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Abstract

Inflammatory bone diseases, including rheumatoid arthritis, periodontitis and peri-implanti-
tis, are associated not only with the production of inflammatory cytokines but also with local
oxidative status, which is defined by intracellular reactive oxygen species (ROS). Osteoclast
differentiation has been reported to be related to increased intracellular ROS levels in osteo-
clast lineage cells. Sudachitin, which is a polymethoxyflavone derived from Citrus sudachi,
possesses antioxidant properties and regulates various functions in mammalian cells. How-
ever, the effects of sudachitin on inflammatory bone destruction and osteoclastogenesis
remain unknown. In calvaria inflamed by a local lipopolysaccharide (LPS) injection, inflam-
mation-induced bone destruction and the accompanying elevated expression of osteoclas-
togenesis-related genes were reduced by the co-administration of sudachitin and LPS.
Moreover, sudachitin inhibited osteoclast formation in cultures of isolated osteoblasts and
osteoclast precursors. However, sudachitin rather increased the expression of receptor acti-
vator of NF-kB ligand (RANKL), which is an important molecule triggering osteoclast differ-
entiation, and the mRNA ratio of RANKL/osteoprotegerin that is a decoy receptor for
RANKL, in the isolated osteoblasts, suggesting the presence of additional target cells.
When osteoclast formation was induced from osteoclast precursors derived from bone mar-
row cells in the presence of soluble RANKL and macrophage colony-stimulating factor,
sudachitin inhibited osteoclastogenesis without influencing cell viability. Consistently, the
expression of osteoclast differentiation-related molecules including c-fos, NFATc1, cathep-
sin K and osteoclast fusion proteins such as DC-STAMP and Atp6v0d2 was reduced by
sudachitin. In addition, sudachitin decreased activation of MAPKs such as Erk and JNK and
the ROS production evoked by RANKL in osteoclast lineage cells. Our findings suggest that
sudachitin is a useful agent for the treatment of anti-inflammatory bone destruction.
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Introduction

Osteoclasts are the cells responsible for physiological and pathological bone resorption and belong
to the monocyte/macrophage cell lineage [1]. Although many systemic hormones and local cyto-
kines regulate osteoclast differentiation [2], the receptor activator of NF-xB (RANK) ligand
(RANKL) and macrophage colony-stimulating factor (M-CSF) are the most important molecules
in osteoclastogenesis. The signals of RANKL that is produced by bone marrow stromal cells or
osteoblasts are introduced into osteoclast precursors, via a receptor of RANKL (RANK) on the
plasma membrane of osteoclast lineage cells, leading to the activation of NF-xB and MAPKs [3-
8]. The activation of the signaling molecules then induces the expression of NFATc1 [9, 10], a
master transcription factor for osteoclast differentiation. Thereby, the expression of osteoclast dif-
ferentiation-related molecules, including tartrate-resistant acid phosphatase (TRAP), cathepsin K
and fusion-related proteins such as Atp6v0d2and DC-STAMP is induced [11-15].

Chronic autoimmune rheumatoid arthritis (RA), periodontitis and peri-implantitis are rep-
resentative inflammatory bone diseases, accompanied by bone destruction by increasing the
number of osteoclasts and functioning in collaboration with immune cells, osteoblasts and oste-
oclasts [16, 17]. Local inflammation in bone induces the production of pro-osteoclastogenic
cytokines, including RANKL, tumor necrosis factor-o. (TNF-o) and interleukins (ILs), such as
IL-1B and IL-17 [16]. Simultaneously, local inflammation induces the production of reactive
oxygen species (ROS) for host defense [18]. However, excessive production of ROS can damage
molecules, such as DNA, proteins and lipids, in the cells surrounding the local inflammation
site. On the other hand, ROS can also act as signaling transduction molecules involved in the
regulation of many cellular events, such as angiogenesis, myogenesis and adipogenesis [19-21].

ROS have been suggested to stimulate osteoclast differentiation [22]. Increased ROS production
has been linked to enhanced osteoclastogenesis in cell culture models [23, 24]. Therefore, limiting
the excessive production of intracellular ROS has been assumed to prevent the extreme formation
of osteoclasts induced by local inflammation. Extensive studies have examined the effects of vari-
ous antioxidants, including biological compounds, such as glutathione, and compounds derived
from natural foods, such as plant flavonoids, on osteoclast formation, inflammatory bone diseases
and osteoporosis [25-28]. However, determining the direct effects of these antioxidants on bone
resorption has been difficult, and the results have been inconclusive due to their diverse actions in
a variety of cells. Under these circumstances, polymethoxy flavonoids derived from citrus fruits,
such as nobiletin and tangeretin, have been demonstrated to exhibit anti-proliferative, apoptotic
and anti-inflammatory effects on various cancer cells through their antioxidant actions [29-31].
Recently, sudachitin, which is a polymethoxy flavonoid derived from Citrus sudachi, has been
reported to improve glucose and lipid metabolism by increasing mitochondrial biogenesis in skele-
tal muscle in addition to its potent antioxidant action [32-36]. However, the mechanism of action
of sudachitin in bone metabolism and bone diseases remains unclear.

In this study, we found that sudachitin blocked LPS-induced inflammatory bone destruc-
tion by directly inhibiting osteoclast differentiation from osteoclast precursors without any
effects on osteoblasts. Furthermore, sudachitin repressed the activation of Erk and JNK, which
are pivotal signaling pathways for osteoclast differentiation, while simultaneously decreasing
intracellular ROS production. Therefore, sudachitin may be a useful therapeutic agent for the
treatment of inflammatory bone diseases.

Materials and methods
Mice

C57BL/6] mice were obtained from CLEA Japan, Inc. (Shizuoka, Japan). The experimental
animal procedures were reviewed and approved by the Meikai University School of Dentistry’s

PLOS ONE | https://doi.org/10.1371/journal.pone.0191192  January 17, 2018 2/17


https://doi.org/10.1371/journal.pone.0191192

@° PLOS | ONE

Sudachitin and osteoclastogenesis

animal care committee and conformed to relevant guidelines and laws. Animal sacrifice was
humanely performed by cervical dislocation for adult mice and decapitation for neonatal
mice.

Antibodies and reagents

Sudachitin was obtained from Wako Pure Chemical Industries, Ltd. (Tokyo, Japan). LPS
derived from Escherichia coli (055:B5) was purchased from Sigma-Aldrich (St. Louis, MO).
Recombinant human M-CSF was kindly provided by the Morinaga Milk Industry Co. (Tokyo,
Japan). Recombinant murine soluble RANKL (sSRANKL) and recombinant murine IL-1p were
obtained from R&D Systems (Minneapolis, MN) and PeproTech (Rocky Hill, NJ), respec-
tively. Prostaglandin E, (PGE,) was obtained from Sigma-Aldrich. The anti-phospho-Erk1/2,
anti-Erk1/2, anti-phospho-SAPK/JNK, anti-SAPK/JNK, anti-phospho-IkB, and anti-IxB anti-
bodies were purchased from Cell Signaling Technology (Danvers, MA). The anti-c-fos and
anti-NFATc1 antibodies were obtained from Santa Cruz Biotechnology (San Diego, CA). The
anti-cathepsin K, anti-DC-STAMP (clone 1A2) and anti- Atp6v0d2 antibodies were purchased
from BioVision (Mountain View, CA), MILLIPORE (Temecula, CA) and AVIVA Systems
Biology (San Diego, CA), respectively.

In vivo LPS-induced calvarial bone destruction model

The in vivo LPS-induced inflammatory calvarial bone destruction model was established as
previously described [37]. Eight-week-old male C57BL/6] mice were injected with 100 ug LPS
subperiosteally into the calvarial bone daily for 5 days. After 6 days, computed tomography
(CT) scanning of the calvariae was performed using pCT (Skyscan 1172, Bruker, Billerica,
MA) and reconstructed into a three-dimensional image. In addition, the calvarial bones were
crushed in Buffer RLT Plus (Qiagen, Valencia, CA) using Polytron PT3100 (Kinematica AG),
and the total RNA was subsequently extracted and used for cDNA synthesis using an RNeasy
Mini plus kit (Qiagen).

