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Heme oxygenase-1 (HO-1)/carbon monoxide (CO) axis
suppresses RANKL-induced osteoclastic differentiation by
inhibiting redox-sensitive NF-«xB activation
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Heme oxygenase (HO-1) catalyzes heme to carbon monoxide
(CO), biliverdin/bilirubin, and iron and is known to prevent
the pathogenesis of several human diseases. We assessed the
beneficial effect of heme degradation products on osteo-
clastogenesis induced by receptor activator of NF-xB ligand
(RANKL). Treatment of RAW264.7 cells with CORM-2 (@ 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 osteoclasto-
genesis in wild-type macrophages, but was ineffective in
HO-1*'" cells. CORM-2 reduced RANKL-induced NFATc1
expression by inhibiting IKK-dependent NF-xB activation and
reactive oxygen species production. These results suggest that
CO potently inhibits 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 and reduce bone loss by blocking osteoclast
differentiation. [BMB Reports 2017; 50(2): 103-108]

INTRODUCTION

Bone homeostasis is a strictly regulated physiological process
that involves the formation and resorption of bone by
osteoblast and osteoclast. Enhanced osteoclast formation
(osteoclastogenesis) is an underlying mechanism in osteolytic
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bone diseases, including osteoporosis, rheumatoid arthritis,
and bone metastasis. Osteoclasts are specialized multinucleated
giant cells derived from mononuclear progenitors of the
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 modulated by
TNF receptor-associated factor 6 (TRAF 6)-mediated multiple
pathways, including stimulation of the transcription factors
nuclear factor-kB (NF-xB) through IxB kinase (IKK) activation
and the activator protein-1 (AP-1) complex containing c-Fos
through mitogen-activated protein kinase (MAPK) (3, 4). These
transcription factors activate the transcription of the tran-
scription factor nuclear factor of activated T cells-c1 (NFATc1),
which upregluates the osteoclast-specific gene expression,
such as cathepsin K (CtsK), tartrate-resistant acid phosphatase
(TRAP), matrix metalloproteinase-9 (MMP-9), and calcitonin
receptor (5). Hence, inhibition of the RANKL-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 of heme
degradation, 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, such as biliverdin,
bilirubin, and iron, also have several biological activities
similar to those exerted by CO (6, 7). Although some studies
have proposed that CO regulates RANKL-induced osteoclas-
togenesis (8-10), its underlying mechanism is not clearly
elucidated. In addition, the regulatory effects of other heme
catabolites on osteoblast differentiation have also not been
studied.

In the present study, we examined the effects of heme
degradation products on RANKL-induced osteoclast differen-
tiation and its underlying mechanism in RAW264.7 cells and
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mouse marrow-derived monocytes/macrophages cells (BMMs).
Our results indicate that CO and bilirubin, but not iron,
inhibits RANKL-induced osteoclastogenesis, with CO having a
greater potent anti-osteogenic effect than bilirubin, by
inhibiting redox-sensitive NF-kB-dependent NFATc1 expression.
These results suggest that the HO-1/CO pathway has a
potential role in preventing bone diseases associated with
excessive osteoclast activity.

RESULTS

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

To evaluate the effects of heme degradation products on
osteoblast differentiation, we examined the effects of CO, iron
(Fe’™), and bilirubin 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. TA and B).
Bilirubin partially suppressed osteoclast differentiation compared
with the control RANKL alone. However, iron failed to
significantly affect the RANKL-induced osteoclastogenic effects
(Fig. 1A and B). The inhibitory effect of CORM-2 was dose-
dependent, whereas the control compound RuCl;, was
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ineffective on RANKL-induced osteoclastogenesis (Fig. 1C and
D). These results suggest that CO potentially inhibits RANKL-
induced osteoclastogenesis in immortalized macrophage
RAW264.7 cells. Next, we examined the effect of CORM-2 on
osteoclastogenesis in primary cultured mouse macrophages.
Treatment with CORM-2 effectively abrogated the RANKL-
induced increase in osteoclastogenesis of BMMs in a
concentration-dependent manner (Fig. 1E and F). We further
investigated whether CO regulates the bone resorption ability
of BMMs stimulated with RANKL. When stimulated with
RANKL on calcium phosphate-coated plates, BMMs increased
the number of pits as a result of calcium resorption by
functionally active osteoclasts differentiated from RANKL-
treated BMM:s; this 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 RANKL-induced osteoclast marker gene
expression

