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Bone resorption is the unique function of osteoclasts (OCs) and is critical for both bone homeostasis and
pathologic bone diseases including osteoporosis, rheumatoid arthritis and tumor bone metastasis. Thus,
searching for natural compounds that may suppress osteoclast formation and/or function is promising for
the treatment of osteoclast-related diseases. In this study, we for the first time demonstrated that dioscin

K‘?J’W‘?Tds-' suppressed RANKL-mediated osteoclast differentiation and bone resorption in vitro in a dose-dependent
g“’sc“} manner. The suppressive effect of dioscin is supported by the reduced expression of osteoclast-specific
Oztzgfyzfst markers. Further molecular analysis revealed that dioscin abrogated AKT phosphorylation, which subse-

quently impaired RANKL-induced nuclear factor-kappaB (NF-xB) signaling pathway and inhibited
NFATc1 transcriptional activity. Moreover, in vivo studies further verified the bone protection activity
of dioscin in osteolytic animal model. Together our data demonstrate that dioscin suppressed
RANKL-induced osteoclast formation and function through Akt signaling cascades. Therefore, dioscin is
a potential natural agent for the treatment of osteoclast-related diseases.

© 2013 Elsevier Inc. All rights reserved.

AKT cascades

1. Introduction Dioscin is a natural product derived from medicinal plants such

as Dioscorea nipponica Makino and Dioscorea zingiberensis Wright

Bone is a rigid yet dynamic organ that is continuously shaped
and repaired [1]. The delicate balance between osteoblastic bone
formation and osteoclastic bone resorption is necessary for bone
metabolic homeostasis. Excessive osteoclast formation and bone
resorption can cause adult skeletal diseases including osteoporosis,
rheumatoid arthritis, multiple myeloma and tumor bone metasta-
sis [2].

The formation of functional osteoclasts requires two key mole-
cules, monocyte/macrophage-colony stimulating factor (M-CSF)
and the receptor activator of nuclear factor kB (NF-xB) ligand
(RANKL) [3]. RANKL is crucial for osteoclast function by binding
to its receptor RANK and thereby activating downstream signaling
cascades including the NF-kB pathway, Src/phosphatidylinositide
(PI) 3-kinase/Akt axis, mitogen activated protein kinases (MAPK)
signaling pathway and so on[4]. Previous literatures demonstrated
blockage of key RANKL signalings are potential for the treatment of
osteoclast-related diseases.
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[5,6]. Pharmacological researches have demonstrated that dioscin
has anti-inflammatory, lipid-lowering, anti-tumor and hepatopro-
tective properties [7-9]. It has also been widely used as an impor-
tant raw material for the synthesis of steroid hormone drugs such
as cortisone [10]. However, to the best of our knowledge, the
effects of dioscin on bone biology is yet unknown. Therefore, this
study aims to investigate the pharmacological effects of dioscin
on osteoclast in vitro and in vivo.

2. Materials and methods
2.1. Media and reagents

Dioscin was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Alpha-MEM, foetal bovine serum (FBS), and penicillin were
purchased from Gibco BRL (Gaithersburg, MD, USA). Soluble mouse
recombinant M-CSF and RANKL were purchased from R&D Systems
(USA). Tartrate-resistant acid phosphatase (TRAP) staining solution
was from Sigma-Aldrich. The Cell Counting Kit-8 (CCK-8) was
obtained from Dojindo Molecular Technology (Japan). Primary
antibodies targeting B-actin, phospho-IkBa, IkBa, phospho-AKT,
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AKT, phospho-ERK, ERK, phospho-]JNK, JNK, phospho-p38, p38 and
NFATc1 were purchased from Cell Signaling Technology (CST,
Danvers, MA, USA).

2.2. Cell viability assay

The anti-proliferative effect of dioscin on BMMs cells was as-
sessed with a cell counting kit-8 (CCK-8, Dojindo Laboratories,
Kumamoto, Japan). Briefly, after treatment, 10 ul CCK-8 solution
was added to each well; after 4 h incubation, absorbance was mea-
sured at 450 nm using a microplate reader. The effect of dioscin on
cell viability was expressed as percent cell viability with vehicle-
treated control cells set at 100%.

