
RESEARCH ARTICLE

Rhinacanthin C Inhibits Osteoclast
Differentiation and Bone Resorption: Roles of
TRAF6/TAK1/MAPKs/NF-κB/NFATc1
Signaling
Mineko Tomomura1,2*, Ryuichiro Suzuki3, Yoshiaki Shirataki3, Hiroshi Sakagami1,4,
Nobuaki Tamura5, Akito Tomomura2

1 Meikai Pharmaco-Medical Laboratory (MPL), Meikai University School of Dentistry, Sakado, Saitama,
Japan, 2 Division of Biochemistry, Department of Oral Biology and Tissue Engineering, Meikai University
School of Dentistry, Sakado, Saitama, Japan, 3 Laboratory of Pharmacognosy and Natural Medicines,
Faculty of Pharmaceutical Sciences, Josai University, Sakado, Saitama, Japan, 4 Division of Pharmacology,
Department of Diagnostic and Therapeutic Sciences, Meikai University School of Dentistry, Sakado,
Saitama, Japan, 5 First Division of Oral and Maxillofacial Surgery, Department of Diagnostic and Therapeutic
Sciences, Meikai University School of Dentistry, Sakado, Saitama, Japan

* mineko-t@dent.meikai.ac.jp

Abstract
Rhinacanthin C is a naphthoquinone ester with anti-inflammatory activity, found in Rhina-
canthus nasutus (L) Kurz (Acanthaceae). We found that rhinacanthin C inhibited osteoclast

differentiation stimulated by the receptor activator of nuclear factor-κB ligand (RANKL) in

mouse bone marrow macrophage cultures, although the precise molecular mechanisms

underlying this phenomenon are unclear. In this study, we investigated the inhibitory mech-

anisms of rhinacanthin C in osteoclastogenesis. Rhinacanthin C suppressed RANKL-

induced nuclear factor of activated T cells c1 (NFATc1) expression. Phosphorylation of

ERK, JNK, and NF-κB, but not p38, was inhibited by rhinacanthin C, which also inhibited

RANKL-stimulated TRAF6-TAK1 complex formation. Thus, the anti-osteoclastogenic effect

of rhinacanthin C is mediated by a cascade of inhibition of RANKL-induced TRAF6-TAK1

association followed by activation of MAPKs/NF-κB; this leads to suppression of c-Fos and

NFATc1, which regulate transcription of genes associated with osteoclast differentiation. In

vivo, rhinacanthin C also reduced RANKL-induced osteoclast formation and bone resorp-

tion in mouse calvaria. Rhinacanthin C also suppressed LPS-stimulated osteoclastogen-

esis and bone resorption in vitro and in vivo. Rhinacanthin C may provide a novel therapy

for abnormal bone lysis that occurs during inflammatory bone resorption.
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Introduction
Bone formation by osteoblasts and bone resorption by osteoclasts are balanced to maintain
bone homeostasis. Enhanced bone resorption can lead to impaired bone structure and bone
fracture in osteoporosis, rheumatoid arthritis, and bone metastatic disease.

Osteoclasts differentiate from monocyte/macrophage lineage precursor cells; they are multi-
nucleated giant cells with bone-resorbing activity. Receptor activator of nuclear factor-κB
ligand (RANKL), proinflammatory cytokines (TNF-α, IL-1), and lipopolysaccharide (LPS)
induce osteoclast differentiation and activation [1–4]. RANKL, which is produced by osteo-
blasts and bone marrow stromal cells, binds to RANK on monocyte/macrophages followed by
receptor oligomerization and recruitment of signaling adapter molecules such as TNF recep-
tor-associated factor-κB ligand 6 (TRAF6). Subsequent TRAF6-TAK1 association activates the
downstream signaling pathways NF-κB and activator protein 1 (AP-1) (c-Fos/c-Jun dimer)
and induces expression of NFATc1, which is the master osteoclast regulator [1,5]. Interference
with these signaling pathways may prevent excessive osteoclast formation and pathological
bone loss.

Herbal extracts are widely used as traditional medicines. Screening for phytochemicals with
anti-osteoclastogenic activity may lead to the discovery and development of novel drugs to
protect against or treat osteopenia and osteoporosis with minimal side effects. The shrub Rhi-
nacanthus nasutus (L) Kurz (Acanthaceae) is distributed in Southeast Asia and is used in tradi-
tional medicines for the treatment of pneumonia, diabetes, hypertension, and skin diseases.
The root and aerial portions of R. nasutus contain naphthoquinone esters, such as rhina-
canthins C, D, N, and Q, which exhibit anti-inflammatory, anti-allergic, anti-tumor, and anti-
viral activities [6–10]. Recently, we reported anti-osteoclastogenic activity in the ethyl acetate-
soluble fraction of a methanol extract of the R. nasutus root [11]. We isolated five components
(rhinacanthins C, G, N, and Q, and rhinacanthone) from the ethyl acetate-soluble fraction of
this plant and found rhinacanthin C is a potent inhibitor of RANKL-stimulated osteoclasto-
genesis in mouse bone marrow macrophage (BMM) cultures [12]. In this study, we investi-
gated the molecular mechanism by which rhinacanthin C suppresses RANKL-induced
osteoclastogenesis of BMMs and validated its efficacy in vivo.

Materials and Methods

Materials
Rhinacanthin C was isolated from the root of R. nasutus [12]. The structure and purity of
rhinacanthin C isolated from R. nasutus were confirmed by nuclear magnetic resonance
(NMR) spectroscopy. No impurities were detected on the 1H NMR and 13C NMR spectra of
rhinacanthin C (S1 Fig). Rhinacanthin C was dissolved in dimethyl sulfoxide (DMSO; Sigma-
Aldrich, St. Louis, MO), the final concentration of which in culture media was less than 0.2%
(v/v). Antibodies against ERK, phospho-ERK (Thr202/Tyr204), JNK, phospho-JNK (Thr183/
Tyr185), IκB-α, phospho-IκB-α (Ser32), NF-κB p65, phospho-NF-κB p65 (Ser536), integrin
β3, and c-Src were obtained from Cell Signaling Technology (Danvers, MA). Anti-TRAF6 and
anti-NFATc1 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-TAK1 and anti-c-Fos antibodies were purchased from Sigma-Aldrich. An antibody
against β-actin was purchased fromMedical and Biological Laboratories (Nagoya, Japan).
Secondary antibodies were purchased from Santa Cruz and Pierce (Rockford, IL). Alexa Fluor
488-conjugated zymosan A (Saccharomyces cerevisiae) BioParticles were purchased from Life
Technologies (Carlsbad, CA). LPS from Escherichia coli O55:B6 was purchased from Sigma-
Aldrich. Recombinant human soluble RANKL was purchased from Oriental Yeast (Tokyo,
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Japan). Male C57BL/6 mice (aged 8- weeks) and ddy mice (aged 8-weeks) were purchased
from Sankyo Lab Service (Ibaraki, Japan). OPG knockout mice were provided by Dr. Udagawa
of the Institute for Oral Science at Matsumoto Dental University

