factor nuclear factor of activated T cellscl (NFATcl), which upregluates
osteoclast-specific gene expression such as cathepsin K (CtsK), tartrate-resistant acid
phosphatase (TRAP), matrix metalloproteinase-9 (MMP-9), and calcitonin receptor (5).
Therefore, inhibiting RNAKL-induced signal pathway or osteoclast differentiation might be a
potential strategy to treat bone diseases associated with excessive osteoclastogenesis.

Heme oxygenase (HO) is a rate-limiting enzyme in the degradation of heme, resulting in
the liberation of iron, biliverdin/bilirubin, and carbon monoxide (CO). Among them, CO has
pleiotropic biological functions, such as vasorelaxation, neurotransmission, antioxidation,
anti-inflammation, and anti-apoptosis (6). Other heme catabolites biliverdin, bilirubin, and
iron also have several biological activities similar to those exerted by CO (6, 7). Although
some studies have proposed that CO can regulate RANK L-induced osteocl astogenesis (8-10),

its underlying mechanism has not been clearly elucidated. In addition, the regulatory effects
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of other heme catabolites on osteoblast differentiation have not been studied yet.

In the present study, we examined the effects of heme degradation products on RANKL-
induced osteoclast differentiation and its underlying mechanism in RAW264.7 cells and
mouse marrow-derived monocytes/macrophages cells (BMMs). Our results showed that CO
and bilirubin, but not iron, could inhibit RANK L-induced osteoclastogenesis, with CO having
more potent anti-osteogenic effect than bilirubin through inhibiting redox-sensitive NF-kB-
dependent NFATcl expression. These results suggest that the HO-1/CO pathway has a

potential role in preventing bone disease associated with excessive osteoclast activity

RESULTS

Effects of CO, iron, and bilirubin on RANKL-induced osteoclastogenesis

To examine the effects of the heme degradation products, CO, iron (Fe?*), and bilirubin, on
osteoblast differentiation, we examined the effects of the heme catabolites on RANKL-
induced osteoclastogenesis. Briefly, murine macrophage RAW264.7 cells were pretreated
with or without 50 uM CORM-2 (a CO-releasing compound), iron or bilirubin for 1 h,
followed by co-stimulation with RANKL (100 ng/ml) for 5 days. CORM-2 effectively
inhibited RANKL-induced increase in TRAP-positive multinucleated cells, a typical marker
of osteoclastogenesis (Fig. 1A and B). Bilirubin also partially suppressed osteoclast
differentiation compared with the control RANKL aone; however, iron failed to significantly
affect RANK-induced osteoclastogenic effects (Fig. 1A and B). The inhibitory effect of
CORM-2 was dose-dependent, whereas RuCls, a control compound, failed to affect RANK-
induced osteoclastogenesis (Fig. 1C and D). These results suggest that CO could potentially
inhibit RANKL-induced osteoclastogenesis in immortalized macrophage RAW?264.7 cells.

Next, we examined the effect of CORM-2 on osteoclastogenesis in primary cultured mouse
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macrophages. Treatment with CORM-2 aso effectively abrogated RANKL-induced
increases in osteoclastogenesis of BMMs in a concentration-dependent manner (Fig. 1E and
F). We further investigated whether CO would regulate the bone resorption ability of BMMs
stimulated with RANKL. When stimulated with RANKL on calcium phosphate-coated plates,
BMMs increased a number of pits as a result of calcium resorption by functionally active
osteoclasts differentiated from RANKL-treated BMMSs, and the pit formation was inhibited
by CORM-2 in a concentration-dependent manner (Fig. 1G and H). These results suggest that

CO inhibits RANKL-induced osteoclast differentiation and bone resorption.