2.3. In vitro osteoclastogenesis assay

In vitro osteoclastogenesis assays were preformed to examine
the effects of dioscin on osteoclast differentiation. Bone marrow
macrophages (BMM) cells were prepared as previously described
[11-14]. Briefly, cells extracted from the femur and tibiae of a
6-week-old C57/BL6 mouse were incubated in complete cell cul-
ture media and 30 ng/mL M-CSF in a T-75 cm? flask for prolifera-
tion. When changing the medium, the cells were washed in order
to deplete residual stromal cells. After reaching 90% confluence,
cells were washed with phosphate-buffered saline (PBS) three
times and trypsinised for 30 min to harvest BMMs. Adherent cells
on dish bottoms were classified as BMMs; these BMMs were plated
in the 96-well plates at a density of 8 x 10 cells/well in triplicate
and incubated in a humidified incubator containing 5% CO, at 37 °C
for 24 h. The cells were then treated with various concentrations of
dioscin (0, 1, or 4 pM) plus M-CSF (30 ng/mL) and RANKL (50 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.

2.4. Resorption pit assay

For the bone resorption assay were carried out as previously de-
scribed [15,16], BMMs were seeded on bone slices in 96-well plates
at a density of 8 x 102 cells/well with three replicates and stimu-
lated with M-CSF (30 ng/mL) plus RANKL (50 ng/mL). Three days
later, cells were treated with the indicated concentrations of
dioscin for 48 h post-culture. Cells were then fixed with 2.5%
glutaraldehyde. Bone slices were imaged using a scanning electron
microscope (SEM; FEI Quanta 250) with 200x magnification and at
10 kV. Three view fields were randomly selected for each bone
slice for further analysis. Pit areas were quantified using Image ]
software (National Institutes of Health). Similar independent
experiments were repeated for at least three times.

2.5. Western blot analysis

BMMS cells were seeded at 5 x 10> cells/well into 6-well plates
and pretreated with or without dioscin (4 uM) for 4 h prior to
RANKL stimulation (50 ng/mL) for the indicated times (0, 5, 15 or
30 min). BMMs were seeded at 5 x 10° cells/well into 6-well plates
and treated with or without dioscin (4 uM) and RANKL (50 ng/mL)
for the indicated times. Cells were lysed in RIPA lysis buffer
containing 50 mM Tris-HCI, 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100, 1 mM sodium fluoride, 1 mM sodium vanadate, 1% deoxy-
cholate, and protease inhibitor cocktail. The lysate was centrifuged
at 12,000 rcf for 10 min, and the protein in the supernatant was
collected. Protein concentrations were measured though BCA
assay. Thirty micrograms of each protein lysate was resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using 8-10% gels, and proteins were then transferred to

polyvinylidene difluoride membranes (Millipore, Bedford, MA,
USA). Nonspecific interactions were blocked with 5% skim milk
for 1 h, and membranes were then probed with the indicated pri-
mary antibodies overnight at 4 °C as indicated. Membranes were
incubated with the appropriate secondary antibodies conjugated
with IRDye 800CW (molecular weight, 1166 Da), and the antibody
reactivity was detected by exposure in an Odyssey infrared imag-
ing system (Li-COR).

2.6. Luciferase reporter gene activity assay

The effects of dioscin on RANKL-induced NF-kB activation were
measured using RAW264.7 cells that had been stably transfected
with an NF-xB luciferase reporter construct, as previously de-
scribed [14,17]. Briefly, cells were seeded into 48-well plates and
maintained in cell culture media for 24 h. Cells were then pre-
treated with or without the indicated concentrations of dioscin
for 1 h, followed by addition of RANKL (50 ng/mL) for 8 h. Lucifer-
ase activity was measured using the Promega Luciferase Assay
System (Promega, Madison, WI, USA) and normalised to that of
the vehicle control. Similarly, the effect of dioscin on RANKL-
induced AP-1- or NFATc1-dependent luciferase reporter assays
was determined as described previously [18,19].