Osteoclast formation in a co-culture of osteoblasts from calvariae and
osteoclast precursors from bone marrow cells

Osteoblasts were obtained from the calvariae of 3- to 7-day-old C57BL/6] mice by sequential
digestion with 0.1% collagenase/0.2% dispase II in o-MEM, as previously described [37]. The
5™ digestion were cultured for expansion in a-MEM/10% FBS and
stored in liquid nitrogen as calvaria-derived osteoblasts. Osteoblasts (4000/well in a 96-multi-
well plate) and osteoclast precursors (8000/well) derived from bone marrow cells pretreated
with M-CSF (100 ng/ml) for 3 days were co-cultured in the presence of IL-1f (10 ng/ml) and
PGE, (10 uM) for 5-6 days. After culturing, the cells were fixed in 10% formalin and stained to
detect the TRAP activity using a leukocyte acid phosphatase kit (Sigma-Aldrich). The osteo-
clast formation in the co-culture was evaluated by counting the TRAP-positive multi-nucle-
ated cells (MNCs) per well. In addition, TRAP activity in the conditioned medium was
measured using p-nitrophenyl phosphate as a substrate, as previously described [38].

cells released from the 3

In vitro assay of osteoclastogenesis in bone marrow cells

The in vitro osteoclast formation was measured as previously described [39]. Briefly, bone
marrow cells isolated from femora and tibiae are cultured for 3 days in a-MEM (ICN Biomedi-
cals, Aurora, OH) containing 10% FBS and M-CSF (100 ng/ml) in a humidified atmosphere at
5% CO,. Following the removal of the non-adherent cells and the small population of stromal
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cells by washing the dishes with PBS and a subsequent incubation for 3 min in 0.25% trypsin/
0.05% EDTA, the adherent monocytes were harvested by vigorous pipetting and used as osteo-
clast precursors. We used the high concentration (100 ng/ml) of M-CSF to obtain more osteo-
clast precursors efficiently, as previously reported [40]. The harvested osteoclast precursors
were seeded in various tissue culture dishes and plates at an initial density of 2.5x10*/cm* and
cultured in o-MEM/10% FBS/M-CSF (20 ng/ml)/sRANKL (10 ng/ml) with or without various
concentrations of sudachitin. The culture medium was exchanged with fresh medium every 2
days. TRAP-positive MNCs with more than 3 nuclei were considered osteoclastic cells and
counted under a microscope. In addition, the enzymatic activity of TRAP in the conditioned
medium was measured.

Quantitative real-time PCR

The total RNA from the calvarial bones and cultured cells was reverse-transcribed using a
High-capacity RNA-to-cDNA kit (Life Technologies) to produce cDNA. Quantitative real-
time PCR was performed using the TagMan Universal PCR Master Mix (Applied Biosystems,
Foster City, CA) or Quantitative Tech SYBR Green PCR Master Mix (QIAGEN) on a Gen-
eAmp 5700 Sequence Detection System (Applied Biosystems). The TagMan primers for the
indicated genes were obtained from Applied Biosystems and are listed in S1 Table. The relative
quantification of the target mRNA expression was calculated and normalized to the amount of
18S rRNA. The primer sequences used for the quantitative RT-PCR performed with the SYBR
Green PCR Master Mix are also listed in S1 Table.

Western blotting analysis

After washing the cells with PBS, the cells were lysed in whole-cell lysis buffer [10 mM sodium
phosphate (pH 7.5), 150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM
EDTA, 1 mM p-(aminoethyl)benzenesulfonyl fluoride (p-ABSF), 10 pg/ml leupeptin, 10 pg/ml
pepstatin, and 10 pg/ml aprotinin] at 4°C, as previously described [37]. The whole-cell lysates
were centrifuged at 12,000 x g for 10 min, and the supernatants were used for western blotting
analysis. Samples of whole-cell lysates containing equal amounts of protein were subjected to
SDS-PAGE, and the proteins that separated in the gel were subsequently electrotransferred
onto PVDF membranes. After blocking with 5% skim milk, the membranes were incubated
with the indicated antibodies, followed by a peroxidase-conjugated anti-mouse or anti-rabbit
IgG antibody. The immunoreactive proteins were visualized, as previously described [37].

Measurement of viable cells

The number of viable cells in the cultures of the osteoclast linage cells was estimated using a
Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Inc., Kumamoto), according
to the manufacturer’s instructions. The osteoclast precursors were cultured with M-CSF and
SRANKL for 24 h and 48 h. Then, 10 pl of CCK-8 solution was added to the cultures. After a 1
h incubation, the absorbance of the culture was measured at 450 nm.

Measurement of intracellular ROS

After culturing the osteoclast precursors in the presence of M-CSF and sSRANKL with or with-
out sudachitin for 24 h, we measured the concentration of intracellular ROS using an OxiSe-
lect™ Intracellular ROS Assay Kit (Green Fluorescence, Cell Biolabs, Inc., San Diego, CA),
according to the manufacturer’s instructions. The assay employs the cell-permeable fluoro-
genic probe 2, 7’-Dichlorodihydrofluorescin diacetate (DCFH-DA). In brief, DCFH-DA is
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diffused into cells and is deacetylated by cellular esterases to non-fluorescent 2’, 7°-Dichlorodi-
hydrofluorescin (DCFH), which is rapidly oxidized to highly fluorescent 2, 7’- Dichlorodihy-
drofluorescein (DCF) by ROS [41]. After washing the cells twice with a-MEM, we added a
DCFH-DA probe (100 pl)/a-MEM/10% FBS to the culture and incubated the cells for 30 min.
Then, the probes were removed and washed with PBS. Subsequently, the cells were lysed in the
cell lysis buffer. The concentration of DCF in the cell lysates was measured at an excitation of
480 nm and an emission of 530 nm using a standard solution of DCF.

Statistical analysis

The data are presented as the mean * standard error of the mean (SEM). The mean group val-
ues were compared by unpaired Student’s ¢-test, one-way ANOVA or two-way ANOVA; the
significance of the observed differences was subsequently determined by post hoc testing using
Tukey’s method or Bonferroni’s method. A P-value < 0.05 was considered significant.

Results
Sudachitin suppressed LPS-induced inflammatory bone destruction

The anti-inflammatory actions of sudachitin have been demonstrated by many in vivo and in
vitro studies. Therefore, we first examined the effects of sudachitin on inflammatory bone loss
using an LPS-induced in vivo model of inflammatory bone destruction. Following a subperios-
teal LPS injection into the calvarial bones in mice, severe bone destruction was observed on
both sides of the sagittal suture using three-dimensional uCT (Fig 1A). An injection of up to
50 uM sudachitin alone did not result in any of the irregular bone lesions observed following
the LPS injection. However, an injection of sudachitin along with LPS markedly inhibited the
bone loss induced by the LPS injection at a dose ranging from 10 and 50 uM (Fig 1 A). Consis-
tently, the LPS injection markedly increased the mRNA levels of osteoclast-differentiation
related molecules, such as TRAP (acp5) and cathepsin K (ctsk), in the locally inflamed calvar-
iae, and the simultaneous administration of sudachitin with LPS reduced these enhanced
mRNA levels (Fig 1B). Thus, sudachitin strongly suppresses inflammatory bone destruction.

