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ABSTRACT

Receptor activator of NF-xB ligand (RANKL) plays critical role in osteoclastogenesis. Targeting RANKL sig-
naling pathways has been a promising strategy for treating osteoclast related bone diseases such as oste-
oporosis and aseptic prosthetic loosening. Schisantherin A (SA), a dibenzocyclooctadiene lignan isolated
from the fruit of Schisandra sphenanthera, has been used as an antitussive, tonic, and sedative agent, but
its effect on osteoclasts has been hitherto unknown. In the present study, SA was found to inhibit RANKL-
induced osteoclast formation and bone resorption. The osteoclastic specific marker genes induced by
RANKL including c-Src, SA inhibited OSCAR, cathepsin K and TRAP in a dose dependent manner. Further
signal transduction studies revealed that SA down-regulate RANKL-induced nuclear factor-kappaB
(NF-kB) signaling activation by suppressing the phosphorylation and degradation of IkBo, and subse-
quently preventing the NF-kB transcriptional activity. Moreover, SA also decreased the RANKL-induced
MAPKs signaling pathway, including JNK and ERK1/2 posphorylation while had no obvious effects on
p38 activation. Finally, SA suppressed the NF-kB and MAPKs subsequent gene expression of NFATc1
and c-Fos. In vivo studies, SA inhibited osteoclast function and exhibited bone protection effect in
wear-particle-induced bone erosion model. Taken together, SA could attenuate osteoclast formation
and wear particle-induced osteolysis by mediating RANKL signaling pathways. These data indicated that
SA is a promising therapeutic natural compound for the treatment of osteoclast-related prosthesis
loosening.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Once upon the stimulation of RANKL, a member of the tumor
necrosis factor (TNF) family cytokines [6] that interacts with the

Bone is a rigid yet dynamic organ. Osteoblast-induced bone for-
mation and osteoclast-mediated bone resorption together main-
tain the metabolic balance. Disorders between osteoclasts and
osteoblasts result in various skeletal diseases such as osteoporosis
and osteopetrosis [1,2]. Osteoclasts are multinucleated cells differ-
entiated from hematopoietic precursor cells of the monocyte/mac-
rophage lineage [3]. Two primary cytokines, macrophage colony
stimulation factor (M-CSF) and receptor activator of NF-kB ligand
(RANKL) are critical in maintaining osteoclasts survival and differ-
entiation. Specifically, M-CSF plays crucial role in the survival and
proliferation of osteoclast precursors [4], while RANKL engages in
the entire processes of osteoclasts differentiation and bone resorp-
tion [5].
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receptor RANK, tumor necrosis factor receptor (TNFR)-associated
factors 6 (TRAF6) binds closely to the membrane [7,8] and evokes
the activation of a series of cascades, such as nuclear factor kB (NF-
KkB) and mitogen-activated protein kinases (MAPKs) pathway [9-
11], including extracellular signal-regulated kinase (ERK), c-Jun-
N-terminal kinase (JNK), and p38 [12]. These signaling pathways
ultimately lead to induction and activation of the nuclear factor
of activated T cells c1 (NFATc1) [13], a master transcription factor
for osteoclast differentiation [14,15].

To discover new types of anti-resorptive agents, we screened for
natural compounds that regulate osteoclast differentiation. In our
screening, we have found that Schisantherin A has strong inhibi-
tory effects on osteoclast formation in vitro. Schisantherin A, a dib-
enzocyclooctadiene lignan isolated from the fruit of Schisandra
sphenanthera, has been used as an antitussive, tonic, and sedative
agent under the name of Wuweizi in Chinese traditional medicine
[16]. However, its beneficial effects on bone metabolism have not
previously been evaluated. In the present study, we investigated
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the effects of SA on osteoclast differentiation and function, RANKL-
induced signaling pathways, and bone resorption in an in vivo
model.