RANKL induces osteoclast differentiation by increasing the
expression levels of NFATc1 and the AP-1 component c-Fos,
which stimulate the expression of osteoblast-specific genes (4).
Western blot and qRT-PCR analyses showed that RANKL
significantly increased the expression level of NFATc1, but not
c-Fos. This increase was abrogated by treatment with CORM-2
(Fig. 2A and B). Furthermore, CORM-2 treatment significantly
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Fig. 1. Effects of CO, iron, and bilirubin on RANKL-induced osteoclastogenesis. (A-D) RAW264.7 cells were pretreated for 1 h with the
indicated concentrations or 50 pM of CORM-2 (CORM), ferrous iron, bilirubin (BR) or 100 uM RuCls;, followed by co-stimulation with
RANKL (100 ng/ml) for 5 days. (A and CO) Cells were stained with TRAP reagent. (B and D) TRAP-positive multinucleated cells were
counted using an optical microscope. (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.
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Fig. 2. CO inhibits RANKL-induced NFATc1 and osteoclast marker
gene expression. RAW264.7 cells were pretreated with CORM-2
(CORM, 50 puM) for 1 h and stimulated with RANKL (100 ng/ml).
(A) After 24 h, NFATc1 and pB-actin mRNA levels were deter-
mined by RT-PCR analysis and quantitated by densitometry. (B
and C) After 24 h, NFATc1 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 analysis and quantitated by densitometry.
*P < 0.05 and **P < 0.01 versus RANKL alone.

decreased the protein levels of NFATc1 in the nuclear fraction,
but not c-Fos (Fig. 2C). Under the same experimental con-
ditions, NFATc1-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 suppresses the
osteoblast-specific marker gene expression by inhibiting
RANKL-induced expression of NFATc1.

Heme-mediated HO-1 induction suppresses RANKL-induced
osteoclastogenesis

To examine whether endogenous CO regulates 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 treated with hemin, HO-1 was strongly
induced in BMMs from wild-type mice, but weakly expressed
in cells fom HO-1""" mice (Fig. 3A). Hemin treatment
strongly inhibited RANKL-induced osteoclastogenesis in
BMMs from wild-type, but was not effective in cells from
HO-17"~ mice; these inhibitions were reversed by the HO-1
inhibitor SnPP (Fig. 3B and C). These results suggest that
HO-1-derived CO plays an important role in negative
regulation of osteoclastogenesis.
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Fig. 3. Hemin-induced HO-1 inhibits RANKL-mediated osteoclasto-
genesis. (A-C) BMMs isolated wild-type (WT) and HO-1 7 mice
were treated with hemin (2 puM) for 8 h (A), followed by
stimulation with M-CSF and RANKL in the presence or absence
of SnPP (1 uM) for 5 days. (A) HO-1 levels were determined by
Western blotting. (B and C) TRAP-positive multinucleated cells
were counted through optical microscopy.

CO inhibits RANKL-induced activation of NF-xB, but not
MAPKs or Akt

During osteoclast differentiation, NFATc1 expression is
dependent on transcription factors, such as AP-1 and NF-xB,
which get activated by stimulating MAPKs and IkB degrada-
tion, respectively (4, 5). We assessed 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 evaluated the effects of
CO on RANKL-induced NF-kB activation via IkB degradation
elicited by activating IKK, NIK, and Akt (11). RANKL increased
phosphorylation of IKKa/B (Ser180/181) and Akt, but not NIK
(Fig. 4B). CORM-2 treatment inhibited RANKL-induced phos-
phorylation of IKKa/B, but not Akt, resulting in the suppression
of RANKL-mediated IkBa. (Ser32) phosphorylation and degra-
dation (Fig. 4B). As a result, CORM-2 blocked RANKL-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 inhibits RANKL-induced redox-sensitive NF-kB
activation. Moreover, CORM-2 abrogated RANKL-induced
NF-kB reporter activity (Fig. 4F). We further examined whether
CORM-2 could regulate NF-xB binding to the kB element at
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Fig. 4. CO inhibits RANKL-induced activation of NF-xB, but not MAPKs or Akt. RAW264.7 cells were treated with RANKL (100 ng/ml)
alone or in combination with CORM-2 (CORM, 50 pM). (A and B) After 30 min, phosphorylated levels of MAPKs (A) and NF-kB signal
mediators (B) were determined by Western blotting. (C) After 1 h, NF-kB p65 levels were determined in the cytosolic and nuclear
fractions by Western blotting. (D) Nuclear translocation of p65 was determined by confocal laser microscopy. (E) After 20 min, intracellular
ROS levels were determined by confocal microscopy using DCF-DA. (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 NFATc1 promoter was determined by ChIP analysis. (H) NFATc1 promoter activity was determined by luciferase-reporter gene

expression assay. *P < 0.05 versus RANKL alone.