Sudachitin inhibits osteoclastogenesis in a co-culture of osteoblasts and
osteoclast precursors in the presence of pro-inflammatory factors

Osteoclast formation proceeds following an interaction between osteoclast lineage cells and
osteoblasts [37, 42]. Thus, we examined the effect of sudachitin on osteoclastogenesis in a co-
culture of isolated osteoblasts and osteoclast precursors derived from bone marrow cells. In
the co-culture, pro-inflammatory factors, such as IL-1p and PGE, induced osteoclast forma-
tion (Fig 2A and 2B). However, the simultaneous addition of 10 to 50 uM sudachitin with IL-
1B and PGE, inhibited osteoclast formation. The inhibitory effect of sudachitin was consistent
with the effect observed following the LPS-induced inflammatory bone destruction in the
calvariae.

To examine the mechanism underlying the inhibitory effect of sudachitin on osteoclast for-
mation in the co-culture, we examined the mRNA expression levels of RANKL (rankl), which
is a molecule that triggers osteoclast differentiation, and OPG (opg), which is an anti-osteoclast
differentiation cytokine, in isolated osteoblasts (Fig 2C-2E). The RANKL mRNA expression
level in the osteoblasts increased in response to the IL-1p and PGE, treatment, and the
enhanced level was maintained in the presence of sudachitin; however, sudachitin increased
the mRNA level compared with that in the osteoblasts treated with IL-1B and PGE, (Fig 2C).
The opg mRNA expression level did not differ between the sudachitin-treated and untreated
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Fig 1. Sudachitin decreases inflammatory bone resorption and the expression of osteoclast differentiation-related genes in calvariae inflamed
by an LPS injection. LPS (100 pg/day) or PBS with or without various concentrations of sudachitin (Sud.) was subperiosteally injected into the
calvariae of mice once a day for 5 days in vivo. On day 6 after the initiation of the injections, the calvariae were removed, and the three-dimensional
structures were determined by a uCT analysis (A). The total RNA was extracted from the injected region in calvariae, and the mRNA levels of
osteoclast differentiation-related genes, such as acp5 and ctsk, were measured by quantitative real-time RT-PCR (B). The presented values represent
the mean + SD (n = 3). *P < 0.05 vs. calvaria injected without LPS and sudachitin and **P < 0.05 vs. calvaria injected only with LPS.

https://doi.org/10.1371/journal.pone.0191192.g001

osteoblasts, while 50 pM sudachitin decreased the opg mRNA expression level (Fig 2D). In
addition, sudachitin dose-dependently increased the mRNA ratio of rankl to opg (Fig 2E).
Thus, the inhibitory effect of sudachitin on osteoclast formation in inflammatory bone
destruction and the co-culture of osteoblasts and osteoclast precursors cannot be attributed to
its action on osteoblasts.

Sudachitin directly acts on osteoclast precursors and inhibits
osteoclastogenesis

The above-mentioned results suggest that sudachitin plays other roles in addition to its role in
osteoblasts. Thus, we next examined the effects of sudachitin on in vitro osteoclast formation
from osteoclast precursors derived from bone marrow cells. In our culture system for in vitro
osteoclast formation, the generation of TRAP-positive mononuclear preosteoclasts begins on
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Fig 2. Effects of sudachitin on osteoclastogenesis in a co-culture of isolated osteoblasts and osteoclast precursors and the mRNA
expression levels of RANKL and OPG in isolated osteoblasts. Isolated osteoblasts and osteoclast precursors were co-cultured in the presence
of IL-1B (10 ng/ml) and PGE, (10 uM) with various concentrations of sudachitin (Sud.) for 5 days. Then, the cells were stained for the
detection of the TRAP activity. The photographs represent the TRAP-stained co-cultures (A). The TRAP-positive MNCs in the co-cultures
were counted (B). The presented values represent the mean + SD (n = 4). *P < 0.05 vs. co-culture in the absence of IL-1p and PGE,. **P < 0.05
vs. co-culture with IL-1f and PGE, in the absence of sudachitin. In addition, the isolated osteoblasts were treated with various concentrations
of sudachitin in the absence or presence of IL-1p (10 ng/ml) and PGE, (10 uM) for 6 h. Then, the total RNA was extracted; the mRNA levels of
RANKL (rankl, C) and OPG (opg, D) were measured by quantitative real-time RT-PCR, and the ratio of rankl mRNA/opg mRNA was
calculated (E). The presented values represent the mean + SD (n = 3). In Cand E, *P < 0.05 vs. culture with IL-1B and PGE, in the absence of
sudachitin; **P < 0.05 vs. culture with IL-18 and PGE, alone. In D, **P < 0.05 vs. culture without IL-1B, PGE, and sudachitin. NS indicates
that the difference is not significant.

https://doi.org/10.1371/journal.pone.0191192.g002

day 1 after the addition of RANKL to the osteoclast precursor culture, and the preosteoclasts
begin to fuse with each cell to generate TRAP-positive multinucleated osteoclasts between day
1.5 and day 3 (Fig 3A). Sudachitin at a concentration ranging from 2 and 10 uM time- and
dose-dependently inhibited osteoclast formation and maturation (Fig 3A). In particular, at the
10 uM concentration, the TRAP-positive multinucleate cells barely formed in the culture.
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Fig 3. Sudachitin decreases osteoclastogenesis induced by RANKL in cultures of osteoclast precursors. Osteoclast precursors were treated with
various concentrations of sudachitin (open circle, 0 pM; closed circle, 2 pM; open square, 5 uM; closed square, 10 uM) in the presence of SRANKL (10
ng/ml) and M-CSF (20 ng/ml) for the indicated times (A). At the end of the culture period, the cells were stained for the detection of TRAP activity,
and the TRAP-positive MNCs were counted. In addition, the TRAP activity in the conditioned medium was measured. The presented values
represent the mean + SD (n = 4). *P < 0.05 vs. culture in the absence of sudachitin on each day. The photographs indicate the osteoclasts formed in
the cultures on day 3. The magnification of the photographs was 40x. In another experiment, the osteoclast precursors were treated with sudachitin
(open circle, 0 uM; closed circle, 2 uM; open square, 5 uM; closed square, 10 uM; open triangle, 30 pM)) in the presence of SRANKL and M-CSF for
24 h and 48 h. At each culture timepoint, the number of viable cells was measured. The presented values represent the mean + SD (n = 4). *P < 0.05
vs. culture without sudachitin at each timepoint. NS indicates that the difference is not significant.

https://doi.org/10.1371/journal.pone.0191192.g003

Consistently, sudachitin decreased the enzymatic activity of TRAP in the conditioned
medium. Thus, sudachitin directly inhibits osteoclast differentiation. However, the number of
viable cells in the presence of up to 10 uM sudachitin did not change, while a higher dose of
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sudachitin (30 uM) decreased cell viability (Fig 3B). Therefore, inhibition of osteoclastogenesis
by sudachitin at low doses is not caused by a decrease in the cell viability. The effective suda-
chitin doses that inhibited in vitro osteoclast formation were lower than those that prevented
inflammatory bone destruction in vivo. This discrepancy might have resulted from the local
diffusion of sudachitin in vivo.

We next examined the expression of osteoclast differentiation-related molecules and the
signaling pathways involved in osteoclastogenesis. The mRNA expression levels of c-fos and
NFATcl1, which are crucial transcription factors for osteoclast differentiation, TRAP (acp5)
and cathepsin K (ctsk), which are functional enzymes for bone resorption, and DC-STAMP,
OC-STAMP and Atp6v0d2, which are integral proteins for the cell-cell fusion of preosteoclasts,
markedly increased in response to the SRANKL/M-CSF treatment during osteoclast formation
(Fig 4). The enhanced mRNA levels decreased in the presence of sudachitin (10 uM) at all
timepoints of the culture (Fig 4).

Consistent with the inhibitory effects of sudachitin on the mRNA expression levels in the
osteoclast lineage cells, sudachitin decreased the increased protein levels of these osteoclast dif-
ferentiation-related molecules including c-Fos, NFATc1, cathepsin K, DC-STAMP and
Atp6v0d2 during osteoclast formation stimulated by sSRANKL and M-CSF (Fig 5).

