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Introduction: Osteoclasts are giant polynuclear cells; their main function is bone resorp-
tion. An increased number of osteoclasts and enhanced bone resorption exert significant 
effects on osteoclast-related bone-lytic diseases, including osteoporosis. Given the limitations 
of current therapies for osteolytic diseases, it is urgently required to develop safer and more 
effective alternatives. Sarsasapogenin, a major sapogenin from Anemarrhena asphodeloides 
Bunge, possesses potent antitumor effects and inhibits NF-κB and MAPK signaling. 
However, the manner in which it affects osteoclasts is unclear.
Methods: We investigated the effects of anti-osteoclastogenic and anti-resorptive of sarsa-
sapogenin on bone marrow-derived osteoclasts.
Results: Sarsasapogenin inhibited multiple RANKL-induced signaling cascades, thereby 
inhibiting the induction of key osteoclast transcription factor NFATc1. The in vivo and 
in vitro results were consistent: sarsasapogenin treatment protected against bone loss in 
a mouse osteolysis model induced by lipopolysaccharide.
Conclusion: Our research confirms that sarsasapogenin can be used as a new treatment for 
osteoclast-related osteolytic diseases.
Keywords: sarsasapogenin, osteoclast, osteoclastogenesis, NF-κB, MAPK, NFATc1, 
therapeutics

Introduction
Bone homeostasis is regulated by osteoclasts and osteoblasts.1 Enhanced bone 
resorption and osteoclast numbers in bone remodeling are manifestations of various 
osteolytic diseases, including osteoporosis-,2 cancer-,3 and osteoarthritis4 -related 
bone destruction, which pose a serious health concern. However, currently available 
anti-osteoporosis drugs often have severe side effects, including musculoskeletal 
pain, esophageal cancer, ocular inflammation, osteonecrosis of the jaw, and atypical 
fractures.5–7 Therefore, it is required to develop safe alternative drugs that treat 
osteolytic diseases.

Monocyte precursor cells fuse to form osteoclasts, which possess absorptive 
capacity.8 Osteoclasts express TRAP (tartrate-resistant phosphatase) that attaches to 
the bone surface through actin-binding sealing zone formation, in which proteases, 
such as tissue protease K, are released, leading to the degradation of the mineralized 
bone matrix. The central regulators of osteoclasts differentiation are the two 
cytokines: macrophage-colony-stimulating factor (M-CSF) and receptor activator 
of nuclear factor-κB ligand (RANKL).9,10 M-CSF is a prerequisite for cell 
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proliferation and survival in monocyte cell lines. It also 
promotes the differentiation of bone marrow precursors 
and increases the expression of RANKL in bone marrow 
cells. RANKL is the basic cytokine required to induce 
monocyte fusion, and monocyte fusion is necessary to 
form multinucleated osteoclasts. Osteoclastogenesis 
occurs when the RANK receptor is activated by its ligand 
RANKL. The combination of RANKL and RANK acti-
vates a signal cascade that eventually leads to NFATc1 
expression, which is the important factor regulating 
osteoclastogenesis.11,12 The PI3K/Akt, MAPK/AP-1 and 
NF-κB pathways are activated by RANKL/RANK. These 
pathways also regulate NFATc1.13–15

LPS (Lipopolysaccharide) is a membrane component 
of Gram-negative bacteria. It is an effective inducer of 
inflammatory response, stimulating macrophages, lympho-
cytes and fibroblasts to produce pro-inflammatory and 
osteoclast factors like TNF-α and RANKL to promote 
the osteoclasts recruitment and formation. LPS also has 
a direct positive effect on osteoclast survival and bone 
resorption function.

In recent years, many studies have found that natural 
compounds have potential therapeutic effects on osteoclast 
mediated bone resorption and osteolytic diseases. 
Sarsasapogenin (Figure 1A) is a sapogenin present in the 
Chinese medical herb Anemarrhena asphodeloides Bunge. 
Sarsasapogenin exerts diverse biological actions, including 
anti-oxidation, anti-cancer and anti-inflammatory 
effects;16–19 it was also found to suppress the NF-κB path-
way in inflammation.17 Bao et al have proved the apopto-
tic effect of sarsasapogenin on HepG2 human hepatoma 
cells: sarsasapogenin induced the apoptosis of HepG2 
cells,20 Lim et al have investigated the anti-inflammatory 
effects of sarsasapogenin in vitro and in vivo. 
Sarsasapogenin potently inhibited NF-κB and MAPK acti-
vation, as well as IκBα phosphorylation in LPS-stimulated 
macrophages.17 More studies have also shown that its 
derivatives are effective in anti-inflammatory, neuroprotec-
tive, and memory impairment related to aging.21,22 