2. Materials and methods
2.1. Media and reagents

Schisantherin A was purchased from Shanghai Haoran Biologic
Technology Co., Ltd (Shanghai, China). Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were obtained from
Invitrogen-Gibco (Grand Island, NY, USA). The Cell Counting Kit-8
(CCK-8) was obtained from Dojindo Molecular Technology (Japan).
Soluble mouse recombinant macrophage colony-stimulating factor
(M-CSF) and RANKL were purchased from Peprotech (USA). Tar-
trate-resistant acid phosphatase (TRAP) staining solution was from

Cell viability relative to control

Derived from RAW264.7

Sigma-Aldrich (St Louis, MO, USA). Phosphorylated-IkBoa and
MAPKSs (anti-ERK1/2, anti-]NK, and anti-p38) mouse or rabbit anti-
bodies were purchased from Cell Signaling Technology (Beverly,
MA, USA).

2.2. Cell culture

Bone marrow-derived macrophages (BMMs) were harvested as
previously described [17,18]. Generally, bone marrow cells were
extracted from the femur or tibia of a 4-week-old C57/BL6 mouse
and incubated in culture medium plus 30 ng/mL M-CSF. Wash the
culture plates before replace medium to eliminate residual stromal
cells. Harvest the adhered cells on the bottom of the dish as BMMs.
The complete cell culture medium was DMEM with 10% FBS, pen-
icillin (100 units/mL), and streptomycin (100 pg/mL). The cells
were maintained in a humidified atmosphere of 95% air and 5%
CO, at 37 °C.
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Fig. 1. SA inhibited RANKL-induced osteoclast formation and function in a dose-dependent manner without cytotoxicity. (A) Structure of SA. (B) BMMs were treated with
various concentrations of SA for 48 h, and cell viability was measured by using the CCK8 assay. (C) BMMs were treated with 20 uM SA for the indicated times, and cell viability
was measured by using the CCK8 assay. (D) RAW264.7 cells were treated with various concentrations of SA followed by RANKL (100 ng/mL) stimulation for 5 days. Then, cells
were subjected to TRAP staining. (E) Multinucleated osteoclasts were counted. (F) BMMs were treated with various concentrations of SA followed by M-CSF (30 ng/mL) and
RANKL (100 ng/mL) stimulation for 5 days. Then, cells were subjected to TRAP staining. (G) Multinucleated osteoclasts were counted. (H) BMMs were plated on bone slices
and cultured with or without M-CSF (30 ng/mL) and RANKL (100 ng/mL). Four days later, cells were cultured in the presence of the indicated concentrations of SA for another
four days. Bone resorption pits on bone slices were then examined by scanning electron microscopy. (I) The bone resorptive pit areas formed by osteoclasts were analyzed and
processed using the Image pro-plus system. Resorptive areas are expressed as mean + SD. *p < 0.05 and **p < 0.01 versus controls.
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Fig. 2. SA suppresses RANKL-induced osteoclast specific gene expression. (A) BMMs
were cultured with or without M-CSF (30 ng/mL), RANKL (100 ng/mL) and 20 uM
SA for 0, 1, 2 or 3 days. RANKL-induced gene expression was detected by real-time
PCR assay. (B) BMMs were cultured with M-CSF (30 ng/mL), RANKL (100 ng/mL)
and indicated concentrations of SA. RANKL-induced gene expression was detected
by real-time PCR assay. Expression levels were normalized relative to the
expression of B-actin. The results are expressed as mean+SD. *p <0.05 and
**p <0.01 versus controls.

2.3. Cell viability assay

The effect of SA on cell viability of BMMs and RAW264.7 cells
was detected via the Cell Counting Kit-8 (CCK-8; Dojindo Laborato-
ries, Kumamoto, Japan). Briefly, cells were pretreated with indi-
cated doses of SA for 48 h, or with indicated days under 20 uM
SA, followed by addition of 10 pL CCK-8 solution to each well. After
4 h incubation, absorbance was measured at 450 nm using a
microplate reader. The effect of SA on cell viability was expressed
as percent cell viability, with vehicle-treated control cells set at
100%.