Sudachitin suppresses the production of intracellular ROS and activation
of MAPKs in osteoclast lineage cells

Osteoclast differentiation has been associated with an elevated production of intracellular ROS
[23, 43, 44]. Furthermore, sudachitin has been shown to exert antioxidant effects in the body
[34]. Therefore, to explore whether the inhibitory effect of sudachitin on osteoclastogenesis is
related to the intracellular production of ROS, we determined the concentration of intracellu-
lar ROS in osteoclast lineage cells treated with SRANKL and/or sudachitin. As shown in Fig
6A, when osteoclast precursors were treated with SRANKL for 24 h, the intracellular ROS
content was 2.5-fold higher than that in the cells treated with M-CSF alone. However, the
simultaneous addition of sudachitin with SRANKL dose-dependently attenuated the elevated
intracellular ROS content. The ROS content in the cells treated with SRANKL plus 10 uM
sudachitin was equivalent to that in the cells treated with M-CSF alone. Thus, sudachitin
inhibited the intracellular production of ROS during osteoclast formation.

Finally, we examined the effects of sudachitin on the activation of osteoclast differentiation-
signaling pathways, such as NF-«B and MAPKs, including Erk and JNK. The activation of
these pathways was evoked by the addition of SRANKL in the short term. However, pretreat-
ment with sudachitin reduced the activation of Erk and JNK (Fig 6B). The activation of NF-xB
stimulated by SRANKL is also slightly decreased by the sudachitin-pretreatment, whereas the
reduction was less than those of Erk and JNK (Fig 6B).

Discussion

In this study, we demonstrated that sudachitin, which is a polymethoxy flavonoid, suppresses
inflammatory bone destruction induced by an LPS injection in the calvariae. The inhibition

by sudachitin could be attributed to the direct inhibition of osteoclastogenesis from osteoclast
precursors because sudachitin reduced osteoclast formation from osteoclast precursors in
response to RANKL in vitro and sudachitin increased the ratio of RANKL to Opg in the osteo-
blasts. Furthermore, sudachitin suppressed the intracellular ROS production and the activation
of MAPKSs, including Erk and JNK, both of which are involved in osteoclast differentiation.
These inhibitory activities could be associated with a decrease in osteoclast formation. Thus,
sudachitin could be a useful agent for the treatment of inflammatory bone destruction.
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Fig 4. Inhibitory effect of sudachitin on the mRNA expression levels of osteoclast differentiation-related molecules in osteoclast lineage cells. Osteoclast
precursors were cultured with M-CSF and sRANKL in the absence or presence of sudachitin (Sud., 10 uM) for the indicated durations. After culturing, total
RNA was prepared and subjected to quantitative real-time PCR to determine the mRNA expression levels of c-fos, nfatc1, acp5, ctsk, Destamp, Ocstamp and
Atp6v0d2. The values represent the mean + SD (n = 3). P < 0.05 vs. culture in the absence of sudachitin at each timepoint.

https://doi.org/10.1371/journal.pone.0191192.9004

ROS are mainly classified into the following four types: hydroxyl radicals, nitric oxide,
superoxide anions and hydrogen peroxide. Although the role of ROS in osteoclast formation
has been reported since 1990, the ROS type that is important for osteoclastogenesis has not
been determined. The ROS production in osteoclast lineage cells has been demonstrated to be
mediated by NADHP oxidases, which consist of five isoforms, i.e., Nox1 to Nox5. Further-
more, many NOX organizers, NOX activators and small GTPases participate in regulating the
enzymatic activities of the NADPH oxidases [45]. Although NOX17", NOX2”" and NOX3
mutant mice do not demonstrate bone abnormalities [44, 46, 47], global Nox4-knockout mice
display a higher trabecular bone density and reduced numbers and markers of osteoclasts in
vivo [44]. In particular, ex vivo experiments using NOX4 ' osteoclast precursors showed a
reduction in osteoclastogenesis that is consistent with the down-regulation of intracellular
ROS production. In addition, the NOX inhibitors GKT137928 and GKT137831 both rescued
the bone loss induced by ovariectomy [44]. These observations highlight the pivotal role of
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Fig 5. Inhibitory effect of sudachitin on the protein levels of osteoclast differentiation-related molecules in
osteoclast lineage cells. Osteoclast precursors were cultured with M-CSF and sSRANKL in the absence or presence of
sudachitin (Sud.,10 uM) for the indicated durations. After culturing, whole-cell lysates were prepared and subjected to
a western blotting analysis to determine the protein levels of c-Fos, Nfatc1, cathepsin K, DC-STAMP and Atp6v0d2. -
Actin was used as an internal control. The values presented below the images indicate the relative level of each protein
compared with the level of B-actin.

https://doi.org/10.1371/journal.pone.0191192.g005

intracellular ROS catalyzed by NOX4 in osteoclast differentiation and function. The present
study also indicates the importance of intracellular ROS in osteoclastogenesis because sudachi-
tin, which has antioxidant properties, strongly inhibited inflammatory bone destruction and
osteoclast formation, changes accompanied by a reduction in the intracellular ROS content.

Although many studies have demonstrated the effects of antioxidant compounds on osteo-
clast differentiation associated with the intracellular redox status, the effects have not always
been consistent and remain controversial. Glutathione (GSH) is a representative antioxidant,
and cellular redox status is defined by the balance between oxidants and antioxidants, in par-
ticular the GSH/oxidized GST (GSSG) ratio. Romagnoli et al demonstrated that a low GSH/
GSSG ratio downregulated OPG expression in human osteoclasts, resulting in an increase in
the ratio of RANKL to OPG and indicating that GSH/GSSG redox coupling could affect osteo-
clastogenesis [48]. However, these authors did not directly determine the influence of the
GSG/GSSG change on osteoclast formation. Le Nihouannen et al found that the addition of
ascorbic acid to a culture of osteoclast precursors in the presence of RANKL decreased osteo-
clast formation, which was consistent with the decrease in the ratio of GSH/GSSG [49]. How-
ever, several studies have reported an inhibitory effect of ascorbic acid on osteoclastogenesis
[50], indicating the difficulty of controlling the intracellular redox status.

The efficacy of natural food-derived antioxidants in osteoclastic bone resorption has also
been extensively studied [51]. Recent epidemiological studies have shown that flavonoid
consumption has a stronger association with bone integrity than general fruit and vegetable
consumption. Epigallocatechin gallate and its polymerized theaflavin digallate, which are
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Fig 6. Sudachitin suppresses the production of intracellular ROS and activation of MAPKs in osteoclast lineage
cells. Osteoclast precursors were treated with or without sudachitin (Sud.) in the presence of M-CSF and/or sSRANKL
for 24 h. Then, the concentration of ROS in the cells was measured (A). The presented values represent the mean + SD
(n=5).*P < 0.05 and NS (not significant) vs. culture with M-CSF alone; **P < 0.05 vs. culture with sSRANKL and
M-CSF. In addition, osteoclast precursors were cultured in the absence or presence of sudachitin (10 uM) in o-MEM/
10% FBS for 3 h. Then, the cells were treated with sRANKL (20 ng/ml) with or without sudachitin in o-MEM/10% FBS
for the indicated times. Subsequently, whole-cell lysates were prepared and subjected to a western blotting analysis to
measure phosphorylated and unphosphorylated Erk1/2, SAPK/JNK, and IxB-o levels. The values presented below the
images indicate the relative ratios of the total band intensity of phosphorylated Erk1/2 (p44 and p42) and SAPK/JNK
(p46 and p54) to the total band intensity of non-phosphorylated Erk and SAPK/JNK, respectively. In case of IkB-a, the
values are the relative ratio of phosphorylated IxB-o0. non-phosphorylated IxB-o. In addition, total amounts of Erk1/2
(p44 and p42), SAPK/JNK (p46 and p54) and IxB-a were also compared with the level of B-actin.