CO suppresses RANK L -induced osteoclast marker gene expression

RANKL induces osteoclast differentiation by increasing the expression levels of NFATcl
and the AP-1 component c-Fos, which stimulate the expression of osteoblast-specific genes
(4). As expected, RANKL significantly increased the expression level of NFATc1, but not c-
Fos, based on gRT-PCR and Western blot analyses. Such increase was abrogated by
treatment with CORM-2 (Figure 2A and B). Furthermore, CORM-2 significantly decreased
the protein levels of NFATcL, but not c-Fos, in the nuclear fraction (Fig. 2C). Under the same
experimental conditions, NFATcl-dependent osteoblast marker genes, such as TRAP, Ctsk,
and OSCAR, were induced in response to RANKL, and these increases were significantly
blocked by CORM-2 (Fig. 2D-F). These data indicate that CO can suppress osteoblast-

specific marker gene expression by inhibiting RANKL-induced expression of NFATcL.

Heme-mediated HO-1 induction suppresses RANKL -induced osteoclastogenesis
To examine whether endogenous CO could regulate RANKL-induced osteoclastogenesis,
BMMs were treated with hemin (a substrate and potent inducer of HO-1) to elicit HO-1

induction, followed by stimulation with RANKL in the presence of M-CSF for 5 days. When
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treated with hemin, HO-1 was strongly induced in BMMs from wild-type mice, but weakly
expressed in cells from HO-1"" mice (Fig. 3A). Hemin treatment strongly inhibited RANKL-
induced osteoclastogenesis in BMMs from wild-type, but not effectively in cells from HO-
1*"" mice, and these inhibitions were reversed by the HO-1 inhibitor SnPP (Fig. 3B and C).
These results suggest that HO-1-derived CO may play an important role in negative

regulation of osteoclastogenesis.

CO inhibits RANKL -induced activation of NF-kB, but not MAPKsor Akt

During osteoclast differentiation, NFATcl expression depends on the activation of
transcription factors, such as AP-1 and NF-«xB, by stimulating MAPKs and IxB degradation,
respectively (4, 5). We examined the effects of CO on RANKL-induced activation of
MAPKs. RANKL increased phosphorylation-dependent activation of ERK, JNK, and p38,
and these activations were not significantly affected by CORM-2 treatment (Fig. 4A). Next,
we examined the effects of CO on RANKL-induced NF-xB activation via kB degradation
elicited by activating IKK, NIK, and Akt (11). RANKL increased phosphorylation of IKK o/
(Ser180/181) and Akt, but not NIK (Fig. 4B). CORM-2 treatment inhibited RANKL-induced
phosphorylation of IKKa/f3, but not Akt, resulting in the suppression of RNAKL-mediated
IkBa (Ser32) phosphorylation and degradation (Fig. 4B). As a result, CORM-2 blocked
RNAKL-induced nuclear translocation of the NF-«xB p65 subunit (Fig. 4C and D). Inhibition
of the NF-xB pathway by CORM-2 was highly correlated with its suppressive effect on
RANKL-induced reactive oxygen species (ROS) production (Fig. 4E), suggesting that CO
could inhibit RANKL-induced redox-sensitive NF-xB activation. Moreover, CORM-2
abrogated RNAKL-induced NF-xB reporter activity (Fig. 4F). We further examined whether

CORM-2 could regulate NF-kB binding to the kB element at -664 bp upstream in the murine
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NFATc1 promoter (5). Chromatin immunoprecipitation (ChlP) analysis showed that CORM-
2 significantly decreased RANKL-induced binding of NF-xB to NFATc1 promoter (Fig. 4G).
In addition, CORM-2 inhibited RNAKL-induced transcriptional activity of NFATcl
promoter (Fig. 4H). These results indicate that CO inhibits RANKL-induced NF-xB signal

pathway by inhibiting IKK activation, resulting in the inhibition of NFATc1 expression.