-664 bp upstream in the murine NFATc1 promoter (5).
Chromatin immunoprecipitation (ChIP) analysis showed that
CORM-2 significantly decreased RANKL-induced binding of
NF-xB to NFATc1 promoter (Fig. 4G). In addition, CORM-2
inhibited RANKL-induced transcriptional activity of NFATcT1
promoter (Fig. 4H). These results indicate that CO inhibits the
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. We found that exogenous CO (generated by
CORM-2) and bilirubin, but not iron, suppressed RANKL-
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induced osteoclastogenesis or osteoclastic bone resorption
activity in RAW264.7 cells and BMMs, with CO being potently
more effective 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. We also observed that the anti-osteoclastogenic
activity of CO was associated with inhibition of redox-sensitive
NF-kB-dependent NFATc1 expression, leading to the sup-
pression of NFATc1-mediated expression of osteoclast-specific
genes. These results suggest that the HO-1/CO axis potentially
restrains osteoclastogenesis and prevents bone loss by
inhibiting NF-kB-dependent NFATc1 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
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biological functions (12). Other metabolites have similar
biological activity through ROS scavenging or induction of the
antioxidant gene ferritin (7, 12). Previous studies have demon-
strated that exogenous CO gas or CO-releasing molecules
have a beneficial effect as therapeutic treatment in animal
models of inflammatory diseases and traumatic brain injury
(13, 14). Moreover, a number of studies have also shown that
HO-1 expression or CO delivery prevents inflammatory
arthritis and bone loss in animal 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 CO
having more potent anti-osteoclastogenic activity compared to
bilirubin. This indicates that, among HO-1 metabolites, CO is
a major contributor to the inhibitory effect of HO-1 on
osteoblast differentiation.

RANKL induces osteoclast differentiation from BMMs by
triggering the intracellular signal pathway that promotes
induction or activation of transcription factors, such as NFATcT1
and NF«xB (4, 5). NFATc1 is a key transcription factor in
osteoclast differentiation. Thus, Nfatc1 '~ embryonic stem
cells are unable to differentiate into osteoclasts in vitro and
overexpression of NFATc1 induces osteoclastogenesis (15). It
is evident that NFATc1 is an inducible gene that acts as a
master transcription factor for RANKL-induced osteoblast
differentiation. In fact, NFATc1 binds to its own promoter and
is robustly induced through an autoamplification circuit (5).
NFATc1 promoter also cooperatively interacts with other
RANKL-stimulated transcription factors, such as NF-xB and
AP-1 to activate the initial induction of NFATc1, followed by
an autoamplification phase of NFATc1. This indicates that
activation of NF-xB and AP-1 plays an important role in
RANKL-induced osteoclastogenesis (5). This study revealed
that CO inhibits RANKL-induced NFATc1 expression by
suppressing IKK-dependent NF-kB activation, but not the AP-1
component c-Fos expression, resulting in the suppression of
NFATc1-targeted osteoclast marker genes, including TRAP,
Ctsk, and OSCA. On the other hand, RANKL also activates
MAP kinase (MAPK) and Akt to induce the expression of
critical genes for osteoclast differentiation (4). In general,
NF-«B is activated by several upstream signal mediators, such
as IKK, Akt, and MAPKs (16). However, our data showed that,
of the upstream signal mediators activated by RANKL, only
IKK was inhibited by CO. More interestingly, CORM-2
inhibited RANKL-induced ROS generation upstream of IKK
(16), suggesting that CO dampens ROS-dependent IKK activa-
tion. These results suggest that CO inhibits RANKL-mediated
NFATc1 autoamplification and osteoclastogenesis through
initial suppression of the ROS/IKK/NF-«xB pathway, but not
other signal mediators.

CO inhibits NF-kB activation in response to various inflam-
matory stimuli, resulting in the prevention of inflammatory
diseases. Several mechanisms have been proposed to explain
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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 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-kB 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 have not been provided in this study.
Another possibility is associated with S-glutathiolation of the
NF-xB p65 subunit, which is independent of IKK activation
(22). Our data showed that CO inhibited IKK-dependent lkBo
phosphorylation and degradation, indicating that CO may be
unable to stimulate the S-glutathiolation of p65 in macro-
phages stimulated with RANKL.

Taken together, our data demonstrate that CO inhibits RANKL-
induced osteoclastogenesis by suppressing the NF-xB-dependent
NFATc1 expression, probably by dampening ROS production.
Our results provide new insight into the therapeutic potential
of CO for treating abnormal bone metabolism and osteolytic
bone diseases.

MATERIALS AND 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). 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 (Il) 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).

Biochemical analyses

Whole cell lysates, cytosolic fractions, and nuclear extracts
were prepared as previously described (23). After protein
concentration was assessed 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 in RAW264.7
cells stimulated with 100 ng/ml RANKL in the presence or
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absence of CORM-2 for 20 min using DCFH-DA, as previously
described (24). 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 NFATc1-specific promoter regions containing
NF-xB-binding sequence, forward 5-ACGCCCATGCAATCT
GTTAG-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 pg of NF-kB-Luc, NFATc1 promoter-
Luc construct or in combination with each basic plasmid using
Lipofectamine 3000. After 4 h incubation, cells were recovered
in the 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.
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