https://doi.org/10.1371/journal.pone.0191192.9g006

contained in green and black tea, exert suppressive effects on all processes of osteoclast differ-
entiation, including osteoclast precursor generation from bone marrow cells, osteoclast
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differentiation from osteoclast precursors and the maturation of multinucleated functional
osteoclasts [52-54]. More recently, polymethoxy flavonoids contained in citrus fruits, such as
nobiletin and tangeretin, have attracted attention due to their diverse physiological activities,
such as the repression of carcinogenesis and cancer growth, anti-atherosclerosis activity, and
the improvement of dyslipidemia and anti-inflammatory diseases. Although the sudachitin
used in this study is also a polymethoxy flavonoid and has previously shown stronger physio-
logical activities than nobiletin and tangeretin, its effects on bone metabolism were revealed
for the first time in this study. Our findings show that the action of sudachitin in the suppres-
sion of osteoclast formation is more prominent than that of other polymethoxy flavonoids. In
addition, this suppression was attributed to the direct inhibition of osteoclast differentiation
from osteoclast precursors without acting on osteoblasts. Therefore, although the inhibition of
osteoclast formation by nobiletin and tangeretin has been previously reported to be associated
with the suppression of intracellular PGE, production in osteoblasts [31], our study indicates
that the primary cells targeted by sudachitin are osteoclast lineage cells.

The elevation of intracellular ROS content causes the activation of MAPKSs, such as Erk,
p38 MAPK and JNK, in various cells [55-57]. Consistently, in this study, RANKL, which is a
molecule that triggers osteoclast differentiation, induced the activation of Erk and JNK and
increased ROS; simultaneously, sudachitin also inhibited the elevation of ROS and the activa-
tion of MAPKSs. In contrast, sudachitin hardly affects the activation of NF-xB evoked by
RANKTL in osteoclast precursors, suggesting that the primary action target of sudachitin is
MAPK rather than NF-«B.

Various types of antibodies targeting pro-inflammatory cytokines have currently been used
for the treatments of inflammatory bone destruction such as RA, resulting in significant
improvements in clinical scores [58-60]. However, in some cases of treatment with an anti-
RANKTL antibody, hypocalcemia developed in patients with severe renal dysfunction [61].
Moreover, treatments using these antibodies are extremely expensive. As previously men-
tioned, sudachitin has a variety of useful biological activities and is relatively inexpensive. In
addition, as bone loss induced by not only inflammation but also ovariectomy [44] is associ-
ated with the elevation of intracellular ROS production, our findings suggest that use of suda-
chitin may lead to a possible therapeutic approach for various bone diseases including
postmenopausal osteoporosis and inflammatory bone destruction.

Conclusions

Sudachitin, which is a polymethoxy flavonoid, blocked LPS-induced inflammatory bone
destruction by directly inhibiting osteoclast differentiation from osteoclast precursors. Fur-
thermore, sudachitin repressed the activation of Erk and JNK, which are pivotal signaling
pathways for osteoclast differentiation associated with a decrease in intracellular ROS produc-
tion. Therefore, sudachitin is a useful therapeutic agent for inflammatory bone resorption.

Supporting information

S1 Table. Primers and probes used in quantitative RT-PCR.
(DOCX)

Acknowledgments

We thank M. Yamada (Morinaga Milk Industry Co.) for his generous gift of the recombinant
M-CSF and Dr. J. Kobayashi and Dr. H. Uchida for giving constructive comments and warm
encouragement.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191192  January 17, 2018 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191192.s001
https://doi.org/10.1371/journal.pone.0191192

@° PLOS | ONE

Sudachitin and osteoclastogenesis

Author Contributions

Conceptualization: Yoko Ohyama, Junta Ito, Yoshiyuki Hakeda.
Data curation: Yoko Ohyama, Junta Ito.

Formal analysis: Yoko Ohyama, Junta Ito.

Funding acquisition: Junta Ito, Yoshiyuki Hakeda.
Investigation: Yoko Ohyama, Junta Ito, Victor J. Kitano, Yoshiyuki Hakeda.
Methodology: Junta Ito, Yoshiyuki Hakeda.

Project administration: Yoshiyuki Hakeda.

Supervision: Jun Shimada, Yoshiyuki Hakeda.

Validation: Victor J. Kitano.

Writing - original draft: Yoshiyuki Hakeda.

Writing - review & editing: Yoko Ohyama, Junta Ito, Victor J. Kitano, Jun Shimada,
Yoshiyuki Hakeda.

References

1. Roodman GD. Advances in bone biology: the osteoclast. Endocr Rev. 1996; 17:308—-332. https://doi.
org/10.1210/edrv-17-4-308 PMID: 8854048

2. Teitelbaum SL. Osteoclasts: what do they do and how do they do it? Am J Pathol. 2007; 170:427—-435.
https://doi.org/10.2353/ajpath.2007.060834 PMID: 17255310

3. YasudaH, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M, Mochizuki S, et al. Osteoclast differentia-
tion factor is a ligand for osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical to
TRANCE/RANKL. Proc Natl Acad Sci USA. 1998; 95:3597-3602. PMID: 9520411

4. LaceyDL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T, et al. Osteoprotegerin ligand is a cyto-
kine that regulates osteoclast differentiation and activation. Cell. 1998; 93:165—176. PMID: 9568710

5. Fuller K, Wong B, Fox S, Choi Y, Chambers TJ. TRANCE is necessary and sufficient for osteoblast-
mediated activation of bone resorption in osteoclasts. J Exp Med. 1998; 188:997-1001. PMID: 9730902

6. Asagiri M, Takayanagi H. The molecular understanding of osteoclast differentiation. Bone. 2007;
40:251-264. https://doi.org/10.1016/j.bone.2006.09.023 PMID: 17098490

7. Matsuo K, Owens JM, Tonko M, Elliott C, Chambers TJ, Wagner EF. Fosl1 is a transcriptional target of
c-Fos during osteoclast differentiation. Nat Genet. 2000; 24:184—187. https://doi.org/10.1038/72855
PMID: 10655067

8. MizukamiJ, Takaesu G, Akatsuka H, Sakurai H, Ninomiya-Tsuiji J, Matsumoto K, et al. Receptor activa-
tor of NF-kappaB ligand (RANKL) activates TAK1 mitogen-activated protein kinase kinase kinase
through a signaling complex containing RANK, TAB2, and TRAF6. Mol Cell Biol. 2002; 22:992—-1000.
https://doi.org/10.1128/MCB.22.4.992-1000.2002 PMID: 11809792

9. TakayanagiH, Kim S, Koga T, Nishina H, Isshiki M, Yoshida H, et al. Induction and activation of the tran-
scription factor NFATc1 (NFAT2) integrate RANKL signaling in terminal differentiation of osteoclasts.
Dev Cell. 2002; 3:889-901. PMID: 12479813

10. Ishida N, Hayashi K, Hoshijima M, Ogawa T, Koga S, Miyatake Y, et al. Large scale gene expression
analysis of osteoclastogenesis in vitro and elucidation of NFAT2 as a key regulator. J Biol Chem. 2002;
277:41147-411586. https://doi.org/10.1074/jbc.M205063200 PMID: 12171919

11. Inaoka T, Bilbe G, Ishibashi O, Tezuka K, Kumegawa M, Kokubo T. Molecular cloning of human cDNA
for cathepsin K: novel cysteine proteinase predominantly expressed in bone. Biochem Biophys Res
Commun. 1995; 206:89-96. https://doi.org/10.1006/bbrc.1995.1013 PMID: 7818555

12. Lee SH, Rho J, Jeong D, SulJY, Kim T, Kim N, et al. v-ATPase VO subunit d2-deficient mice exhibit
impaired osteoclast fusion and increased bone formation. Nat Med. 2006; 12:1403—1409. https:/doi.
org/10.1038/nm1514 PMID: 17128270