2.7. Quantitative PCR analysis

For real-time PCR, 10 x 10* BMMs were seeded in each well of a
24-well plate and cultured in complete medium containing o~
MEM, 10% FBS, 100 U/mL penicillin, M-CSF (30 ng/mL), and RANKL
(50 ng/mL). Cells were then treated with or without dioscin (4 tM)
for the indicated times. Total RNA was prepared using an RNeasy
Mini kit (Qiagen, Valencia, CA, USA) according to the manufac-
turer’s instructions, and cDNA was synthesised from 1 pg of total
RNA using reverse transcriptase (TaKaRa Biotechnology, Otsu,
Japan). Real-time PCR was performed using the SYBR Premix Ex
Tag kit (TaKaRa Biotechnology) and an ABI 7500 Sequencing Detec-
tion System (Applied Biosystems, Foster City, CA, USA). The detec-
tor was programmed with the following PCR conditions: 40 cycles
for 5s denaturation at 95 °C and 34 s amplification at 60 °C. All
reactions were run in triplicate and were normalised to the house-
keeping gene B-actin. The following primer sets were used as
previously described [20,21]: mouse B-actin: forward, 5-TCT
GCTGGAAGGTGGACAGT-3’ and reverse, 5-CCTCTATGCCAACA
CAGTGC-3’; mouse NFATc1: forward, 5'-CCGTTGCTTCCAGAAAATA
ACA-3' and reverse, 5-TGTGGGATGTGAACTCGGAA-3’; mouse
TRAP: forward, 5-CTGGAGTGCACGATGCCAGCGACA-3' and re-
verse, 5-TCCGTGCTCGGCGATGGACCAGA-3’; mouse cathepsin K:
forward, 5'-CTTCCAATACGTGCAGCAGA-3' and reverse, 5'-TCTTCA
GGGCTTTCTCGTTC-3’; mouse CTR: forward, 5-TGCAGACAACT
CTTGGTTGG-3’ and reverse, 5'-TCGGTTTCTTCTCCTCTGGA-3'.

2.8. In vivo experiments

The Animal Care and Experiment Committee of Shanghai Jiao
Tong University School of Medicine approved all experimental pro-
cedures, and the study was carried out according to the guidelines
for Ethical Conduct in the Care and Use of Nonhuman Animals in
Research by the American Psychological Association. Mice were in-
jected intraperitoneally dioscin (5 mg/kg body weight) or PBS as
control 1 day before injection of LPS (5 pg/g body weight). dioscin
or PBS was injected intraperitoneally every other day for 8 days.
LPS was injected intraperitoneally on days 1 and 4. All mice were
sacrificed 8 days after the initial LPS injection and the femurs were
dissected and fixed in 4% paraformaldehyde (Sigma-Aldrich, St.
Louis, MO) for 1 day at 4 °C and were then decalcified in 12% EDTA.
Decalcified bones were paraffin-embedded and sectioned. For
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Fig. 1. Dioscin inhibited RANKL-induced osteoclast formation and bone resorption in a concentration-dependent manner without any cytotoxicity. (A) Viability of dioscin-
treated BMM s cells. (B) The half-maximal inhibitory concentration (ICsq) of dioscin was 9.004 M. (C) Bone marrow-derived monocytes/macrophages (BMMs) were treated
with various concentrations of dioscin followed by M-CSF (30 ng/mL) and RANKL (50 ng/mL) stimulation for five days. Cells were then fixed with 4% PFA and subjected to
TRAP staining. (D) BMM-derived pre-osteoclasts were stimulated with M-CSF (30 ng/mL) and RANKL (50 ng/mL for three days. Later, cells were cultured in the presence of the
indicated concentrations of dioscin with M-CSF (30 ng/mL) and RANKL (50 ng/mL) for another 48 h. SEM images of bone resorption pits are shown. (E) TRAP-positive
multinuclear cells were counted. (F) Resorption pit areas were measured using Image ] and are presented graphically. All experiments were carried out at least three times,
and the significance was determined by Student-Newman-Keul’s tests (*P < 0.05; **P < 0.01).
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Fig. 2. Dioscin suppressed RANKL-induced expression of osteoclast-specific genes. (A) BMMs were cultured with M-CSF (30 ng/mL) and RANKL (50 ng/mL), with or without
4 uM dioscin, for 0, 1, 3, or 5 days. Osteoclast-specific gene expression (TRAP, CTR, Cts k, and NFATc1) was analysed by real-time PCR, and results were normalised to the
expression of -actin. (B) BMMs were cultured with M-CSF (30 ng/mL) and RANKL (50 ng/mL), with indicated concentrations of dioscin for 5 days. Osteoclast-specific gene
expression (TRAP, CTR, Cts k, and NFATc1) was analysed by real-time PCR, and results were normalised to the expression of B-actin. All experiments were performed at least