2.4. In vitro osteoclastogenesis assay

In vitro osteoclastogenesis assays were preformed to examine
the effects of SA on osteoclast differentiation from both BMMs
and raw264.7 cell line. BMMs were plated in the 96-well plates
at a density of 6 x 10° cells/well in triplicate and treated with var-
ious concentrations of SA (0, 2.5, or 20 pM) plus M-CSF (30 ng/mL)
and RANKL (100 ng/mL). Meanwhile, raw264.7 cells were plated in
the 96-well plates at a density of 2 x 10 cells/well in triplicate and
treated with various concentrations of SA (0, 2.5, or 20 uM) plus
RANKL (100 ng/mL). After five days, cells were fixed and stained
for TRAP activity. TRAP+ multinucleated cells with more than five
nuclei were counted as osteoclasts.

2.5. Bone resorption assay

For bone resorption assay, BMMs at 6 x 103 cells/well were
seeded on bone slices in 96-well plates and stimulated with M-CSF

(30 ng/mL) and RANKL (100 ng/mL). Four days later, pre-osteoclasts
were treated with various concentrations of SA for another four
days. Bone slices were then fixed with 2.5% glutaraldehyde and
imaged using a scanning electron microscope (SEM; FEI Quanta
250). Pit areas were quantified and analyzed. The experiments were
repeated at least three times.

2.6. Real-time polymerase chain reaction analysis

Total RNA was extracted from BMMs by using the RNeasy Mini
Kit (Qiagen, Valencia, CA, USA). cDNA was synthesized from total
RNA using reverse transcriptase (TaKaRa Biotechnology, Otsu,
Japan), and amplified using polymerase chain reaction (PCR). Real-
time PCR was performed using the SYBR Premix Ex Tag kit (TaKaRa
Biotechnology) and the ABI 7500 Sequencing Detection System
(Applied Biosystems, Foster City, CA, USA). The detector was
programmed with the following PCR conditions: 40 cycles of 5-s
denaturation at 95 °C and 34-s amplification at 60 °C. All reactions
were run in triplicate and were normalized to the housekeeping gene
B-actin. Primers for osteoclastogenic genes used in this study were
as follows: mouse B-actin: forward, 5'-tttgatgtcacgcacgatttcc-3’
and reverse, 5'-tgtgatggtgggaatgggtcag-3’'; mouse TRAP: forward,
5'-ctggagtgcacgatgccagegaca-3’ and reverse, 5'-tccgtctcggegatggac-
caga-3’; mouse CTSK: forward, 5’-cttccaatacgtgcagcaga-3’' and
reverse, 5’-acgcaccaatatcttgcacc-3’; mouse OSCAR: forward, 5'-aggg
aaacctcatccgtttg-3’ and reverse, 5'-gagccggaaataaggcacag-3’; mouse
c-Src: forward, 5'-ccaggctgaggagtggtact-3’ and reverse, 5'-cagcttgc
ggatcttgtagt-3’; mouse NFATc1: forward, 5'-ccgttgcttccagaaaataa
ca-3’ and reverse, 5'-tgtgggatgtgaactcggaa-3'.

2.7. Western blot analysis

Cells treated for the indicated time with various concentrations
of SA were washed with cold PBS and lysed with RIPA buffer plus
PMSF. Cell lysates were centrifuged at 12,000 rpm for 10 min,
and supernatants were collected as samples. Protein (30 pg) was
separated on 10% SDS-PAGE and transferred to PVDF membranes.
The membranes were blocked with 5% skim milk in TBST contain-
ing 0.05% Tween-20 and probed successively with mouse anti-
phospho-IkBa, phospho-JNK, JNK, phospho-p38, p38, phospho-
ERK, ERK, NFATc1 and B-actin overnight at 4 °C. Horseradish perox-
idase-conjugated rabbit anti-mouse IgG antibodies were used as
secondary antibodies for 1 h at room temperature. The signals
were detected by exposure in an Odyssey infrared imaging system
(LI-COR).

2.8. Luciferase reporter gene activity assay

The effect of SA on RANKL-induced NF-kB activation was mea-
sured using raw264.7 cells that had been stably transfected with
an NF-xB luciferase reporter construct, as previously described
[19,20]. Briefly, cells were seeded into 48-well plates and main-
tained in cell culture media for 24 h. Then, cells were pretreated
with or without indicated concentrations of SA for 1h followed
by addition of RANKL (100 ng/mL) for 8 h. Luciferase activity was
measured using the Promega Luciferase Assay System (Promega,
Madison, WI, USA), and normalized to that of the vehicle control.