Macrophage formation and phagocytosis assay
In vitromacrophage colony formation in mouse bone marrow cells was measured according to
manufacturer instructions (Stemcell Technologies, Vancouver, Canada). Briefly, bone marrow
cells (BMCs: 1 × 104 cells/mL) were cultured for 7 days in MethoCult (methylcellulose) in
the presence of macrophage colony-stimulating factor (M-CSF, 10 ng/mL; R & D Systems,
Minneapolis, MN) alone or with rhinacanthin C. Macrophage colonies were counted by phase-
contrast microscopy. For the macrophage phagocytosis assay, bone marrow macrophages
(BMMs) were cultured in 96-well plates for 3 days in the presence of M-CSF with or without
rhinacanthin C. Fluorescein-conjugated zymosan A BioParticles (5 μg) were added and
incubated for 30 min. After washing, cell-incorporated zymosan particles were visualized and
counted by fluorescence microscopy.

Osteoclast formation from bone marrow cells
Osteoclasts were differentiated from bone marrow macrophages as described [13]. Briefly,
BMCs collected from the femurs and tibias of 8 week-old ddY mice were cultured in α-MEM
containing 10% FBS and macrophage colony-stimulating factor (M-CSF, 10 ng/mL; R & D Sys-
tems, Minneapolis, MN) for 3 days. The bone marrow macrophages were cultured in M-CSF
alone or M-CSF plus RANKL (10 ng/mL; R & D Systems) with or without rhinacanthin C for 3
days. In experiments testing the effects of rhinacanthin C on the LPS-induced osteoclastogen-
esis, BMMs were primed with RANKL(1 ng/mL) for 24 h before LPS treatment.

Osteoclast differentiation and bone resorption activity
Tartrate-resistant acid phosphatase (TRAP) activity, an osteoclast differentiation marker, was
measured as described [13]. Histochemical staining of TRAP was performed using a leukocyte
acid phosphatase kit (Sigma-Aldrich). Cultured cells were fixed in 100% methanol for 1 min at
room temperature and air-dried. After TRAP staining, TRAP-positive multinucleated (>3
nuclei) cells (MNCs) were imaged by phase-contrast microscopy. Bone resorption activity was
assessed by resorption pit formation on dentin slices as described [14]. Briefly, BMMs cultured
on dentin slices with M-CSF plus RANKL in the presence or absence of rhinacanthin C for 6
days were scraped off and the resorption pits were stained with acid-hematoxylin solution
(Sigma-Aldrich). The absorbed pit areas were quantified with NSI Element imaging software
(Nikon Instech, Tokyo, Japan).

Western blotting and immunoprecipitation
For western blotting analysis, whole-cell lysates were prepared with SDS sampling buffer or
RIPA I buffer (25 mMHEPES, pH 7.7, 0.3 M NaCl, 1.5 mMMgCl2, 0.2 mM EDTA, 0.1% Tri-
ton X-100, 10 mM β-glycerophosphate, 1 mM NaF, 1 mM Na3VO4) supplemented with prote-
ase inhibitor cocktail (Roche Applied Science, Basel, Switzerland). Samples were separated by
SDS-PAGE, transferred onto Immobilon-P PVDF membranes (Millipore, Billerica, MA), and
then immunoblotted with primary antibody. The blots were incubated with horseradish perox-
idase-conjugated secondary antibodies for 1 h, and chemiluminescence was detected with an
Immobilon system (Millipore). For immunoprecipitation, cell lysates extracted with RIPA I
buffer were incubated with anti-TRAF6 or anti-TAK1 antibody for 2 h at 4°C, followed by 1-h
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incubation at 4°C with protein G-Sepharose beads (GE Healthcare Bio-Sciences, Piscataway,
NJ). After washing with RIPA II (20 mMHEPES, pH 7.7, 0.15 M NaCl, 2.0 mMMgCl2, 0.15
mM EDTA, 0.05% Triton X-100) buffer, immune complexes were analyzed by western blot-
ting. Protein band intensities were quantified using ImageJ.

Cell viability
Viability was evaluated using a cell proliferation assay kit (Promega, Madison, WI). At the end
of culture, a 1/10 volume of reagent was added and incubated for 2 h. Absorbance was mea-
sured at 492 nm.

RANKL and endotoxin-induced bone loss in vivo
Eight-week-old male mice (ddy) were divided into three groups (n = 3–4/group). Vehicle (30%
DMSO) or RANKL (0.7 mg/kg body weight) with or without rhinacanthin C (2 mg/kg body
weight) was injected daily into the subcutaneous tissue overlying the calvaria under anesthesia
with pentobarbital (Somnopentyl, Kyoritsu Seiyaku; 40–50 mg/kg body weight). Eight-week-old
normal (wild-type) male or osteoprotegerin (OPG) knockout mice (OPG-/-) (C57BL/6) were
used for the LPS experiments. Vehicle (30% DMSO) or lipopolysaccharide (LPS, 3.3 mg/kg
body weight; Sigma-Aldrich) with or without rhinacanthin C (2 mg/kg body weight) was
injected. The mice were sacrificed on day 5. Calvariae were dissected, fixed in 4% paraformalde-
hyde, and stained for TRAP activity. Three-dimensional reconstruction images of calvarial bone
were obtained by micro-focal computed tomography (μCT) scanning (MCT-CB130MF; Hitachi
Medical, Tokyo, Japan) at the Research Institute of Bone Structure Analysis (Yokosuka, Kana-
gawa, Japan). The X-ray tube was operated at an acceleration voltage of 60 kV and current of
100 μA. The geometry of the setup and resulting constraints in resolution lead to a voxel size of
32 × 32 × 32 μm. The 3-D images were analyzed using Tri-3D Bon software (Ratoc System Engi-
neering, Tokyo, Japan). Trabecular bone volume (BV; mm3), total tissue volume (TV; mm3),
bone volume fraction (BV/TV; %) were calculated in 3Dmode. Static bone morphometric
parameters trabecular separation (Tb.Sp; μm), and trabecular bone pattern factor (TBPf; 1/mm)
were also calculated.

Ethics Statement
This study was performed according to the Fundamental Guidelines of the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan for Proper Conduct of Animal Experi-
ment and Related Activities in Academic Research Institutions. The Animal Care and Use
Committee of Meikai University approved all animal experiments.

All animal experiments were performed under anesthesia to limit pain. The mice were sacri-
ficed by spinal cord dislocation under anesthesia with pentobarbital.

Statistical analysis
Data were analyzed by ANOVA and are presented as the means ± SD of at least three indepen-
dent experiments. In all analyses, P< 0.05 was taken to indicate statistical significance.