three times (*P < 0.05; **P < 0.01).

histologic examination, sections were stained with hematoxylin
and eosin (H&E), and another section was stained with TRAP to
identify osteoclasts on the bone surface. Parameters for the per-
centage osteoclast surface per bone surface (OcS/BS, %), number
of osteoclasts per field of tissue, as well as the microstructural indi-
ces of trabecular bone density (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), and trabecular space (Tb.Sp)
were measured to assess the trabecular bone microstructure of
the femurs were quantified by using the Image Pro-Plus program,
version 4.0 (Media Cybernetics, Silver Spring, MD).

2.9. Statistical analysis

All values are presented as the mean + standard deviation (S.D.)
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. Dioscin does not inhibit BMMs proliferation at low concentrations

After 48-h culture, a CCK-8 proliferation assay showed that dios-
cin did not affect BMMs cell proliferation at concentrations 4 M
(Fig. 1A). Dioscin partially suppressed cell proliferation at concentra-
tions >8 pM. The calculated ICsq for dioscin was 9.004 M (Fig. 1B).
In order to exclude dioscin-mediated cytotoxicity, non-lethal con-
centrations (<4 puM) were used in subsequent experiments.

3.2. Dioscin inhibits RANKL-induced osteoclast formation and bone
resorption in vitro

To investigate the effects of dioscin on osteoclastogenesis,
BMMs were treated with various concentrations of dioscin during
the course of osteoclast formation. As shown in Fig. 1C, the control
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Fig. 3. Dioscin inhibited RANKL-induced activation of NF-kB/NFATc1 and AKT signaling pathways. (A) RAW264.7 cells were seeded at 5 x 10° cells/well in 6-well plates and
pretreated with or without dioscin (4 pM) for 4 h prior to RANKL stimulation (50 ng/mL) for the indicated times. Cells were lysed for Western blotting with specific antibodies
against phospho-IxBa, IkBa, phospho-AKT, AKT and actin. (B) Stably transfected RAW264.7 cells with an NF-kB luciferase reporter construct were seeded in 48-well plates and
maintained in the cell culture media for 24 h. The cells were then pretreated with or without the indicated concentrations of dioscin for 1 h, followed by addition of RANKL (50 ng/
mL) for 8 h. NF-xB luciferase activity was measured. (C) RAW264.7 cells were seeded at 5 x 10° cells/well in 6-well plates and treated with or without dioscin (4 uM) for the
indicated days. Cells were lysed for Western blotting with specific antibodies against NFATc1 and actin. (D) Stably transfected RAW264.7 cells with an NFATc1 luciferase reporter
construct were seeded in 48-well plates and maintained in the cell culture media for 24 h. The cells were then pretreated with or without the indicated concentrations of dioscin
for 1 h, followed by addition of RANKL (50 ng/mL) for 24 h. NFATc1 luciferase activity was measured. (E) RAW264.7 cells were seeded at 5 x 10° cells/well in 6-well plates and
pretreated with or without dioscin (4 pM) for 4 h prior to RANKL stimulation (50 ng/mL) for the indicated times. Cells were lysed for Western blotting with specific antibodies
against phospho-ERK, ERK, phospho-]NK, JNK, phospho-p38 and p38. (F) Stably transfected RAW264.7 cells with an AP-1 luciferase reporter construct were seeded in 48-well
plates and maintained in the cell culture media for 24 h. The cells were then pretreated with or without the indicated concentrations of dioscin for 1 h, followed by addition of
RANKL (50 ng/mL) for 24 h. AP-1 luciferase activity was measured. All experiments were performed at least three times (*P < 0.05; **P < 0.01).