13. Kim T, HaH, Kim N, Park ES, Rho J, Kim EC, et al. ATP6v0d2 deficiency increases bone mass, but
does not influence ovariectomy-induced bone loss. Biochem Biophys Res Commun. 2010; 403:73-78.
https://doi.org/10.1016/j.bbrc.2010.10.117 PMID: 21040703

PLOS ONE | https://doi.org/10.1371/journal.pone.0191192  January 17, 2018 14/17


https://doi.org/10.1210/edrv-17-4-308
https://doi.org/10.1210/edrv-17-4-308
http://www.ncbi.nlm.nih.gov/pubmed/8854048
https://doi.org/10.2353/ajpath.2007.060834
http://www.ncbi.nlm.nih.gov/pubmed/17255310
http://www.ncbi.nlm.nih.gov/pubmed/9520411
http://www.ncbi.nlm.nih.gov/pubmed/9568710
http://www.ncbi.nlm.nih.gov/pubmed/9730902
https://doi.org/10.1016/j.bone.2006.09.023
http://www.ncbi.nlm.nih.gov/pubmed/17098490
https://doi.org/10.1038/72855
http://www.ncbi.nlm.nih.gov/pubmed/10655067
https://doi.org/10.1128/MCB.22.4.992-1000.2002
http://www.ncbi.nlm.nih.gov/pubmed/11809792
http://www.ncbi.nlm.nih.gov/pubmed/12479813
https://doi.org/10.1074/jbc.M205063200
http://www.ncbi.nlm.nih.gov/pubmed/12171919
https://doi.org/10.1006/bbrc.1995.1013
http://www.ncbi.nlm.nih.gov/pubmed/7818555
https://doi.org/10.1038/nm1514
https://doi.org/10.1038/nm1514
http://www.ncbi.nlm.nih.gov/pubmed/17128270
https://doi.org/10.1016/j.bbrc.2010.10.117
http://www.ncbi.nlm.nih.gov/pubmed/21040703
https://doi.org/10.1371/journal.pone.0191192

@° PLOS | ONE

Sudachitin and osteoclastogenesis

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yagi M, Miyamoto T, Sawatani Y, Iwamoto K, Hosogane N, Fujita N, et al. DC-STAMP is essential for
cell-cell fusion in osteoclasts and foreign body giant cells. J Exp Med. 2005; 202:345-351. https://doi.
org/10.1084/jem.20050645 PMID: 16061724

Mensah KA, Ritchlin CT, Schwarz EM. RANKL induces heterogeneous DC-STAMP(lo) and DC-
STAMP(hi) osteoclast precursors of which the DC-STAMP(lo) precursors are the master fusogens. J
Cell Physiol. 2010; 223:76-83. https://doi.org/10.1002/jcp.22012 PMID: 20039274

Sato K, Suematsu A, Okamoto K, Yamaguchi A, Morishita Y, Kadono Y, et al. Th17 functions as an
osteoclastogenic helper T cell subset that links T cell activation and bone destruction. J Exp Med. 2006;
203:2673-2682. https://doi.org/10.1084/jem.20061775 PMID: 17088434

Kikuta J, Wada Y, Kowada T, Wang Z, Sun-Wada GH, Nishiyama I, et al. Dynamic visualization of
RANKL and Th17-mediated osteoclast function. J Clin Invest. 2013; 123:866—873. https://doi.org/10.
1172/JCI65054 PMID: 23321670

El-Benna J, Hurtado-Nedelec M, Marzaioli V, Marie JC, Gougerot-Pocidalo MA, Dang PM. Priming of
the neutrophil respiratory burst: role in host defense and inflammation. Immunol Rev. 2016; 273:180—-
193. https://doi.org/10.1111/imr.12447 PMID: 27558335

Ushio-Fukai M. Redox signaling in angiogenesis: role of NADPH oxidase. Cardiovasc Res. 2006;
71:226—-235. https://doi.org/10.1016/j.cardiores.2006.04.015 PMID: 16781692

Wei Y, Sowers JR, Nistala R, Gong H, Uptergrove GM, Clark SE, et al. Angiotensin |l-induced NADPH
oxidase activation impairs insulin signaling in skeletal muscle cells. J Biol Chem. 2006; 281:35137—
35146. https://doi.org/10.1074/jbc.M601320200 PMID: 16982630

Gummersbach C, Hemmrich K, Kroncke KD, Suschek CV, Fehsel K, Pallua N. New aspects of adipo-
genesis: radicals and oxidative stress. Differentiation. 2009; 77:115-120. https://doi.org/10.1016/}.diff.
2008.09.009 PMID: 19281770

Garrett IR, Boyce BF, Oreffo RO, Bonewald L, Poser J, Mundy GR. Oxygen-derived free radicals stimu-
late osteoclastic bone resorption in rodent bone in vitroand in vivo. J Clin Invest. 1990; 85:632—-639.
https://doi.org/10.1172/JCI114485 PMID: 2312718

Lee NK, Choi YG, Baik JY, Han SY, Jeong DW, Bae YS, et al. A crucial role for reactive oxygen species
in RANKL-induced osteoclast differentiation. Blood. 2005; 106:852—859. https://doi.org/10.1182/blood-
2004-09-3662 PMID: 15817678

Sasaki H, Yamamoto H, Tominaga K, Masuda K, Kawai T, Teshima-Kondo S, et al. NADPH oxidase-
derived reactive oxygen species are essential for differentiation of a mouse macrophage cell line
(RAW264.7) into osteoclasts. J Med Invest. 2009; 56:33—41. PMID: 19262012

Horcajada MN, Offord E. Naturally plant-derived compounds: role in bone anabolism. Curr Mol Pharma-
col. 2012; 5:205-218. PMID: 21787284

Lee JH, Jin H, Shim HE, Kim HN, Ha H, Lee ZH. Epigallocatechin-3-gallate inhibits osteoclastogenesis
by down-regulating c-Fos expression and suppressing the nuclear factor-kappaB signal. Mol Pharma-
col. 2010; 77:17-25. https://doi.org/10.1124/mol.109.057877 PMID: 19828731

Yang EJ, Lee J, Lee SY, Kim EK, Moon YM, Jung YO, et al. EGCG attenuates autoimmune arthritis by
inhibition of STAT3 and HIF-1a with Th17/Treg control. PLoS One. 2014; 9:e86062. https://doi.org/10.
1371/journal.pone.0086062 PMID: 24558360

Lee JH, Kim HN, Yang D, Jung K, Kim HM, Kim HH, et al. Trolox prevents osteoclastogenesis by sup-
pressing RANKL expression and signaling. J Biol Chem. 2009; 284:13725-13734. https://doi.org/10.
1074/jbc.M806941200 PMID: 19299513

Yanagihara N, Zhang H, Toyohira Y, Takahashi K, Ueno S, Tsutsui M, et al. New insights into the phar-
macological potential of plant flavonoids in the catecholamine system. J Pharmacol Sci. 2014;
124:123-128. PMID: 24492414

Tominari T, Hirata M, Matsumoto C, Inada M, Miyaura C. Polymethoxy flavonoids, nobiletin and tanger-
etin, prevent lipopolysaccharide-induced inflammatory bone loss in an experimental model for periodon-
titis. J Pharmacol Sci. 2012; 119:390-394. PMID: 22850615

Harada S, Tominari T, Matsumoto C, Hirata M, Takita M, Inada M, et al. Nobiletin, a polymethoxy flavo-
noid, suppresses bone resorption by inhibiting NFkB-dependent prostaglandin E synthesis in osteo-
blasts and prevents bone loss due to estrogen deficiency. J Pharmacol Sci. 2011; 115:89-93. PMID:
21258168

Nakagawa H, Takaishi Y, Tanaka N, Tsuchiya K, Shibata H, Higuti T. Chemical constituents from the
peels of citrus sudachi. J Nat Prod. 2006; 69:1177—1179. https://doi.org/10.1021/np060217s PMID:
16933871