2.9. Calvarial osteolysis model and staining

All animal experiments were conducted in accordance with
principles and procedures approved by the Central South Univer-
sity. A mouse calvaria model to determine the effects of Ti particle
exposure was described previously [21]. Briefly, 12 healthy 6-8-
weeks C57/BL6 mice were randomly assigned to two groups, Ti
particles with PBS, and Ti particles with SA (30 mg kg™! day™).
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Fig. 3. SA blocks RANKL-induced activation of NF-kB and MAPKs (ERK/JNK) signaling pathways. (A) SA suppresses RANKL-induced IkBo phosphorylation and degradation.
BMM cells were incubated with or without SA (20 uM) for 4h and then treated with or without RANKL (100 ng/mL) for 10 min. Cell lysates were prepared for
immunoblotting with antibodies as indicated. (B) SA inhibits RANKL-induced NF-kB-dependent luciferase reporter gene expression. After transfection of the NF-kB-luciferase
reporter gene in RAW264.7 cells, the cells were incubated with the indicated concentrations of SA for 24 h and then stimulated with 100 ng/mL of RANKL for another 24 h.
Cell supernatants were collected and assayed for luciferase activity as described in the Section 2. (C) SA inhibits the phosphorylation of MAPKs (JNK and ERK) induced by
RANKL. BMM cells were incubated with or without SA (20 uM) for 4 h and then treated with or without RANKL (100 ng/mL) for 10 min. Cell lysates were prepared for
immunoblotting with antibodies as indicated. (D) SA inhibits RANKL-induced c-Fos and NFATc1 expression. BMMs were cultured with M-CSF (30 ng/mL) and RANKL (100 ng/
mL) at indicated concentrations and time of SA. RANKL-induced gene expression was detected by real-time PCR. Expression levels were normalized relative to the expression
of B-actin. The results are expressed as mean + SD. *p < 0.05 and **p < 0.01 versus controls.

The mice were anesthetized, the cranial periosteum was separated
from the calvarium by sharp dissection, and 3 mg of Ti particles
were placed directly on the surface of the bone. Mice in the Ti SA
group were injected intraperitoneally with SA 30 mg kg™! day™!
for 10 days. Mice in the Ti PBS group received PBS daily. At the
end of treatment the mice were killed and the calvaria excised,
fixed with 4% formaldehyde overnight, and then the calvaria were
decalcified in EDTA and histological sections were prepared, fol-
lowed by staining with hematoxylin and eosin (H&E), and TRAP
stain (Sigma) according to the manufacturer’s instructions.

2.10. Statistical analysis

All values are presented as the mean + standard deviation (SD)
of the values obtained from three or more experiments. Statistical
significances were determined by Student’s t-test. A value of
p < 0.05 was considered significant.

3. Results
3.1. Effect of SA on cell viability

BMMs cells were treated with various concentrations of SA for
48 h, and cell viability was assessed with the CCK-8 assay kit. SA
had no cytotoxic effects on BMMs at concentrations less than
20 uM compared with the control treatment (Fig. 1B). Further-
more, 20 tM SA was chosen for subsequent cytotoxic analysis for

longer periods. As shown in Fig. 1C, during the whole culture per-
iod of four days, SA had no inhibitory effect on BMM proliferation.
The same effect of SA on raw264.7 cells viability was also detected
(data not shown here).

3.2. Effect of SA on osteoclast differentiation in RANKL-stimulated
BMMs and RAW264.7 cells

To determine the effect of SA on osteoclast differentiation, we
treated both primary BMMs and raw264.7 cells with various con-
centrations of SA in the presence of RANKL. Mature multinucleated
TRAP-positive osteoclasts were seen in RANKL group. However, SA
greatly retarded osteoclast differentiation from both primary
BMMs and raw264.7 cells in a dose-dependent manner
(Fig. 1D-G). These data suggest that SA effectively suppresses
number of osteoclasts, and that SA may be a potent inhibitor of
osteoclastogenesis.