group formed numerous TRAP-positive multinucleated osteoclasts. investigated by realtime PCR. As shown in Fig. 2A, the expression

In contrast, the formation of osteoclasts was inhibited after dioscin
treatment, especially at the 4 uM concentration (Fig. 1C). This is
further supported by statistical analysis of the number of osteo-
clasts formed, where the control group formed 172 £ 26.8 osteo-
clasts per well, but only 61+ 11.3 osteoclasts per well in the
4 uM concentration group (Fig. 1E).

Since dioscin inhibited osteoclast formation, we next investi-
gated whether dioscin could impair osteoclastic bone resorption
in vitro. As shown in Fig. 1D, dioscin treatment substantially re-
duced osteoclastic bone resorption area. Osteoclastic bone resorp-
tion was almost completely abrogated after being treated with
4 puM dioscin (Fig. 1F). Collectively, these findings suggested that
dioscin impaired osteoclast formation and bone resorption in vitro.

3.3. Dioscin suppressed osteoclastic gene expression in vitro

To further confirm the inhibitory effect of dioscin on osteo-
clast differentiation, osteoclastic gene expression profile was

of osteoclastic specific genes was gradually induced during osteo-
clastogenesis, including TRAP, CtsK and CTR. What's more,
NFATc1 reached its peak at the mid-phrase of osteoclast differen-
tiation. However, the induction of these genes was suppressed
dramatically by the presence of dioscin. In addition, dioscin
dose-dependently suppressed these osteoclast specific genes
(TRAP, Cts K, CTR, and NFATc1) at 1 and 4 uM respectively
(Fig. 2B). Collectively, these data supported the inhibition of
osteoclast formation by dioscin.

3.4. Dioscin inhibited the RANKL-induced AKT/NF-kB and AKT /
NFATclactivation

To further elucidate the mechanisms through which dioscin
suppressed osteoclast formation, RANKL-induced signaling path-
ways were investigated. Here, we found the phosphorylation of
Akt was significantly inhibited by dioscin (Fig. 3A). Since Akt is
important for both Akt/NF-kB and Akt/NFATc1 cascades, we thus
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further investigated these two key signaling pathways during
osteoclast differentiation. As shown in Fig. 3A, RANKL-induced
IxBo, phosphorylation and degradation was markedly suppressed
by dioscin. More specifically, IkBoo was phosphorylated and
degraded upon RANKL stimulation for 5 min in the control
group. In contrast, dioscin treatment suppressed the phosphory-
lation and therefore degradation of IkBa (Fig. 3A). This was
further evidenced by luciferase assay that dioscin blocked
of NF-kB activation in a concentration-dependent manner
(Fig. 3B).

Akt is also known to regulate osteoclast differentiation by regu-
lating Akt/NFATc1 signaling pathway [22]. Therefore, we further
checked the expression of NFATc1 after dioscin treatment. Here,
our Western blot analysis demonstrated that RANKL induced
NFATc1 expression during osteoclast formation. However, the

expression of NFATc1 was significantly suppressed after dioscin
treatment (Fig. 3C). This was in consistent with our real-time PCRre-
sults, which demonstrated the suppression of NFATc1 mRNA after
dioscin treatment (Fig. 2). Luciferase analysis results of declined
transcriptional activity further demonstrated dioscin’s inhibitory ef-
fect on NFATc1 (Fig. 3D).