DISCUSSION

This study was undertaken to elucidate the potential inhibitory effect and molecular
mechanism of heme catabolites on RANKL-induced osteoclastic differentiation, a key
process in bone metabolism. Here we found that exogenous CO (generated by CORM-2) and
bilirubin, but not iron, suppressed RANKL-induced osteoclastogenesis or osteoclastic
resorption activity in RAW264.7 cells and BMMs, with CO having a more potent effect than
bilirubin. Similar anti-osteoclastogenic effect was observed in wild-type BMMs treated with
hemin, a HO-1 inducer; however, the effect of hemin was much less in HO-1"" cells. The
anti-osteoclastogenic activity of CO was associated with inhibition of redox-sensitive NF-xB-
dependent NFATc1 expression, leading to the suppression of NFATcl-mediated expression
of osteoclast-specific genes. These results suggest that the HO-1/CO axis can potentially
restrains osteoclastogenesis and prevent bone loss by inhibiting NF-kB-dependent NFATcl
expression.

HO-1 is recognized as a cytoprotective, antioxidant, and anti-inflammatory gene by
catabolizing heme to biliverdin (finally converts to bilirubin), iron, and CO (7). Among these
products, CO plays the most important role in HO-1-mediated biological function (12). Other
metabolites also have similar biological activity through ROS scavenging or induction of the

antioxidant gene ferritin (7, 12). Indeed, it has been demonstrated that exogenous CO gas or
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CO-releasing molecules have beneficial effect as therapeutic treatment in animal models of
inflammatory diseases and traumatic brain injury (13, 14). Moreover, a number of studies
have shown that HO-1 expression or CO delivery can prevent inflammatory arthritis and
bone loss in anima models (8-10) probably by suppressing either inflammatory cytokine
production or osteoclast differentiation. Similarly, we found that induction of HO-1 or
treatment with CORM-2 or bilirubin, but not iron, prevented RANKL-induced osteoclast
differentiation, with bilirubin having less anti-osteoclastogenic activity compared to CO. This
indicates that, among HO-1 metabolites, CO is a maor contributor to the preventive effect of
HO-1 on osteoblast differentiation.

RANKL induces osteoclast differentiation from BMMs by triggering the intracellular
signal pathway that promote induction or activation of transcription factors, such as NFATcl
and NF-kB (4, 5). NFATcl is akey transcription factor for osteoclast differentiation, because
Nfatcl” embryonic stem cells cannot differentiate into osteoclastsin vitro and
overexpression of NFATcl induces osteoclastogenesis (15). It is evident that NFATcL is
transcriptionally induced and acts as a master transcription factor for RANKL-induced
osteoblast differentiation. NFATCc1 is robustly induced through an autoamplification circuit
by binding to its own promoter (5). NFATc1 promoter also cooperatively interacts with other
RNAKL-stimulated transcription factors, such as NF-kB and AP-1 to activate the initial
induction of NFATcl, followed by an autoamplification phase of NFATcL, indicating that
activation of NF-xB and AP-1 plays an important role in RANKL-induced osteoclastogenesis
(5). Herein, we found that CO inhibited RANKL-induced NFATc1 expression by suppressing
IKK-dependent NF-xB activation, but not the AP-1 component c-Fos expression, leading to
the suppression of NFATcl-targeted osteoclast marker genes, including TRAP, Ctsk, and

OSCA. On the other hand, RANKL also activates MAP kinase (MAPK) and Akt to induce
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the expression of critical genes for osteoclast differentiation (4). In general, NF-xB is
activated by several upstream signal mediators, such as IKK, Akt, and MAPKs (16).
However, our data showed that CO only inhibited IKK, not others, which were activated by
RANKL. More interestingly, CORM inhibited RANKL-induced ROS generation, an
upstream of IKK (16), suggesting that CO dampens ROS-dependent IKK activation. These
results suggest that CO inhibits RANKL-mediated NFATcl autoamplification and
osteoclastogenesis through initial suppression of the ROS/IKK/NF-kB pathway, but not other
signal mediators.