3.3. Effect of SA on osteoclastic bone resorption in vitro

We next investigated whether SA could inhibit osteoclastic
bone resorption in vitro. Osteoclast precursors were plated on bone
slices and treated with the indicated concentrations of SA. As
shown in Fig. 1H, bone resorption area substantially reduced in
the SA-treated group. Osteoclastic bone resorption was almost
completely abrogated after treatment with 20 uM SA (Fig. 11). Col-
lectively, these findings suggested that SA impaired osteoclast
bone resorption in vitro.
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Fig. 4. SA prevented Ti particle-induced osteolysis by inhibiting osteoclast activity. (A) Calvaria were fixed, decalcified, dehydrated, embedded, and sectioned. Sections were
stained with H&E and TRAP. (B) Area of osteolysis (mm?), and (C) Number of osteoclasts were analyzed. Asterisks indicate statistically significant differences (* p < 0.05;
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3.4. SA suppressed osteoclastic gene expression in vitro

To further confirm the inhibitory effect of SA on osteoclast dif-
ferentiation, osteoclastic gene expression profile was investigated.
As shown in Fig. 2A, the expression of osteoclastic specific genes
was gradually induced during osteoclastogenesis, including TRAP,
Cts K, OSCAR, and c-Src. However, the induction of these genes
was suppressed dramatically by the presence of SA. In addition,
we further confirmed that SA dose-dependently suppressed osteo-
clast differentiation, evidenced by the suppression of these osteo-
clast specific genes at 2.5 uM and 20 uM respectively (Fig. 2B).
Collectively, these data supported the inhibition on osteoclast for-
mation by SA.

3.5. Effect of SA on NF-xB and MAPKs activation

The activation of NF-xB is critical for RANKL-induced osteo-
clastogenesis [22]. NF-xB is inactive in the cytosol because it is
bound to IkxB, and becomes active after IkB has been phosphory-
lated and subsequently degraded [23]. Thus, we investigated
whether SA inhibits phosphorylation and degradation of IkB.
Accordingly, BMMs were pretreated for 4 h with SA, and phosphor-
ylated-IkBa protein levels were determined after 10 min of further
exposure to RANKL (100 ng/mL). SA was found to significantly sup-
press RANKL-induced phosphorylation and degradation of IkBo
(Fig. 3A). Furthermore, the inhibitory effects of SA on NF-kB activa-
tion were further supported by luciferase assays. The transcrip-
tional activity of NF-xB increased dramatically following
treatment with RANKL. However, SA inhibited NF-kB activity in a
concentration-dependent manner (Fig. 3B).

Besides the NF-kB signaling pathway, activation of the MAPKs
pathway plays a pivotal role in osteoclastogenesis [19,24]. To eval-
uate the effects of SA on MAPKs following the stimulation of
RANKL in BMMs, we examined the phosphorylation of p38, JNK,
and ERK by western blot analysis. Our results showed that SA sig-
nificantly inhibited RANKL-induced phosphorylation of JNK and
ERK, while had no inhibitory effect on p38 phosphorylation
(Fig. 3C). These results indicated that SA could inhibit RANKL-
induced activation of MAPKs in osteoclasts.

3.6. Effects of SA on RANKL-induced NFATc1 expression

NFATc1 is a well-known master regulator of osteoclastogenesis
and osteoclast function [25]. NF-xB and MAPK pathways are the
two main activators that can regulate the NFATc1 promoter and
NFATc1 expression [19,26]. NF-kB induces the initial induction of
NFATc1, the expression of which is auto-amplified by NFATc1
binding to its own promoter in cooperation with c-Fos [27,28].
To determine whether SA regulates the expression of NFATc1 by
inhibiting the NF-xkB and MAPK signaling pathways, we examined
the expression of c-Fos and NFATc1 at the mRNA level. Both c-Fos
and NFATc1 were increased when cells were exposed to RANKL,
whereas SA abrogated the RANKL-induced increases in c-Fos and
NFATc1 at the mRNA level throughout the experimental period
(Fig. 3D), suggesting that SA can suppress RANKL-induced NFATc1
expression. To further confirm that SA inhibited NFATc1 expres-
sion, we examined various concentrations and demonstrated that
SA suppressed NFATc1 expression in dose dependent manner
(Fig. 3D). Taken together, our results indicate that SA suppresses
RANKL-induced NFATc1 expression in osteoclastogenesis and thus
inhibits RANKL signaling pathway.
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3.7. Therapeutic effects of SA on Ti particle-induced osteoclastic bone
resorption in vivo