Results

Rhinacanthin C inhibits RANKL-mediated osteoclast formation from
mouse BMMs without cytotoxicity
Rhinacanthin C is a naphthoquinone derivative containing an alkyl side chain (Fig 1A). We pre-
viously reported that rhinacanthin C is a strong inhibitor of RANKL-stimulated TRAP-positive
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multinucleated cell formation from mouse BMMs [12]. In this study, we investigated the effects
of rhinacanthin C on osteoclast differentiation and bone resorption pit formation. Rhinacanthin
C produced dose-dependent inhibition of RANKL-induced TRAP-positive multinuclear osteo-
clast formation and TRAP activity in BMM culture (0.25–2.0 μM) (Fig 1B to 1D). In our previ-
ous study, rhinacanthin C exhibited non-apoptotic cytotoxicity against tumor cells [12]. To
investigate whether osteoclastogenesis inhibition by rhinacanthin C is due to its cytotoxicity, we
measured the viability of RANKL-induced osteoclasts exposed to rhinacanthin C. Fig 1E shows
that rhinacanthin C did not suppress viability even at 2.0 μM, at which concentration it abol-
ished RANKL-stimulated osteoclast formation. Thus, the inhibitory effects of rhinacanthin C
on osteoclastogenesis seemed not to be due to cytotoxicity.

Osteoclasts differentiated from the monocyte-macrophage lineage. Therefore, we examined
the effects of rhinacanthin C on macrophage colony formation with M-CSF from BMCs. The

Fig 1. Effects of rhinacanthin C on osteoclastogenesis and cell viability in BMM cultures. A, Chemical structure of rhinacanthin C. B, BMCs were
cultured for 3 days with M-CSF (10 ng/mL), then with M-CSF alone or M-CSF plus RANKL (10 ng/mL) in the presence or absence of rhinacanthin C (0.25–
2.0 μM). The cells were stained for TRAP activity. Bar, 100 μm. C, Dose-dependent effects of rhinacanthin C on RANKL-induced TRAP-positive multi-nuclear
(>3 nuclei) cell (MNC) formation from BMCs.D, Dose-dependent rhinacanthin C inhibition of TRAP activity in the medium of BMM cultures in the presence of
RANKL and M-CSF. E, Viability was determined by MTT assay after 3 days. Data are expressed as means ± SD of three experiments. **P < 0.01 vs.
untreated controls.

doi:10.1371/journal.pone.0130174.g001
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macrophage-type colonies formed from BMCs did not differ in the absence or presence of rhi-
nacanthin C (S2A Fig). Furthermore, the numbers of zymosan-incorporated phagocytic mac-
rophages did not significantly differ in the presence of absence of rhinacanthin C (S2B Fig).
Thus, macrophage formation and phagocytic function stimulated by M-CSF are not inhibited
by rhinacanthin C. We further characterized the effects of rhinacanthin C on osteoclastogen-
esis by performing two experiments. First, BMCs were cultured with rhinacanthin C for 3 days
in the presence of M-CSF, followed by RANKL plus M-CSF to induce osteoclast formation. In
the second experiment, BMCs were cultured with rhinacanthin C and then the BMMs were
cultured with RANKL plus M-CSF, also in the presence of rhinacanthin C. In experiment 1,
RANKL-stimulated osteoclast formation remained essentially the same, regardless of pretreat-
ment with rhinacanthin C. However, after RANKL stimulation, rhinacanthin C provided
dose-dependent inhibition of osteoclast formation, as shown in experiment 2 (S2D Fig). These
results suggest the inhibitory role of rhinacanthin C in osteoclastogenesis does not occur at
the stage macrophage formation and function as an osteoclast progenitor but at the stage of
RANKL-stimulated osteoclast formation step.

Next, we sought to identify what stage of osteoclast differentiation is more strongly affected
by rhinacanthin C. Rhinacanthin C was added at various stages of osteoclastogenesis over 3
days (S3A Fig). Late addition of rhinacanthin C (3rd day, i.e., 2+1RC) had little effect on
TRAP activity (S3C Fig) and TRAP positive-multinucleated cell formation (S3B and S3D
Fig). Treatment on days 1 and 2 (2RC+1) resulted in a significantly lower number of TRAP
positive-multinucleated cells versus treatment on days 2 and 3 (1+2RC), indicating that
rhinacanthin C suppressed early-to-middle stage RANKL-stimulated osteoclastogenesis form
BMMs. The numbers of TRAP-positive multinucleated cells and TRAP activity were higher
in cultures treated on day 1 (1RC+2) than in those treated on day 2 (1+1RC+1). These results
suggest the inhibitory effects of rhinacanthin C is reversible, and differentiation potential
of BMMs treated with rhinacanthin C on day 1 is recovered over 2 days culture without
rhinacanthin C. Indeed, we observed greater numbers of TRAP-positive multinucleated cells
in the 1+1RC+1 culture when normal culture conditions were continued for one more day
(data not shown). Taken together, these results suggest rhinacanthin C reversibly suppresses
the early to middle stage of osteoclast differentiation.

We next examined the effects of rhinacanthin C on bone resorption activity, which reflects
the acquisition of differentiated osteoclast function. BMMs were cultured on dentin slices
with M-CSF and RANKL for 6 days in the presence or absence of increasing concentrations
of rhinacanthin C, and the osteoclastic bone resorption pits were examined. As shown in Fig
2, rhinacanthin C inhibited RANKL-stimulated bone resorption in a dose-dependent man-
ner. These results were consistent with the inhibition of osteoclast differentiation by rhina-
canthin C.

Rhinacanthin C suppresses induction of RANKL-induced proteins
involved in osteoclast differentiation and function
NFATc1 is a master transcription factor in osteoclastogenesis. c-Fos, a major component of
transcription factor AP-1, induces NFATc1 expression to regulate osteoclast differentiation
[5,15]. RANKL significantly increased NFATc1 and c-Fos protein levels after 2 days, whereas
rhinacanthin C suppressed the RANKL-stimulated induction of both transcription factors (Fig
3). Integrin β3 and c-Src are important for actin ring formation, which is essential for bone
resorption [16]. RANKL increased c-Src and integrin β3 expression, while rhinacanthin C sup-
pressed these effects (Fig 3).