Yuasa K, Tada K, Harita G, Fujimoto T, Tsukayama M, Tsuji A. Sudachitin, a polymethoxyflavone from
citrus sudachi, suppresses lipopolysaccharide-induced inflammatory responses in mouse macrophage-
like RAW264 cells. Biosci Biotechnol Biochem. 2012; 7:598-600.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191192  January 17, 2018 15/17


https://doi.org/10.1084/jem.20050645
https://doi.org/10.1084/jem.20050645
http://www.ncbi.nlm.nih.gov/pubmed/16061724
https://doi.org/10.1002/jcp.22012
http://www.ncbi.nlm.nih.gov/pubmed/20039274
https://doi.org/10.1084/jem.20061775
http://www.ncbi.nlm.nih.gov/pubmed/17088434
https://doi.org/10.1172/JCI65054
https://doi.org/10.1172/JCI65054
http://www.ncbi.nlm.nih.gov/pubmed/23321670
https://doi.org/10.1111/imr.12447
http://www.ncbi.nlm.nih.gov/pubmed/27558335
https://doi.org/10.1016/j.cardiores.2006.04.015
http://www.ncbi.nlm.nih.gov/pubmed/16781692
https://doi.org/10.1074/jbc.M601320200
http://www.ncbi.nlm.nih.gov/pubmed/16982630
https://doi.org/10.1016/j.diff.2008.09.009
https://doi.org/10.1016/j.diff.2008.09.009
http://www.ncbi.nlm.nih.gov/pubmed/19281770
https://doi.org/10.1172/JCI114485
http://www.ncbi.nlm.nih.gov/pubmed/2312718
https://doi.org/10.1182/blood-2004-09-3662
https://doi.org/10.1182/blood-2004-09-3662
http://www.ncbi.nlm.nih.gov/pubmed/15817678
http://www.ncbi.nlm.nih.gov/pubmed/19262012
http://www.ncbi.nlm.nih.gov/pubmed/21787284
https://doi.org/10.1124/mol.109.057877
http://www.ncbi.nlm.nih.gov/pubmed/19828731
https://doi.org/10.1371/journal.pone.0086062
https://doi.org/10.1371/journal.pone.0086062
http://www.ncbi.nlm.nih.gov/pubmed/24558360
https://doi.org/10.1074/jbc.M806941200
https://doi.org/10.1074/jbc.M806941200
http://www.ncbi.nlm.nih.gov/pubmed/19299513
http://www.ncbi.nlm.nih.gov/pubmed/24492414
http://www.ncbi.nlm.nih.gov/pubmed/22850615
http://www.ncbi.nlm.nih.gov/pubmed/21258168
https://doi.org/10.1021/np060217s
http://www.ncbi.nlm.nih.gov/pubmed/16933871
https://doi.org/10.1371/journal.pone.0191192

@° PLOS | ONE

Sudachitin and osteoclastogenesis

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tsutsumi R, Yoshida T, Nii Y, Okahisa N, Iwata S, Tsukayama M, et al. Sudachitin, a polymethoxylated
flavone, improves glucose and lipid metabolism by increasing mitochondrial biogenesis in skeletal mus-
cle. Nutr Metab (Lond). 2014; 11:32.

Lee YS, Cha BY, Saito K, Yamakawa H, Choi SS, Yamaguchi K| et al. Nobiletin improves hyperglyce-
mia and insulin resistance in obese diabetic ob/ob mice. Biochem Pharmacol. 2010; 79:1674-1683.
https://doi.org/10.1016/j.bcp.2010.01.034 PMID: 20144590

Jung UJ, Lee MK, Jeong KS, Choi MS. The hypoglycemic effects of hesperidin and naringin are partly
mediated by hepatic glucose-regulating enzymes in C57BL/KsJ-db/db mice. J Nutr. 2004; 134:2499—
2503. PMID: 15465737

Nakayachi M, Ito J, Hayashida C, Ohyama Y, Kakino A, Okayasu M, et al. Lectin-like oxidized low-den-
sity lipoprotein receptor-1 abrogation causes resistance to inflammatory bone destruction in mice,
despite promoting osteoclastogenesis in the steady state. Bone. 2015; 75:170-182. https://doi.org/10.
1016/j.bone.2015.02.025 PMID: 25744064

Hayashida C, Ito J, Nakayachi M, Okayasu M, Ohyama Y, Hakeda Y, et al. Osteocytes produce inter-
feron-@ as a negative regulator of osteoclastogenesis. J Biol Chem. 2014; 289:11545-11555. hitps://
doi.org/10.1074/jbc.M113.523811 PMID: 24610813

Hayashi T, Kaneda T, Toyama Y, Kumegawa M, Hakeda Y. Regulation of receptor activator of NF-
kappa B ligand-induced osteoclastogenesis by endogenous interferon-beta (INF-beta) and suppressors
of cytokine signaling (SOCS). The possible counteracting role of SOCSs- in IFN-beta-inhibited osteo-
clast formation. J Biol Chem. 2002; 277:27880-27886. https://doi.org/10.1074/jbc.M203836200 PMID:
12023971

Kobayashi K, Takahashi N, Jimi E, Udagawa N, Takami M, Kotake S, et al. Tumor necrosis factor alpha
stimulates osteoclast differentiation by a mechanism independent of the ODF/RANKL-RANK interac-
tion. J Exp Med. 2000; 191:275-286. PMID: 10637272

Mattia CJ, LeBel CP, Bondy SC. Effects of toluene and its metabolites on cerebral reactive oxygen spe-
cies generation. Biochem Pharmacol. 1991; 42:879-882. PMID: 1867642

Takahashi N, Akatsu T, Udagawa N, Sasaki T, Yamaguchi A, Moseley JM, et al. Osteoblastic cells are
involved in osteoclast formation. Endocrinology. 1988; 123:2600—2602. https://doi.org/10.1210/endo-
123-5-2600 PMID: 2844518

Kim MS, Yang YM, Son A, Tian YS, Lee SI, Kang SW, et al. RANKL-mediated reactive oxygen species
pathway that induces long lasting Ca2* oscillations essential for osteoclastogenesis. J Biol Chem. 2010;
285:6913-6921. https://doi.org/10.1074/jbc.M109.051557 PMID: 20048168

Goettsch C, Babelova A, Trummer O, Erben RG, Rauner M, Rammelt S, et al. NADPH oxidase 4 limits
bone mass by promoting osteoclastogenesis. J Clin Invest. 2013; 123:4731-4738. https://doi.org/10.
1172/JCI67603 PMID: 24216508

Sumimoto H, Miyano K, Takeya R. Molecular composition and regulation of the Nox family NAD(P)H
oxidases. Biochem Biophys Res Commun. 2005; 338:677—-686. https://doi.org/10.1016/j.bbrc.2005.08.
210 PMID: 16157295

Matsuno K, Yamada H, Iwata K, Jin D, Katsuyama M, Matsuki M, et al. Nox1 is involved in angiotensin
II-mediated hypertension: a study in Nox1-deficient mice. Circulation. 2005; 112:2677—-2685. https://doi.
org/10.1161/CIRCULATIONAHA.105.573709 PMID: 16246966

Yang S, Madyastha P, Bingel S, Ries W, Key L. A new superoxide-generating oxidase in murine osteo-
clasts. J Biol Chem. 2001; 276:5452-5458. https://doi.org/10.1074/jbc.M001004200 PMID: 11098048

Romagnoli C, Marcucci G, Favilli F, Zonefrati R, Mavilia C, Galli G, et al. Role of GSH/GSSG redox cou-
ple in osteogenic activity and osteoclastogenic markers of human osteoblast-like SaOS-2 cells. FEBS
J. 2013; 280:867-879. https://doi.org/10.1111/febs.12075 PMID: 23176170