The effect of SA on in vivo bone lysis was examined in a murine
calvaria model. Histological analysis showed that an intense
inflammatory infiltrate with associated osteolysis after the implan-
tation of Ti particles on mouse calvaria. Fibrous tissue laden with Ti
particles and osteolysis were clearly seen in H&E stained tissue
sections. As shown in Fig. 4A, Ti particles injected without any sub-
sequent intervention (Ti-PBS) induced pronounced bone resorp-
tion. According to the histomorphometric analysis the average
bone area of Ti particle implanted mice was significantly rescued
by the treatment with SA (Fig. 4B). To determine whether Ti parti-
cles induce osteoclastogenesis in the calvaria and whether SA sup-
presses osteolysis, the results of histological TRAP staining were
analyzed. A typical TRAP staining experiment is shown in Fig. 4B,
in which TRAP+ cells are seen to have accumulated along the
bone-membrane interface in Ti particle implanted calvaria.

4. Discussion

Excessive bone resorption plays a critical role in pathologic
bone diseases [29]. Thus, inhibiting osteoclast activity could be a
promising choice in the treatment for osteoclast-related diseases.
Presently, we examined the effect of SA on osteoclasts formation
from both BMMs and raw264.7 cell ling. Osteoclasts derived from
BMMs or raw264.7 cells under the activation of RANKL [30,31]. Our
results showed that SA inhibited RANKL-induced osteoclastogene-
sis without cytotoxicity.

Osteoclasts derive from monocyte-macrophage lineages [32].
Mature osteoclasts are characterized by the specific phenotypic
markers expression, such as TRAP, OSCAR, c-Src, and CtsK, as well
as multinucleated cells and the capability of bone resorption [9].
Our research demonstrated that SA dose-dependently reduced
RANKL-induced maker genes expression.

NF-kB signaling plays a critical role in RANKL-induced osteo-
clast formation and function [25]. The classical NF-kB signaling
pathway involves the IKK complex activation, which phosphory-
lates IxBa and leads to degradation [26]. This present study dem-
onstrated that SA inhibited phosphorylation and degradation of
IxBa, resulting in decreased NF-xB transactivation. These results
showed that inhibition of the NF-xB pathway is one of the mech-
anisms involved in the anti-osteoclastogenic effect of SA.

Previous research has reported that RANKL-activated MAPKs
(JNK, ERK and p38) signaling was associated with osteoclastogene-
sis [9,12]. Specifically, ERK is known to induce c-Fos for osteo-
clastogenesis, and inhibition of ERK has been shown to decrease
osteoclast formation [33]. Meanwhile, dominant-negative JNK pre-
vents RANKL-induced osteoclastogenesis [19], while p38 is impor-
tant in the early stages of osteoclast generation because it
regulates the microphthalmia-associated transcription factor
[34]. Our present study evaluated the effects of SA on MAPKs sig-
naling pathway and found that SA inhibited the phosphorylation
of ERK and JNK while had no significant inhibition on p38 signal-
ing. These results indicated that phosphorylation of MAPKs (JNK/
ERK) may contribute to the anti-osteoclastogenic effect of SA. In
addition, in vitro results further verified the bone protective role
of SA on osteolysis model, which was consistent with attenuated
bone loss and reduced osteoclast numbers.

Taken together, this present study demonstrated that SA inhib-
ited osteoclast formation and bone resorption in vitro. SA also
reduced the RANKL-induced osteoclastic marker genes expression.
Furthermore, SA attenuated RANKL-induced NF-xB and MAPKs
(ERK, JNK) activation, thus suppressed NFATc1 expression. In addi-

tion, our in vitro results further verified the bone protective role of
SA on osteolysis model. However, further investigation of SA on
other cells within bone is still required.
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