In addition, we also investigated other key signaling pathways
involved in osteoclast differentiation [23-25]. We examined the
phosphorylation of p38, JNK and ERK and showed that dioscin
had no obvious effect on these signaling pathways (Fig. 3E). Fur-
thermore, we also demonstrated that dioscin does not affect AP-1
activity by AP-1 luciferase reporter gene assays.

Together, these results revealed that dioscin specifically inhib-
ited the Akt/NF-xB and Akt/NFATc1 activation during osteoclast
differentiation without affecting MAPK/AP-1 pathways.
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3.5. Dioscin prevented bone destruction induced by LPS in vivo

To address the effect of dioscin in vivo, osteolytic mouse model
was chosen by LPS injection as previously described in our group
[14]. Mice were intraperitoneally injected with LPS with or without
dioscin. No fatalities were recorded after LPS and dioscin adminis-
tration, and the animals retained normal activity throughout the
duration of the experiment. Histological examination confirmed
the protective effects of dioscin on LPS-induced bone loss. As
shown in Fig. 4A, RANKL injection led to bone erosion and in-
creased numbers of TRAP-positive osteoclasts. However, bone ero-
sion was rescued in dioscin-treated mouse femur tissue sections,
which was consistent with decreased TRAP-positive osteoclasts
(Fig. 4A). Furthermore, histomorphometric analysis of OcS/BS and
No. of OCs demonstrated that dioscin reduced LPS-activated osteo-
clast numbers, and microstructural indices of BV/TV, Tb.Th, and
Tb.Sp further identified dioscin protective effect in inflammatory
bone loss, even though no significantly increased Tb.N was wit-
nessed (Fig. 4B). Taken together, our data indicated that dioscin
prevented LPS-induced bone loss in vivo.

4. Discussion

In this study, we have verified for the first time that natural
compound dioscin inhibited osteoclast differentiation and bone
resorption, suggesting an additional protective effect of dioscin
on osteoclast-related diseases. In addition, we revealed the molec-
ular mechanisms of dioscin on osteoclasts are through suppressing
Akt/NF-kB and Akt/NFATc1 signaling pathways.

In osteoclasts, the Akt signaling cascades is a critical down-
stream of three osteoclast surface receptors including c-fms,
avp3 integrin and RANK [22,26]. Previous studies demonstrated
Akt phosphorylation is activated upon both M-CSF and RANKL
stimulation and play critical roles in osteoclastogenesis by affect-
ing both NF-kB and NFATc1 activation. Moon et al. demonstrated
that overexpression of Akt in BMMs strongly induced NFATc1
expression and lead to enhanced osteoclastogenesis [22]. Besides,
activation of NF-kB can be initiated by several different kinases
such as Akt and NF-xB inducing kinase. Gingery et al. demon-
strated that AKT/NF-xB axis is critical in osteoclastogenesis and
maintaining mature osteoclast survival [27,28]. In consistent with
these studies, we demonstrated that dioscin inhibited Akt phos-
phorylation and thus suppressed the RANKL-induced NF-kB activ-
ity and NFATc1 activity, both of which are critical for osteoclast
differentiation. Interestingly, in the process of detecting the func-
tion of dioscin on MAPKs pathway, no significantly inhibitory im-
pact was witnessed.

In summary, dioscin is capable of inhibiting osteoclast forma-
tion and function, indicating additional therapeutic benefits of
dioscin for osteoclast-related diseases. In addition, this study also
clearly revealed the molecular mechanisms of dioscin on osteo-
clasts are via impairing Akt/NF-xB and Akt/NFATc1 signaling path-
ways in vitro. In addition, our in vitro results further verified the
bone protective role of dioscin on LPS-induced osteolysis model.
However, further investigation of dioscin on other cells within
bone is still required.
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