However, the role of sarsasapogenin in osteoclast forma-
tion and bone resorption has not been reported. Thus, the 
effects of sarsasapogenin on these areas remain to be 
studied. We therefore hypothesized whether sarsasapo-
genin has an inhibitory effect on osteoclastogenesis and 
prevents bone loss through the NF-κB and JNK/MAPK 
signaling pathways. The findings of the present study 
demonstrated that sarsasapogenin exerted inhibitory 
effects on osteoclastogenesis, preventing bone loss 

through the NF-κB and JNK/MAPK signaling pathways. 
Our study provides evidence for sarsasapogenin as 
a potential therapeutic agent in osteoclast-related osteoly-
tic disease.

Materials and Methods
Media and Reagents
Sarsasapogenin was obtained from MCE (New Jersey, 
USA). It was dissolved in dimethylsulfoxide (DMSO). 
Alpha-modified minimal essential medium (αMEM), fetal 
bovine serum (FBS), and dual antibiotics (penicillin/strep-
tomycin) were obtained from Thermo Fisher (Waltham, 
MA, USA). RANKL and M-CSF were obtained from 
R&D Systems (Minneapolis, MN, USA). Primary antibo-
dies against PI3K (#4249), Akt (#9272) and p-Akt 
(#4060), ERK (#4695) and p-ERK (#4370), p38 (#8690) 
and p-p38 (#4511), p65 (#8242) and p-p65 (#3033), JNK 
(#9252) and p-JNK (#9255), IκBα (#4814), NFATc1 
(#8032), and β-actin (#3700) were purchased from Cell 
Signaling Technology (1:1000; Danvers, MA, USA). 
A Leukocyte Acid Phosphatase Staining kit (Sigma- 
Aldrich, St. Louis, MO, USA) was used to test TRAP 
enzymatic activity. Remaining supplies were obtained 
from Sigma-Aldrich unless other explanations.

Cell Culture
Primary murine-derived bone marrow macrophages 
(BMM) were collected from the entire bone marrow of 
6-week-old male C57BL/6 mice.23 Cells were flushed out 
from femur and tibia bone marrows; then, they were 
cultured in the complete αMEM medium which contained 
10% FBS, 1% antibiotic mixture (penicillin and strepto-
mycin) and M-CSF (25 ng/mL). Then they were placed in 
a constant temperature incubator at 37 °C, 5% CO2 until 
the cell fusion rate reaches more than 90%.

Cytotoxicity Assay
The cytotoxic effect of sarsasapogenin on BMMs was eval-
uated by colorimetric 3-(4,5-dimethylthiazol-2-y1)-2,5-di- 
phenyltetrazolium bromide (MTT) assay in accordance. 
BMMs were inoculated in 96-well plates in triplicate (8×103 

cells/well) in complete αMEM and cultured for 
24 h. Following this, they were treated with sarsasapogenin 
(1, 2, 4, or 8 μM) for 48 or 96 h. When the above proces-
sing was complete, the MTT mixture was added and the 
plate was further incubated for 4 h. Subsequently, the ori-
ginal medium was replaced with 150 µL of DMSO to 
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Figure 1 Sarsasapogenin attenuates RANKL-induced osteoclast formation in vitro. (A) Chemical structure of sarsasapogenin. (B) Viability of M-CSF-dependent BMMs following 
treatment with sarsasapogenin for 48 h or 96 h as assessed by MTT assay (n = 3). (C) Representative images showing the dose-dependent effect of sarsasapogenin on osteoclast 
formation. BMMs stimulated with 100 ng/mL RANKL in the absence or presence of indicated concentrations of sarsasapogenin for 7 days were fixed and stained for TRAP activity 
(magnification = 100×; scale bar = 100 μm). (D) Numbers and area of TRAP-positive multinucleated osteoclasts with more than 3 nuclei were quantified by ImageJ (n = 3). (E) 
Representative images showing the time-dependent effect of sarsasapogenin on osteoclast formation. BMMs stimulated with RANKL and treated with 4 μM sarsasapogenin on the 
indicated days were fixed and stained for TRAP activity (magnification = 100×; scale bar = 100 μm). (F) Numbers and area of TRAP-positive multinucleated osteoclasts with more than 3 
nuclei were quantified by ImageJ (n = 3). Bar graphs present the mean ± SD; **p < 0.01, and ***p < 0.001 versus RANKL-only treated control.
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solubilize the formazan crystals. The absorbance was mea-
sured at 570 nm using a microplate reader (BioTek 
Instruments, Winooski, VT, USA).