Rhinacanthin C Suppresses Osteoclastogenesis

PLOS ONE | DOI:10.1371/journal.pone.0130174 June 17, 2015 6 / 17



Rhinacanthin C suppresses RANKL-induced activation of NF-κB and
MAPKs
NF-κB activation is essential for osteoclast differentiation. NF-κB forms a complex with inhibi-
tor IκB, phosphorylation of which leads to degradation and dissociation of IκB from the NF-
κB/p65 subunit. Then, phospho-NF-κB/p65 translocates to the nucleus and binds to the pro-
moter of the NFATc1 gene [17]. The MAPK subfamilies ERK, JNK, and p38 are also essential
for osteoclast differentiation [18–20]. NF-κB and MAPKs are activated by NFATc1 and c-
Fos-integrated RANKL signaling [5,21]. We next examined the effects of rhinacanthin C on
RANKL-driven activation NF-κB and MAPKs (Fig 4). Within 10 min, RANKL induced phos-
phorylation of IκB, NF-κB/p65, ERK, and JNK in BMM culture; however, rhinacanthin C sup-
pressed this RANKL-induced phosphorylation. Rhinacanthin C did not suppress RANKL-
induced phosphorylation of p38. Thus, rhinacanthin C suppresses RANKL-mediated activa-
tion of the ERK, JNK, and NF-κB signaling axis in osteoclastogenesis.

Fig 2. Effects of rhinacanthin C on bone resorption in BMM cultures. A, BMCs were cultured on dentin
slices for 3 days with M-CSF (10 ng/mL), then for 6 days in the presence or absence of rhinacanthin C in the
presence of RANKL (10 ng/mL). After removal of the cells, areas of resorption pits were stained with
hematoxylin. Bar, 100 μm. B, total resorption pit area was measured and the results are shown as % of
RANKL treatment. Data are expressed as means ± SD of three experiments. **P < 0.01 vs. untreated
control.

doi:10.1371/journal.pone.0130174.g002
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Rhinacanthin C suppresses RANKL-induced TRAF6-TAK1 complex
formation
TRAF6 and TAK1 complex formation is an important step prior to RANKL-mediated MAPK
and NF-κB activation in BMMs [22]. As rhinacanthin C suppressed RANKL-stimulated
MAPK and NF-κB activation, we next examined whether rhinacanthin C could inhibit
TRAF6–TAK1 complex formation. In pull-down assays, co-immunoprecipitation of TAK1
with anti-TRAF6 antibody (and of TRAF6 with anti-TAK1) increased in the presence of
RANKL (Fig 5). However, rhinacanthin C suppressed RANKL-induced co-precipitation of
TRAF6 and TAK1. Thus, rhinacanthin C inhibits RANKL-stimulated osteoclastogenesis by
suppressing TRAF6–TAK1 complex formation, thereby modulating the downstream signaling
pathways required for osteoclast-specific gene expression.

Rhinacanthin C prevents RANKL-induced bone resorption in vivo
To determine whether rhinacanthin C prevents RANKL-induced bone loss in vivo, RANKL
was administered once daily for 5 days with or without rhinacanthin C on the calvaria. We
then stained for TRAP activity and performed morphometric analysis of calvarial bone by
micro-CT. The TRAP-positive area increased in the RANKL-injected calvaria versus the vehi-
cle-injected control (Fig 6A and 6B). Simultaneous administration of rhinacanthin C reduced
the RANKL-induced TRAP-positive area. Representative micro-CT images of RANKL-treated
calvaria showed that RANKL treatment increased excavated bone destruction, whereas rhina-
canthin C-injected calvaria showed less bone destruction in comparison to RANKL-injection
alone (Fig 6C). Micro-CT analysis of RANKL-treated calvaria showed decreased BV/TV, and
increased trabecular separation (Tb.Sp) compared with vehicle-treated control calvaria (Fig 6D
and 6E). On the other hand, rhinacanthin C treatment significantly increased BV/TV and
decreased trabecular separation, suggesting rhinacanthin C prevented RANKL-induced calvar-
ial bone destruction. TBPf is the ratio of convex structures to concave structures on the

Fig 3. Effects of rhinacanthin C on induction of osteoclast-related proteins by RANKL. A, BMCs were cultured for 3 days with M-CSF (10 ng/mL), then
for 2 days in the presence or absence of rhinacanthin C (RC, 1 μM) and RANKL (R, 10 ng/mL). Whole-cell extracts were analyzed by western blotting with
primary antibodies raised against NFATc1, c-Fos, c-Src, and integrin β3. β-Actin was used as an internal control.B, Proteins were normalized to β-actin and
expressed as the fold change relative to the untreated control (Ctl). Values are the means ± SD of three to four independent experiments. **P < 0.01.

doi:10.1371/journal.pone.0130174.g003

Rhinacanthin C Suppresses Osteoclastogenesis

PLOS ONE | DOI:10.1371/journal.pone.0130174 June 17, 2015 8 / 17



trabecular surface, reflecting the connectivity of trabecular bone. TBPf was increased in the
RANKL-treated group versus the control, suggesting RANKL destroys the microarchitecture
of trabecular bone (Fig 6E). Rhinacanthin C reduced the RANKL-induced increase of TBPf.
Thus, rhinacanthin C prevents osteoclastic bone resorption in vitro and in vivo.

Fig 4. Effects of rhinacanthin C on RANKL-stimulated signaling in BMM. A, BMCs were cultured for 3
days with M-CSF (10 ng/mL), then with RANKL (R, 10 ng/mL) for 10 min in the presence or absence of
rhinacanthin C (RC, 1 μM). Whole-cell extracts were analyzed by western blotting.B, The levels of
phosphorylated proteins were quantified, normalized to the total levels of corresponding proteins, and
expressed as the fold change vs. the untreated control (Ctl). Values are the means ± SD of three to four
independent experiments. *P < 0.05, **P < 0.01.

doi:10.1371/journal.pone.0130174.g004
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Rhinacanthin C inhibits LPS-induced osteoclastogenesis and bone
resorption
Bacterial infection is associated with bone destruction in periodontitis. LPS, a cell wall compo-
nent of Gram-negative bacteria, also induces bone resorption [23–25]. We also demonstrated
the effects of rhinacanthin C on LPS-induced osteoclastogenesis from BMMs (Fig 7) and bone
resorption of mouse calvaria (Fig 8). RANKL priming is needed for LPS-induced osteoclasto-
genesis [26]. We treated BMMs with RANKL (1 ng/mL) for 24 h followed by LPS treatment
with or without rhinacanthin C for 3 days (Fig 7). LPS significantly increased TRAP activity
(Fig 7B) and the numbers of MNCs (Fig 7A and 7C) in RANKL-primed BMMs but not in
non-primed BMMs. Rhinacanthin C provided dose-dependent inhibition of LPS-stimulated
osteoclastogenesis from BMMs.

Finally, we tested the inhibitory effects of rhinacanthin C on LPS-stimulated calvarial bone
erosion in vivo using normal and OPG-/- mice. Osteoprotegerin-deficient (OPG-/-) mice
exhibit osteoporosis due to enhanced osteoclastogenesis caused by a lack of soluble decoy
receptor for RANKL [27,28]. As shown in Fig 8, LPS significantly increased TRAP staining of
whole calvariae in normal and OPG-/- mice (Fig 8A). Simultaneous administration of rhina-
canthin C reduced LPS-induced osteoclast formation. μCT analysis (BV/TV, Tb.Sp, and TBPf)
showed that LPS induced bone destruction in OPG-/- mice (Fig 8B). Rhinacanthin C amelio-
rated LPS-induced calvarial bone resorption of normal and OPG knockout mice. Thus, rhina-
canthin C inhibits LPS-induced and RANKL-induced osteoclastogenesis.