Le Nihouannen D, Barralet JE, Fong JE, Komarova SV. Ascorbic acid accelerates osteoclast formation
and death. Bone. 2010; 46:1336—1343. https://doi.org/10.1016/j.bone.2009.11.021 PMID: 19932205

Takarada T, Hinoi E, Kambe Y, Sahara K, Kurokawa S, Takahata Y, et al. Osteoblast protects osteo-
clast devoid of sodium-dependent vitamin C transporters from oxidative cytotoxicity of ascorbic acid.
Eur J Pharmacol. 2007; 575:1-11. https://doi.org/10.1016/j.ejphar.2007.07.041 PMID: 17698058

Weaver CM, Alekel DL, Ward WE, Ronis MJ. Flavonoid intake and bone health. J Nutr Gerontol Geriatr.
2012; 31:239-253. https://doi.org/10.1080/21551197.2012.698220 PMID: 22888840

Kanis J, Johnell O, Gullberg B, Allander E, Elffors L, Ranstam J, et al. Risk factors for hip fracture in
men from southern Europe: the MEDOS study. Mediterranean Osteoporosis Study. Osteoporos Int.
1999; 9:45-54. PMID: 10367029

Johnell O, Gullberg B, Kanis JA, Allander E, Elffors L, Dequeker J, et al. Risk factors for hip fracture in
European women: the MEDOS Study. Mediterranean Osteoporosis Study. J Bone Miner Res. 1995;
10:1802—-1815. https://doi.org/10.1002/jbmr.5650101125 PMID: 8592959

PLOS ONE | https://doi.org/10.1371/journal.pone.0191192  January 17, 2018 16/17


https://doi.org/10.1016/j.bcp.2010.01.034
http://www.ncbi.nlm.nih.gov/pubmed/20144590
http://www.ncbi.nlm.nih.gov/pubmed/15465737
https://doi.org/10.1016/j.bone.2015.02.025
https://doi.org/10.1016/j.bone.2015.02.025
http://www.ncbi.nlm.nih.gov/pubmed/25744064
https://doi.org/10.1074/jbc.M113.523811
https://doi.org/10.1074/jbc.M113.523811
http://www.ncbi.nlm.nih.gov/pubmed/24610813
https://doi.org/10.1074/jbc.M203836200
http://www.ncbi.nlm.nih.gov/pubmed/12023971
http://www.ncbi.nlm.nih.gov/pubmed/10637272
http://www.ncbi.nlm.nih.gov/pubmed/1867642
https://doi.org/10.1210/endo-123-5-2600
https://doi.org/10.1210/endo-123-5-2600
http://www.ncbi.nlm.nih.gov/pubmed/2844518
https://doi.org/10.1074/jbc.M109.051557
http://www.ncbi.nlm.nih.gov/pubmed/20048168
https://doi.org/10.1172/JCI67603
https://doi.org/10.1172/JCI67603
http://www.ncbi.nlm.nih.gov/pubmed/24216508
https://doi.org/10.1016/j.bbrc.2005.08.210
https://doi.org/10.1016/j.bbrc.2005.08.210
http://www.ncbi.nlm.nih.gov/pubmed/16157295
https://doi.org/10.1161/CIRCULATIONAHA.105.573709
https://doi.org/10.1161/CIRCULATIONAHA.105.573709
http://www.ncbi.nlm.nih.gov/pubmed/16246966
https://doi.org/10.1074/jbc.M001004200
http://www.ncbi.nlm.nih.gov/pubmed/11098048
https://doi.org/10.1111/febs.12075
http://www.ncbi.nlm.nih.gov/pubmed/23176170
https://doi.org/10.1016/j.bone.2009.11.021
http://www.ncbi.nlm.nih.gov/pubmed/19932205
https://doi.org/10.1016/j.ejphar.2007.07.041
http://www.ncbi.nlm.nih.gov/pubmed/17698058
https://doi.org/10.1080/21551197.2012.698220
http://www.ncbi.nlm.nih.gov/pubmed/22888840
http://www.ncbi.nlm.nih.gov/pubmed/10367029
https://doi.org/10.1002/jbmr.5650101125
http://www.ncbi.nlm.nih.gov/pubmed/8592959
https://doi.org/10.1371/journal.pone.0191192

@° PLOS | ONE

Sudachitin and osteoclastogenesis

54.

55.

56.

57.

58.

59.

60.

61.

OkaY, Iwai S, Amano H, Irie Y, Yatomi K, Ryu K, et al. Tea polyphenols inhibit rat osteoclast formation
and differentiation. J Pharmacol Sci. 2012; 118:55-64. PMID: 22186621

Kyaw M, Yoshizumi M, Tsuchiya K, Kirima K, Tamaki T. Antioxidants inhibit JNK and p38 MAPK activa-
tion but not ERK 1/2 activation by angiotensin Il in rat aortic smooth muscle cells. Hypertens Res. 2001;
24:251-261. PMID: 11409648

Liu T, Wu L, Wang D, Wang H, Chen J, Yang C, et al. Role of reactive oxygen species-mediated MAPK
and NF-kB activation in polygonatum cyrtonema lectin-induced apoptosis and autophagy in human lung
adenocarcinoma A549 cells. J Biochem. 2016; 160:315-324. https://doi.org/10.1093/jb/mvw040 PMID:
27318358

Wang H, Li D, Hu Z, Zhao S, Zheng Z, Li W. Protective Effects of Green Tea Polyphenol Against Renal
Injury Through ROS-Mediated JNK-MAPKPathway in Lead Exposed Rats. Mol Cells. 2016; 39:508—
513. https://doi.org/10.14348/molcells.2016.2170 PMID: 27239812

Smolen JS, Aletaha D, Koeller M, Weisman MH, Emery P. New therapies for treatment of rheumatoid
arthritis. Lancet. 2007; 370:1861-1874. https://doi.org/10.1016/S0140-6736(07)60784-3 PMID:
17570481

Markatseli TE, Papagoras C, Nikoli A, Voulgari PV, Drosos AA. Certolizumab for rheumatoid arthritis.
Clin Exp Rheumatol. 2014; 32:415-423. PMID: 24447441

Tanaka S, Nakamura K, Takahasi N, Suda T. Role of RANKL in physiological and pathological bone
resorption and therapeutics targeting the RANKL-RANK signaling system. Immunol Rev. 2005;
208:30—49. https://doi.org/10.1111/j.0105-2896.2005.00327.x PMID: 16313339

Smith MR, Saad F, Coleman R, Shore N, Fizazi K, Tombal B, et al. Denosumab and bone-metastasis-
free survival in men with castration-resistant prostate cancer: results of a phase 3, randomised, pla-
cebo-controlled trial. Lancet. 2012; 379:39-46. https://doi.org/10.1016/S0140-6736(11)61226-9 PMID:
22093187

PLOS ONE | https://doi.org/10.1371/journal.pone.0191192  January 17, 2018 17/17


http://www.ncbi.nlm.nih.gov/pubmed/22186621
http://www.ncbi.nlm.nih.gov/pubmed/11409648
https://doi.org/10.1093/jb/mvw040
http://www.ncbi.nlm.nih.gov/pubmed/27318358
https://doi.org/10.14348/molcells.2016.2170
http://www.ncbi.nlm.nih.gov/pubmed/27239812
https://doi.org/10.1016/S0140-6736(07)60784-3
http://www.ncbi.nlm.nih.gov/pubmed/17570481
http://www.ncbi.nlm.nih.gov/pubmed/24447441
https://doi.org/10.1111/j.0105-2896.2005.00327.x
http://www.ncbi.nlm.nih.gov/pubmed/16313339
https://doi.org/10.1016/S0140-6736(11)61226-9
http://www.ncbi.nlm.nih.gov/pubmed/22093187
https://doi.org/10.1371/journal.pone.0191192