Osteoclast Formation and TRAP Staining
After being seeded in triplicate in a 96-well plate, M-CSF- 
dependent BMMs (8 × 103 cells/well) were treated with 
complete αMEM supplemented with M-CSF (25 ng/mL) 
and RANKL (100 ng/mL) with various concentrations of 
sarsasapogenin (0, 1, 2, or 4 μM) to concomitantly assay 
its effects at various concentrations. RANKL-stimulated 
BMMs were treated with 4 μM sarsasapogenin on the 
stages as follows: early stage, day 0–day 2 (D0–D2); mid 
stage, day 2–day 4 (D2–D4); late stage, day 4–day 6 (D4– 
D6); whole stage, day 0–day 6 (D0–D6) to measure its 
effects on different stages of osteoclast formation. Non- 
treated BMMs and BMMs only treated with RANKL 
served as negative and positive controls, respectively. 
Following these treatment procedures, the cells were first 
fixed with 4% paraformaldehyde (PFA) and washed with 
PBS; then, they were stained for TRAP activity. Large 
multi-nuclear “pancake” shape and obvious TRAP activity 
were used as the identification basis for mature osteoclasts. 
The number and area of mature osteoclasts with more than 
three nuclei were counted.

Bone Resorption
Equal number of pre-osteoclasts (small osteoclasts that 
appeared in the early stage of culture) seeded onto discs 
of bovine bone were stimulated with RANKL (100 ng/mL) 
under various concentrations of sarsasapogenin (0, 1, 2, or 
4 μM) for 3 days. After incubation period, cells were 
removed with 6% sodium hypochlorite. Resorption pits 
of the bone discs were scanned using scanning electron 
microscopy (SEM). SEM images were acquired using FEI 
Quanta 250 Scanning Electron Microscope (Thermo 
Fisher Scientific, MA, USA). Any pits appearing were 
counted to the area of bone resorption. ImageJ was used 
to quantify the resorption area.

F-Actin and DAPI Staining
BMMs were seeded in a 96-well plate (8×103 cells/well), 
each drug concentration was repeated for three wells. They 
were then treated with complete αMEM supplemented 
with M-CSF (25 ng/mL) and RANKL (100 ng/mL) with 
or without sarsasapogenin as mentioned previously. After 
the formation period, cells were fixed for 25 minutes using 
4% PFA, and permeated for 5 minutes using 0.1% Triton 

X-100 in PBS. Then they were stained with Anti-stain™ 
488 Fluorescent Phalloidin (Cytoskeleton Inc., Denver, 
CO, USA) at 20–25°C for about 30 min, protected from 
light. A volume of 1 μg/mL DAPI was used to stain the 
nuclei. Mature osteoclasts were identified as described 
above. Images were taken by immunofluorescence micro-
scope (Nikon, Tokyo, Japan).

Quantitative Reverse-Transcription PCR 
(RT-qPCR)
Osteoclasts were collected from BMMs that cultured with 
M-CSF (25 ng/mL) and RANKL (100 ng/mL) under var-
ious concentrations of sarsasapogenin (0, 1, 2, or 4 μM) 
for the dose-dependent effect of sarsasapogenin. RNAiso 
Plus RNA Extraction Reagent (Takara Bio, Japan) was 
used to isolate the total RNA from cells as previously 
described. cDNA (Complementary DNA) was synthesized 
using 1 μg extracted RNA and Prime Script RT Master 
Mix (Takara Bio). The cDNA was used as a template for 
qPCR using SYBR Green qPCR Master Mix (Takara Bio) 
on an ABI Prism 7500 System (Applied Biosystems, CA, 
USA) under the following conditions: denaturation at 95° 
C for 10 min; 95°C for 10 s, 60°C for 20 s, 72°C for 20 s, 
40 cycles in total; 72°C for 90 s as the final extension. 
Specific primers of mouse are shown in Table 1.