Fig 5. Effects of rhinacanthin C on complex formation of TRAF6 and TAK1. A, BMCs were cultured for 3
days with M-CSF (10 ng/mL), then pretreated with rhinacanthin C (RC, 1 μM) or DMSO (0.1%) for 20 min and
stimulated with RANKL (R, 10 ng/mL) for 5 min with or without rhinacanthin C. Cell lysates were
immunoprecipitated (IP) with anti-TRAF6 or anti-TAK1 and immunoblotted with anti-TAK1 or anti-TRAF6,
respectively (upper panel). Expression of TRAF6 and TAK1 in cell lysates was determined by immunoblotting
(lower panel).B, The level of co-immunoprecipitated TAK1 or TRAF6 was quantified and normalized to total
TRAF6 or TAK1, respectively. Data are expressed as the fold change vs. the untreated control. Values are
the means ± SD of three independent experiments. *P < 0.05, **P < 0.01.

doi:10.1371/journal.pone.0130174.g005
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Discussion
Identification and characterization of natural anti-osteoclastogenic compounds from herbal
sources support the development of novel therapeutics for patients suffering from abnormal
bone lysis and exploration of the regulatory mechanisms underlying osteoclast formation and
activation. Previously, we found that rhinacanthin C is a potent inhibitor of RANKL-induced
osteoclast formation from BMMs [12]. In this study, we demonstrated the inhibitory mecha-
nisms of rhinacanthin C and its effects in vivo.

Rhinacanthin C suppressed the osteoclast-specific master transcription factor, NFATc1,
which regulates osteoclast specific/related gene expression. Indeed, c-Src and integrin β,
which are late osteoclastogenesis genes involved in bone resorption, were down-regulated by

Fig 6. Protective effects of rhinacanthin C on RANKL-inducedmouse calvarial osteolysis. Vehicle (30% DMSO) or rhinacanthin C (RC, 2 mg/kg body
weight) with or without RANKL (0.7 mg/kg body weight) was daily injected into the subcutaneous tissue overlying the calvaria of 8-week-old ddy mice. The
mice were sacrificed on day 5.A, TRAP staining of whole calvaria (upper) and high magnification of TRAP stain on calvaria (lower). Bar, 400 μm. B, TRAP+

area was measured by densitometry using Image J.C, Three-dimensional micro-CT image of calvaria.D, Bone volume/total tissue volume ratio (BV/TV). E,
Trabecular separation (Tb.Sp). F, Trabecular bone pattern factor (TBPf). *P < 0.05, **P < 0.01.

doi:10.1371/journal.pone.0130174.g006
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rhinacanthin C. Therefore, suppression of TRAP activity and pit formation by rhinacanthin C
are attributed to reduced levels of osteoclast specific/related gene expression governed by
NFATc1. c-Fos induces NFATc1 expression and is an essential regulator of osteoclastogenesis.
c-Fos knockout mice develop osteopetrosis due to a lack of osteoclast formation [5,15]. Sup-
pression of NFATc1 accumulation by rhinacanthin C may be caused by down-regulation of
c-Fos. The NFATc1 promoter is initially activated by NF-κB and AP-1 in the presence of
RANKL [29]. NFATc1 binds to its own promoter, followed by NFATc1-mediated auto-ampli-
fication of gene induction [30]. c-Jun and c-Fos (components of AP-1) are phosphorylated and
activated by JNK and ERK, respectively [31]. Rhinacanthin C inhibited the RANKL-induced
phosphorylation of ERK and JNK. Thus, rhinacanthin C may suppress AP-1 activation via
inhibition of MAPKs. Rhinacanthin C also suppressed RANKL-induced phosphorylation of
IκB and NF-κB/p-65, suggesting that the inhibitory effects of rhinacanthin C on osteoclast dif-
ferentiation may also be caused by inhibition of NF-κB activity. Thus, rhinacanthin C sup-
presses the early step of osteoclast differentiation via inhibition of RANKL-stimulated NF-κB
and MAPK activation.

As a consequence of RANKL binding, RANK activates TRAF6 to initiate complex forma-
tion with TAK1, which facilitates NF-κB and MAPK activation [22]. TRAF6 siRNA and

Fig 7. Rhinacanthin C inhibits LPS-induced osteoclastogenesis in RANKL-primed BMMs. A, BMMs were primed with RANKL (1 ng/mL) for 24 h, then
the culture medium were washed away and the cells were cultured with or without LPS (200 ng/mL) or LPS plus rhinacanthin C (RC, 1 μM). After 3 days, cells
were stained with TRAP. Bar, 100 μm. B, TRAP activities were measured.C, TRAP-positive multinucleated osteoclasts. *P < 0.05, **P < 0.01.

doi:10.1371/journal.pone.0130174.g007
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Fig 8. Protective effects of rhinacanthin C on LPS-induced bone destruction in vivo. Vehicle (30%
DMSO) or LPS (3.3 mg/kg body weight) with or without rhinacanthin C (2 mg/kg body weight) was daily
injected into the subcutaneous tissue overlying the calvaria of 8-week-old wild type (normal) and OPG-/-
mice. The mice were sacrificed on day 5. (A) TRAP staining of whole calvaria and 3D-images. (B)
Quantitative data of calvarial bone by μCT analysis. BV/TV: Bone volume/total tissue volume ratio. Tb.Sp:
Trabecular separation. TBPf: Trabecular bone pattern factor. *P < 0.05, **P < 0.01.

doi:10.1371/journal.pone.0130174.g008
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TRAF6 decoy peptides inhibit the formation of TRAP-positive multinucleated cell and bone
resorption [32]. TRAF6 knockout mice exhibit severe osteopetrosis with defects in bone
remodeling caused by impaired osteoclast function [22,33]. Our immunoprecipitation assay
revealed that association of TRAF6 and TAK1 was increased by RANKL, while rhinacanthin C
suppressed this effect. Rhinacanthin C may disrupt intracellular signal processing by targeting
TRAF6–TAK1 complex formation, thus impairing osteoclast differentiation. The direct targets
of rhinacanthin C remain unknown. Recently, it was reported that (+)-Vistin A and Norisobol-
dine inhibit osteoclast differentiation and prevent TRA6-TAK1 formation [34,35]. Whether
these natural compounds and rhinacanthin C target the same molecule will be the topic of
future research.