CO inhibits NF-xB activation in response to inflammatory stimuli, including
lipopolysaccharide and TNF-a., resulting in the prevention of inflammatory diseases. Several
mechanisms have been proposed to explain the inhibitory effect of CO-mediated NF-xB
activation. First, CO inhibits the redox-sensitive NF-xB signaling pathway by decreasing
ROS production via inhibition of NADPH oxidase activation in response to LPS or TNF-a
(17, 18). Interestingly, RANKL increases NADPH oxidase-dependent ROS production,
which stimulates osteoblast differentiation by activating NF-xB (19, 20). Consistent with
previous evidence showing that CO and bilirubin have potent antioxidant activity (7, 21), we
found that CORM-2 inhibited RANKL-induced ROS generation. Thus, it is possible that CO
inhibits RANKL-mediated NADPH oxidase activation and ROS accumulation, resulting in
inhibition of redox-sensitive IKK-mediated NF-xB activation. The anti-osteogenic effect
shown by bilirubin might be associated with the inhibition of NF-xB activation via its
antioxidant activity which inhibits ROS generation and IKK activation (19, 20), although
these evidence has not been provided. Another possibility is associated with S-glutathiolation
of the NF-xB p65 subunit, which isindependent of IKK activation (22). Our data showed that

CO inhibited IKK-dependent IkBa phosphorylation and degradation, indicating that CO
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might not be able to stimulate S-glutathiolation of p65 in macrophages stimulated with
RANKL.

Taken together, our data demonstrated that CO could inhibit RANKL-
induced osteoclastogenesis by suppressing NF-xB-dependent NFATc1 expression, probably
by dampening ROS production. Our results provide new insight into therapeutic potential of

CO for treating abnormal bone metabolism and osteol ytic bone diseases.

MATERIALSAND METHODS

Materials

Dulbecco's modified Eagle's medium (DMEM), a-minimum essential medium (a-MEM)),
and supplements were purchased from Invitrogen Life Technologies (Carlsbad, CA), and fetal
bovine serum (FBS) was obtained from HyClone Laboratories (Logan, UT). Recombinant
murine SRANKL and macrophage-colony stimulating factor (M-CSF) were purchased from
PeproTech (Rock Hill, NJ, USA). Tricarbonyldichlororuthenium (I1) dimer (CORM-2),
bilirubin, FeCl,, and ruthenium chloride (RuCls) were purchased from Sigma-Aldrich (St
Louis, MO, USA). All antibodies used in this study were purchased from Santa Cruz (Santa
Cruz, CA, USA) or Cell Signaling (Beverly, MA, USA). Anti-NFATc1 monoclonal antibody

was purchased from BD Biosciences Discovery Lab-ware (Bedford, MA).

Cdll culture

Murine macrophage cell line RAW?264.7 cells (2.5 x 10° cells'well in 96 well plate) were
cultured in DMEM supplemented with 10% FBS, 100 units/ml penicillin, and 100 units/ml
streptomycin. Bone marrow cells were collected from the tibia and femur of 6 week-old

female C57BL/6 mice. The bone marrow suspension was cultured in a-MEM containing
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10% FBS for 24 h. Nonadherent cells were collected and cultured with and 5 ng/ml of M-
CSF in a 96-well plates at 5 x10° cells’well. After 2 days, nonadherent cells including

lymphocytes were washed out, and adherent cells were used as BMMs.

Osteoclast differentiation and TRAP staining

After pretreatment with the indicated concentrations or 50 uM of CORM-2 and RuCl; for 1 h,
BMMs were cultured with 100 ng/ml RANKL and 10 ng/ml M-CSF, and RAW?264.7 cells
were stimulated with or without 100 ng/ml RANKL. After 3 days, the culture media were
replaced with fresh complete media containing the same concentrations of RANKL, CORM-
2, and RuCls. After another 2 days, cells were fixed with 3.7% formaldehyde for 5 min at
room temperature, washed twice with phosphate-buffed saline (PBS), and stained to visualize
TRAP using a leukocyte acid phosphatase kit (Sigma-Aldrich, St Louis, MO, USA). TRAP-
positive multinucleated cells (more than 3 nuclel) were counted as osteoclasts using optical

miCcroscopy.

Pit formation assay

BMMs were seeded at a density of 6 x 10* cells’well in 96-well calcium-phosphate-coated
OAAS™ plates and stimulated with 10 ng/ml M-CSF and 100 ng/ml RANKL in presence of
different concentrations of CORM-2. After 7 days, the medium was removed to measure the
resorption area of calcium-phosphate, and the cells were gently detached by treating plates
with 5% sodium hypochlorite for 5 min. The resorption areas were captured using a

microscope and analyzed by image-analyzing software, Image proplus™.