Consistent with its anti-osteoclastogenic effects in vitro, rhinacanthin C also inhibits
RANKL-induced osteoclast formation and bone destruction in vivo. Furthermore, caldecrin
inhibits LPS-stimulated osteoclast formation from BMMS and calvarial bone resorption. LPS is
recognized by Toll-like receptor (TLR), which triggers recruitment of TRAF6 and TAK1, lead-
ing to activation of the NF-κB pathway [36,37]. TRAF6 knockout cells fail to respond to LPS
stimulation [38]. Rhinacanthin C might inhibit LPS-induced osteoclastogenesis by suppressing
TRAF6-TAK1-NF-κB signaling as it does in RANKL-induced osteoclastogenesis. These results
and its reversible effects on osteoclast formation suggest the potential utility of rhinacanthin C
in the treatment of conditions associated with abnormal bone lysis such as osteoporosis and
inflammation-induced bone loss (rheumatoid arthritis and periodontal bone erosion).

Rhinacanthins are composed of naphthoquinone with variable side chains. Among the rhi-
nacanthins (rhinacanthin C, D, G, N, and Q), rhinacanthin C has the most potent anti-osteo-
clastogenic activity [12] (data on rhinacanthin D are unpublished). Rhinacanthin C has a
2,6-dimethyl-2,6-octadienoic acid ester acid side chain. The relationship between side chain
structure and anti-osteoclastogenic activity are a topic of future research.

In summary, we have demonstrated that rhinacanthin C suppresses RANKL-stimulated
TRAF6–TAK1 complex formation and activation of the MAPK/NF-κB/NFATc1 pathways,
thereby suppressing expression of osteoclast marker proteins, finally resulting in impaired oste-
oclast differentiation and activation of bone resorption in cultured BMMs. Rhinacanthin C
also suppresses LPS-induced osteoclast formation and bone destruction in vivo. The direct tar-
gets of rhinacanthin C that mediate its anti-osteogenic activity warrants further study.

Supporting Information
S1 Fig. NMR spectra of rhinacanthin C. A, 1H NMR spectra of rhinacanthin C. B, 13C NMR
spectra of rhinacanthin C. Spectra were measured on a 400 MHz Agilent-400MR-vnmrs 400
spectrometer (Agilent) in dimethyl sulfoxide-d6 at room temperature.
(TIF)

S2 Fig. Effects of rhinacanthin C on macrophage formation from BMCs. A, Macrophage
colony formation assays were performed as described in “Materials and Methods.” B, Photo-
graphs of BMMs after culture in the presence of M-CSF (non). Fluorescein-labeled zymosan
particles were incorporated into BMMs. Scale bar, 100 μm. Percentage of zymosan-positive
cells to the total after culture in the presence of M-CSF with or without rhinacanthin C (RC). C
andD, TRAP activities in the culture medium. BMCs were cultured in the presence of M-CSF
with rhinacanthin C for 3 days, then washed with PBS and exchanged for media without (C) or
with rhinacanthin C (D) in the presence of RANKL. After 3 days, TRAP activities were mea-
sured. ��P< 0.01
(TIF)
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S3 Fig. Effects of rhinacanthin C treatment on the stage of RANKL-induced osteoclasto-
genesis. A, Rhinacanthin C (RC, 1 μM) was added to BMM culture at various time points
under RANKL stimulation. Black column indicates RC treatment period. Culture medium was
exchanged daily. Culture conditions; 3, Continuous treatment without rhinacanthin C for 3
days; 3RC, Continuous treatment with rhinacanthin C for 3 days; 1+2RC, Rhinacanthin C
treatment on days 2 to 3; 2+1RC, Rhinacanthin C on day 3; 1RC+2, Rhinacanthin C on day 1;
1+1RC+1, Rhinacanthin C on day 2; 2RC+1, Rhinacanthin C on days 1 to 2. B, TRAP staining
of osteoclasts cultured by various conditions as described in (A). Bar, 100 μm. TRAP activity
(C) and number of TRAP-positive multi-nuclear cells (D) of osteoclasts are shown. �P< 0.05,
��P< 0.01
(TIF)

Acknowledgments
We thank Drs. Udagawa and Takahashi (Matsumoto Dental University) for providing the
OPG knockout mice. We also thank Dr. Ito (Meikai University) for technical support with the
animal treatments. We also thank Dr. Onuki for his foundation for animal care, the Onuki
Research Foundation.

Author Contributions
Conceived and designed the experiments: MT YS HS AT. Performed the experiments: MT NT
AT. Analyzed the data: MT AT. Contributed reagents/materials/analysis tools: RS YS. Wrote
the paper: MT RS AT HS.

References
1. Teitelbaum SL. Bone resorption by osteoclasts. Science 2000; 289: 1504–1508. PMID: 10968780

2. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation. Nature 2003; 423:337–
342. PMID: 12748652

3. Braun T, Zwerina J. Positive regulators of osteoclastogenesis and bone resorption in rheumatoid arthri-
tis. Arthritis Res Ther. 2011; 13:235. doi: 10.1186/ar3380 PMID: 21861862

4. Mörmann M, Thederan M, Nackchbandi I, Giese T, Wagner C, Hänsch GM. Lipopolysaccharides (LPS)
induce the differentiation of humanmonocytes to osteoclasts in a tumour necrosis factor (TNF) alpha-
dependent manner: a link between infection and pathological bone resorption. Mol Immunol. 2008;
45:3330–3337. doi: 10.1016/j.molimm.2008.04.022 PMID: 18538847

5. Takayanagi H, Kim S, Koga T, Nishina H, Isshiki M, Yoshida H, et al. Induction and activation of the
transcription factor NFATc1 (NFAT2) integrate RANKL signaling in terminal differentiation of osteo-
clasts. Dev Cell. 2002; 3:889–901. PMID: 12479813

6. Siriwatanametanon N, Fiebich BL, Efferth T, Prieto JM, Heinrich M. Traditionally used Thai medicinal
plants: in vitro anti-inflammatory, anticancer and antioxidant activities. J Ethnopharmacol. 2010;
130:196–207. doi: 10.1016/j.jep.2010.04.036 PMID: 20435130

7. Tewtrakul S, Tansakul P, Panichayupakaranant P. Anti-allergic principles of Rhinacanthus nasutus
leaves. Phytomedicine. 2009; 16:929–934. doi: 10.1016/ j.phymed.2009.03.010 PMID: 19403288

8. Siripong P, Yahuafai J, Shimizu K, Ichikawa K, Yonezawa S, Asai T, et al. Antitumor activity of lipo-
somal naphthoquinone esters isolated from Thai medicinal plant: Rhinacanthus nasutus Kurz. Biol
Pharm Bull. 2006; 29:2279–2283. PMID: 17077529

9. Gotoh A, Sakaeda T, Kimura T, Shirakawa T, Wada Y, Wada A, et al. Antiproliferative activity of Rhina-
canthus nasutus (L.) Kurz extracts and the active moiety, Rhinacanthin C. Biol Pharm Bull. 2004;
27:1070–1074. PMID: 15256742

10. Sendl A, Chen JL, Jolad SD, Stoddart C, Rozhon E, Kernan M, et al. Two new naphthoquinones with
antiviral activity from Rhinacanthus nasutus. J Nat Prod. 1996; 59:808–811. PMID: 8792629

11. Horii H, Ueda JY, Tamura M, Sakagami H, Tomomura M, Tomomura A, et al. New biological activity of
Rhinacanthus nasutus extracts. In Vivo. 2011; 25:367–373. PMID: 21576409

Rhinacanthin C Suppresses Osteoclastogenesis

PLOS ONE | DOI:10.1371/journal.pone.0130174 June 17, 2015 15 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130174.s003
http://www.ncbi.nlm.nih.gov/pubmed/10968780
http://www.ncbi.nlm.nih.gov/pubmed/12748652
http://dx.doi.org/10.1186/ar3380
http://www.ncbi.nlm.nih.gov/pubmed/21861862
http://dx.doi.org/10.1016/j.molimm.2008.04.022
http://www.ncbi.nlm.nih.gov/pubmed/18538847
http://www.ncbi.nlm.nih.gov/pubmed/12479813
http://dx.doi.org/10.1016/j.jep.2010.04.036
http://www.ncbi.nlm.nih.gov/pubmed/20435130
http://dx.doi.org/10.1016/ j.phymed.2009.03.010
http://www.ncbi.nlm.nih.gov/pubmed/19403288
http://www.ncbi.nlm.nih.gov/pubmed/17077529
http://www.ncbi.nlm.nih.gov/pubmed/15256742
http://www.ncbi.nlm.nih.gov/pubmed/8792629
http://www.ncbi.nlm.nih.gov/pubmed/21576409


12. Horii H, Suzuki R, Sakagami H, Tomomura M, Tomomura A, Shirataki Y. New biological activities of
Rhinacanthins from the root of Rhinacanthus nasutus. Anticancer Res. 2013; 33:453–459. PMID:
23393336

13. Hasegawa H, Kido S, Tomomura M, Fujimoto K, Ohi M, Kiyomura M, et al. Serum calcium-decreasing
factor, caldecrin, inhibits osteoclast differentiation by suppression of NFATc1 activity. J Biol Chem.
2010; 285:25448–25457. doi: 10.1074/jbc.M109.068742 PMID: 20547767

14. Tomomura M, Hasegawa H, Suda N, Sakagami H, Tomomura A. Serum calcium-decreasing factor,
caldecrin, inhibits receptor activator of NF-kappaB ligand (RANKL)-mediated Ca2+ signaling and actin
ring formation in mature osteoclasts via suppression of Src signaling pathway. J Biol Chem. 2012;
287:17963–17974. doi: 10.1074/jbc.M112.358796 PMID: 22461633

15. Matsuo K, Galson DL, Zhao C, Peng L, Laplace C, Wang KZ, et al. Nuclear factor of activated T-cells
(NFAT) rescues osteoclastogenesis in precursors lacking c-Fos. J Biol Chem. 2004; 279:26475–
26480. doi: 10.1074/jbc. M313973200 PMID: 15073183

16. ZouW, Teitelbaum SL. Integrins, growth factors, and the osteoclast cytoskeleton. Ann N Y Acad Sci
2010; 1192: 27–31. doi: 10.1111/j.1749-6632.2009.05245.x PMID: 20392214

17. Abu-Amer Y. NF-κB signaling and bone resorption. Osteoporos Int. 2013; 24:2377–2386. doi: 10.
1007/s00198-013-2313-x PMID: 23468073

18. Lee MS, Kim HS, Yeon JT, Choi SW, Chun CH, Kwak HB, et al. GM-CSF regulates fusion of mononu-
clear osteoclasts into bone-resorbing osteoclasts by activating the Ras/ERK pathway. J Immunol.
2009; 183:3390–3399. doi: 10.4049/ jimmunol.0804314 PMID: 19641137

19. Ikeda F, Matsubara T, Tsurukai T, Hata K, Nishimura R, Yoneda T. JNK/c-Jun signaling mediates an
anti-apoptotic effect of RANKL in osteoclasts. J Bone Miner Res. 2008; 23:907–914. doi: 10.1359/
jbmr.080211 PMID: 18251700

20. Huang H, Chang EJ, Ryu J, Lee ZH, Lee Y, Kim HH. Induction of c-Fos and NFATc1 during RANKL-
stimulated osteoclast differentiation is mediated by the p38 signaling pathway. Biochem Biophys Res
Commun. 2006; 351:99–105. PMID: 17052691

21. Yamashita T, Yao Z, Li F, Zhang Q, Badell IR, Schwarz EM, et al. NF-kappaB p50 and p52 regulate
receptor activator of NF-kappaB ligand (RANKL) and tumor necrosis factor-induced osteoclast precur-
sor differentiation by activating c-Fos and NFATc1. J Biol Chem. 2007; 282:18245–18253. doi: 10.
1074/jbc. M610701200 PMID: 17485464

22. Mizukami J, Takaesu G, Akatsuka H, Sakurai H, Ninomiya-Tsuji J, Matsumoto K, et al. Receptor activa-
tor of NF-kappaB ligand (RANKL) activates TAK1mitogen-activated protein kinase kinase kinase
through a signaling complex containing RANK, TAB2, and TRAF6. Mol Cell Biol. 2002; 22:992–1000.
PMID: 11809792

23. Sakuma Y, Tanaka K, Suda M, Komatsu Y, Yasoda A, Miura M, et al. Impaired bone resorption by lipo-
polysaccharide in vivo in mice deficient in the prostaglandin E receptor EP4 subtype. Infect Immun.
2000; 68:6819–6825. PMID: 11083800

24. Abu-Amer Y, Ross FP, Edwards J, Teitelbaum SL. Lipopolysaccharide- stimulated osteoclastogenesis
is mediated by tumor necrosis factor via its P55 receptor. J Clin Invest. 1997; 100:1557–1565. doi: 10.
1172/JCI119679 PMID: 9294124

25. Nair SP, Meghji S, Wilson M, Reddi K, White P, Henderson B. Bacterially induced bone destruction:
mechanisms and misconceptions. Infect Immun. 1996; 64:2371–2380. PMID: 8698454

26. Liu J, Wang S, Zhang P, Said-Al-Naief N, Michalek SM, Feng X. Molecular mechanism of the bifunc-
tional role of lipopolysaccharide in osteoclastogenesis. J Biol Chem. 2009; 284:12512–12523. doi: 10.
1074/jbc.M809789200 PMID: 19258321

27. Bucay N, Sarosi I, Dunstan CR, Morony S, Tarpley J, Capparelli C, et al. Osteoprotegerin-deficient
mice develop early onset osteoporosis and arterial calcification. Genes Dev. 1998; 12:1260–1268.
PMID: 9573043