Quantative rever se transcription-polymerase chain reaction (QRT-PCR)
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Total RNAs were isolated using the Trizol reagent kit (Life Technology Inc., USA). Five ug
of MRNA was converted to cDNA by treatment with 200 units of reverse transcriptase and
500 ng of oligo-dTsg primer in 50 mM Tris-HCI (pH 8.3), 75 mM KCl, 3 mM MgCl,, 10 mM
DTT, and 1 mM dNTPs at 42°C for 1 h. The reaction was stopped by heating at 70°C for 15
min and 1 ul of cDNA mixture was used for enzymatic amplification. QRT-PCR analysis was
performed using a Roter-Gene Q rea-time PCR cycler (Qiagene). The expression of target
molecules was analyzed using SYBR Green-based gRT-PCR, and normalized to the
expression of GAPDH. The specific primer sets were as follows. NFATcl, 5'-
GAGTACACCTTCCAGCACCTT-3' (sense) and 5-TATGATGTCGGGGAAAGAGA-3’
(antisense); TRAP, 5-TCATGGGTGGTGCTGCT-3’ (sense) and 5'-
GCCCACAGCCACAAATCT-3' (antisense); OSCAR, 5'-GGAATGGTCCTCATCTCCTT-3’
(sense) and 5-TCCAGGCAGTCTCTTCAGTTT-3' (antisense); CtsK, 5'-
CCAGTGGGAGCTATGGAAGA-3" (sense) and 5-CTCCAGGTTATGGGCAGAGA-3'
(antisense); GAPDH, 5-TCAAGAAGGTGGTGAAGCAG-3" (sense) and 5'-

AGTGGGAGTTGCTGTTGAAGT-3' (antisense).

L ocalization of the NF-kB p65 subunit

Cells were cultured on glass dlides and stimulated with 100 ng/ml RANKL in the presence
or absence of CORM-3. Cells were fixed with 3.7% formaldehyde in PBS for 15 min at 4°C,
washed with PBS, and permeabilized with 0.1% saponin for 30 min at 4°C. The dlides were
incubated with goat polyclonal anti-p65 antibody (1:50, Santa Cruz Biotechnology). After 2 h,
the cells were washed with PBS and incubated with anti-goat 1gG-FITC (1:100, Sigma) for 1
h and were further incubated for 30 min with DAPI (1 ug/ml, Sigma) for nuclear staining.
The cells were mounted with mounting medium and observed by laser scanning confocal

microscopy (Olympus).
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Other biochemical analyses

Whole cell lysates, cytosolic fractions, and nuclear extracts were prepared as previously
described (23). After protein concentration was measured by a BCA method, samples (30 mg
protein) were electrophoresed on a 10% SDS-PAGE and target protein levels were
determined by Western blot analysis. Intracellular ROS accumulation was determined
RAW?264.7 cells stimulated with 100 ng/ml RANKL in the presence or absence of CORM-2
for 20 min, as previously described (24) using DCFH-DA. ChIP assay was performed using
cells stimulated with RANKL (100 ng/ml) in the presence or absence of CORM-2 (50 uM)
for 2 h as described in the manufacturer's instructions of Millipore ChiP Assay Kit (Millipore,
Temecula, CA). Target sequences of NFATc1 promoter sequences were identified by PCR (30
cycles at 94°C for 1 min, 52°C for 1 min, 72°C for 30 s) using primer pairs spanning
NFATcl-specific promoter regions containing NF-xB-binding sequence, forward 5'-
ACGCCCATGCAATCTGTTAG-3' and reverse 5-TTGCATGCTGAAGTCATTATGT-3,
which amplify a 130 bp product. Products were identified on a 1.5% agarose gel. For reporter
gene assay, RAW264.7 cells were transfected with 2 ug of NF-kB-Luc or NFATc1 promoter-
Luc construct or each basic plasmid using Lipofectamine 3000. After 4 h incubation, cells
were recovered in fresh medium for 24 h, followed by incubation with RANKL (100 ng/ml)
in the presence or absence of CORM-2 for 24 h. Reporter gene activity was assayed using a

luciferase assay kit.