28. Mizuno A, Amizuka N, Irie K, Murakami A, Fujise N, Kanno T, et al. Severe osteoporosis in mice lacking
osteoclastogenesis inhibitory factor/osteoprotegerin. Biochem Biophys Res Commun 1998; 247:610–
615. PMID: 9647741

29. Zhou B, Cron RQ, Wu B, Genin A, Wang Z, Liu S, et al. Regulation of the murine Nfatc1 gene by
NFATc2. J Biol Chem. 2002; 277:10704–10711. doi: 10.1074/jbc.M107068200 PMID: 11786533

30. Asagiri M, Sato K, Usami T, Ochi S, Nishina H, Yoshida H, et al. Autoamplification of NFATc1 expres-
sion determines its essential role in bone homeostasis. J Exp Med. 2005; 202:1261–1269. doi: 10.
1074/jem.M 20051150 PMID: 16275763

31. Miyazaki T, Katagiri H, Kanegae Y, Takayanagi H, Sawada Y, Yamamoto A, et al. Reciprocal role of
ERK and NF-kappaB pathways in survival and activation of osteoclasts. J Cell Biol. 2000; 148:333–
342. PMID: 10648566

Rhinacanthin C Suppresses Osteoclastogenesis

PLOS ONE | DOI:10.1371/journal.pone.0130174 June 17, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/23393336
http://dx.doi.org/10.1074/jbc.M109.068742
http://www.ncbi.nlm.nih.gov/pubmed/20547767
http://dx.doi.org/10.1074/jbc.M112.358796
http://www.ncbi.nlm.nih.gov/pubmed/22461633
http://dx.doi.org/10.1074/jbc. M313973200
http://www.ncbi.nlm.nih.gov/pubmed/15073183
http://dx.doi.org/10.1111/j.1749-6632.2009.05245.x
http://www.ncbi.nlm.nih.gov/pubmed/20392214
http://dx.doi.org/10.1007/s00198-013-2313-x
http://dx.doi.org/10.1007/s00198-013-2313-x
http://www.ncbi.nlm.nih.gov/pubmed/23468073
http://dx.doi.org/10.4049/ jimmunol.0804314
http://www.ncbi.nlm.nih.gov/pubmed/19641137
http://dx.doi.org/10.1359/jbmr.080211
http://dx.doi.org/10.1359/jbmr.080211
http://www.ncbi.nlm.nih.gov/pubmed/18251700
http://www.ncbi.nlm.nih.gov/pubmed/17052691
http://dx.doi.org/10.1074/jbc. M610701200
http://dx.doi.org/10.1074/jbc. M610701200
http://www.ncbi.nlm.nih.gov/pubmed/17485464
http://www.ncbi.nlm.nih.gov/pubmed/11809792
http://www.ncbi.nlm.nih.gov/pubmed/11083800
http://dx.doi.org/10.1172/JCI119679
http://dx.doi.org/10.1172/JCI119679
http://www.ncbi.nlm.nih.gov/pubmed/9294124
http://www.ncbi.nlm.nih.gov/pubmed/8698454
http://dx.doi.org/10.1074/jbc.M809789200
http://dx.doi.org/10.1074/jbc.M809789200
http://www.ncbi.nlm.nih.gov/pubmed/19258321
http://www.ncbi.nlm.nih.gov/pubmed/9573043
http://www.ncbi.nlm.nih.gov/pubmed/9647741
http://dx.doi.org/10.1074/jbc.M107068200
http://www.ncbi.nlm.nih.gov/pubmed/11786533
http://dx.doi.org/10.1074/jem.M 20051150
http://dx.doi.org/10.1074/jem.M 20051150
http://www.ncbi.nlm.nih.gov/pubmed/16275763
http://www.ncbi.nlm.nih.gov/pubmed/10648566


32. Yen ML, Hsu PN, Liao HJ, Lee BH, Tsai HF. TRAF-6 dependent signaling pathway is essential for
TNF-related apoptosis-inducing ligand (TRAIL) induces osteoclast differentiation. PLoS One. 2012; 7
(6):e38048. doi: 10.1371/journal.pone. 0038048 PMID: 22719861

33. Walsh MC, Kim GK, Maurizio PL, Molnar EE, Choi Y. TRAF6 autoubiquitination-independent activation
of the NFkappaB and MAPK pathways in response to IL-1 and RANKL. PLoS One. 2008; 3(12):e4064.
doi: 10.1371/ journal.pone.0004064 PMID: 19112497

34. ChiouWF, Huang YL, Liu YW. (+)-Vitisin A inhibits osteoclast differentiation by preventing TRAF6 ubi-
quitination and TRAF6-TAK1 formation to suppress NFATc1 activation. PLoS One. 2014; 9(2):e89159.
doi: 10.1371/journal.pone. 0089159 PMID: 24558484

35. Wei ZF, Tong B, Xia YF, Lu Q, Chou GX, Wang ZT, et al. Norisoboldine suppresses osteoclast differen-
tiation through preventing the accumulation of TRAF6-TAK1 complexes and activation of MAPKs/NF-
κB/c-Fos/NFATc1 Pathways. PLoS One. 2013; 8(3):e59171. doi: 10.1371/journal.pone.0059171
PMID: 23536866

36. Martin MU, Wesche H. Summary and comparison of the signaling mechanisms of the Toll/interleukin-1
receptor family. Biochim Biophys Acta. 2002; 1592:265–280. PMID: 12421671

37. Takaesu G, Kishida S, Hiyama A, Yamaguchi K, Shibuya H, Irie K, et al. TAB2, a novel adaptor protein,
mediates activation of TAK1 MAPKKK by linking TAK1 to TRAF6 in the IL-1 signal transduction path-
way. Mol Cell. 2000; 5:649–658. PMID: 10882101

38. Lomaga MA, YehWC, Sarosi I, Duncan GS, Furlonger C, Ho A, et al. TRAF6 deficiency results in
osteopetrosis and defective interleukin-1, CD40, and LPS signaling. Genes Dev. 1999; 13:1015–1024.
PMID: 10215628

Rhinacanthin C Suppresses Osteoclastogenesis

PLOS ONE | DOI:10.1371/journal.pone.0130174 June 17, 2015 17 / 17

http://dx.doi.org/10.1371/journal.pone. 0038048
http://www.ncbi.nlm.nih.gov/pubmed/22719861
http://dx.doi.org/10.1371/ journal.pone.0004064
http://www.ncbi.nlm.nih.gov/pubmed/19112497
http://dx.doi.org/10.1371/journal.pone. 0089159
http://www.ncbi.nlm.nih.gov/pubmed/24558484
http://dx.doi.org/10.1371/journal.pone.0059171
http://www.ncbi.nlm.nih.gov/pubmed/23536866
http://www.ncbi.nlm.nih.gov/pubmed/12421671
http://www.ncbi.nlm.nih.gov/pubmed/10882101
http://www.ncbi.nlm.nih.gov/pubmed/10215628