Satistical analysis
Quantitative data are expressed as mean + standard deviation (SD) from three independent

experiments performed in triplicate. All statistical analyses were performed with GraphPad

13
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Prism 5.0 for windows (GraphPad Software). Statistical significance was determined using
one-way analysis of variance (ANOVA) or the unpaired Student’s t test, depending on the

number of experimental groups analyzed. Significance was established at a P value <0.05.
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FIGURE LEGENDS

Fig. 1. Effects of CO, iron, and bilirubin on RANKL -induced osteoclastogenesis. (A-D)
RAW?264.7 cells were pretreated with the indicated concentrations or 50 uM of CORM-2
(CORM), ferrous iron or bilirubin (BR) as well as 100 uM RuCl; for 1 h, followed by co-
stimulation with RANKL (100 ng/ml) for 5 days. (A and C) Cells were stained with TRAP
reagent. (B and D) TRAP-positive multinucleated cells were counted through optical
microscopy. (E-H) Mouse BMMs cultured on normal (E and F) or calcium-phosphate-coated
plate (G and H) were treated with M-CSF and RANKL in the presence or absence of 100 uM
RuCl; or 50 uM CORM-2 for 5 days. (E) Cells were stained with TRAP reagent. (F) TRAP-
positive cells were counted. (G and H) Resorption pit areas were determined after 7 days and
quantitated using image analyzing software (Image proplus™). *, p < 0.05 and **, p < 0.01

versus RANKL alone or in combination with RuCls.

Fig. 2. CO inhibits RANKL-induced NFATcl and osteoclast marker gene expression.
RAW?264.7 cells were treated with RANKL (100 ng/ml) following pretreatment with CORM-
2 (CORM, 50 uM). (A) After 24 h, NFATc1 and p-actin mRNA levels were determined by
RT-PCR analysis and quantitated by densitometry. (B and C) After 24 h, NFATcl and C-Fos
levels in whole cell extracts and nuclear fractions were determined by Western blotting. (D-
F) After 72 h, mRNA levels of TRAP, CtsK, and OSCAR were determined by RT-PCR

anaysis and quantitated by densitometry. *, p < 0.05 and **, p < 0.01 versus RANKL alone.

Fig. 3. Hemin-induced HO-1 inhibits RANK L -mediated osteoclastogenesis. (A-C) BMMs
isolated wild-type (WT) and HO-1*" mice were treated with hemin (2 uM ) for 8 h (A),

followed by stimulation with M-CSF and RANKL in the presence or absence of SnPP (1 uM)

15
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for 5 days. (A) HO-1 levels were determined by Western blotting. (B and C) TRAP-positive

multinucleated cells were counted through optical microscopy.

Fig. 4. CO inhibits RANKL-induced activation of NF-xB, but not MAPKs or Akt.
RAW?264.7 cells were treated with RNAKL (100 ng/ml) alone or in combination with
CORM-2 (CORM, 50 uM). (A and B) After 30 min, phosphorylated levels of MAPKs (A)
and NF-xB signal mediators (B) were determined by Western blotting. (C) After 1 h, NF-xB
p65 levels were determined in the cytosolic and nuclear fractions by Western blotting. (D)
Nuclear translocalization of p65 was determined by confocal laser microscopy. (E) After 20
min, intracellular ROS levels were determined by confocal microscopy using DCFDA. (F)
Cells were transfected with a NF-xB-Luc construct, followed by treatment with RANKL
alone or in combination with CORM-2 for 24 h. Luciferase activity was determined in cell
lysates. (G) NF-xB binding to NFATcl promoter was determined by ChIP analysis. (H)
NFATc1 promoter activity was determined by luciferase-reporter gene expression assay. *, p

< 0.05 versus RANKL aone.
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