Western Blot Analysis
To explore how sarsasapogenin affects the signaling path-
ways during osteoclast formation, cells were seeded in 6-well 
plates (5×105 cells/well). To determine early RANKL- 
induced signal transduction events, cells were pretreated 
with 4 μM sarsasapogenin for 1 h, and then stimulated with 
RANKL (100 ng/mL) for 5, 10, 20, 30, or 60 minutes. To 
determine the late RANKL-induced signal transduction 
events, cells were treated with 100 ng/mL RANKL (without 
or without 4 μM sarsasapogenin) for 1, 3 or 5 days. The non- 
treated cells (time 0) served as negative control. RIPA lysis 
buffer (phosphatase and protease inhibitor cocktail con-
tained) was used to extract the total cellular proteins. 
Lysates were centrifuged at 12,000g for 15 min at 4°C, and 
the supernatant was collected. Cytoplasmic and nuclear pro-
tein fractions were prepared using the NE-PER Nuclear and 
Cytoplasmic Extraction Kit (Thermo Fisher Scientific). 
Proteins were denatured in sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) sampling 
buffer at 100°C for 5 minutes and 40 μg of the total proteins 
were resolved by 10% SDS-PAGE. The separated proteins 
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were transferred to polyvinylidene fluoride (PVDF) mem-
branes (Bio-Rad, California, USA). After blocking with 5% 
(w/v) skimmed milk powder in TBST for 1 hour at room 
temperature (20–25°C), the membranes and primary antibo-
dies were incubated overnight at 4°C. After washing three 
times with TBST, the membranes were incubated with horse-
radish peroxidase-conjugated secondary antibodies at room 
temperature for 2 hours. The bands were detected using 
BeyoECL Plus Enhanced Chemiluminescence Reagent 
(Beyotime Biotechnology Institute). ImageJ was used for 
optical density analysis.

Immunofluorescence Detection of P65 
Nuclear Translocation
To test how sarsasapogenin affect the p65 nuclear trans-
location following RANKL stimulation,24 BMMs that 
seeded at 1×104 cells/well in a 12-well plate were pre-
treated with 4 μM sarsasapogenin for 30 min. Then 
RANKL (100 ng/mL) was used to stimulate cells for 
30 min. The cells were fixed with 4% PFA and washed 
gently with PBS. Non-specific immune response sites 
were blocked with 2% BSA in PBS for 1 hour at room 
temperature. The cells were then incubated with anti-p65 
antibody at 4°C overnight. After washing away the resi-
dual liquid with PBS, they were incubated with Alexa 
Fluor 647 labeled secondary antibody (Abcam, 
Cambridge, UK, UK) for 1 hour in the dark at room 
temperature. Nuclei were counterstained with DAPI for 

5 min avoiding light. Images were acquired using an 
immunofluorescence microscope (Leica, Germany).

Mouse Model of LPS-Induced Bone Loss
To verify the therapeutic potential of sarsasapogenin, a mouse 
model of LPS-induced calvarial osteolysis was established. 
Animal care and use of laboratory animals were conducted in 
accordance with National Institutes of Health Guide for Care 
and Use of Laboratory Animals (NIH Pub No 85–23, revised 
1996), and approved by the Zhejiang University Institutional 
Animal Care and Use Committee. Twenty-four 8-week-old 
C57/BL6 male mice were randomly divided into four groups: 
sham (PBS), LPS (5 mg LPS/kg and PBS), low-dose (5 mg 
LPS/kg and 5 mg sarsasapogenin/kg), and high-dose (5 mg 
LPS/kg and 10 mg sarsasapogenin/kg).17 The mice were 
injected subcutaneously on the sagittal midline suture of the 
calvarium under light anesthesia. Sarsasapogenin is a fat- 
soluble compound. Because of the long-term administration 
of osteoporosis patients, oral administration is appropriate. To 
ensure the accuracy of the dosage, the method of intragastric 
administration was used. According to the most commonly 
used method at present, sarsasapogenin was dissolved in 
sodium carboxymethyl cellulose solution to make a stable 
suspension for administration. One day before LPS (prophy-
lactic treatment), PBS and sarsasapogenin were administered 
intragastrically and then injected every other day for 7 days. 
Finally, these mice were sacrificed. Following this, their cal-
varia were collected and put into 4% PFA for further micro- 
computed tomography (micro-CT) and histological analysis.

Micro-CT
The high-resolution micro-CT was used to analyze the mouse 
calvariae under the conditions of isometric resolution of 18 
μm and X-ray energy setting of 80 kV and 100 μA. Three- 
dimensional (3D) images were reconstructed by cone-beam 
reconstruction software (SkyScan, Altestel, Belgium). The 
analysis area of osteolysis-related indicators was the region 
of interest (ROI; 3×3×1 mm) centered on the midline suture. 
CT analyzer software (SkyScan) was used to measure the 
ratio of bone volume to tissue volume (BV/TV, %) and the 
number and area of holes in the ROI.

Histological and Immunohistochemical 
Analysis
Bone tissues from each group were fixed in 4% PFA for 2 days 
and were then decalcified in 10% ethylenediaminetetraacetic 
acid for 7 days. They were subsequently embedded in paraffin 

Table 1 Mouse Primers for qPCR

Gene Forward Primer Reverse Primer

β-Actin 5ʹ-AGC CAT GTA CGT 
AGC CAT CC-3ʹ

5ʹ-CTC TCA GCA GTG 
GTG GTG AA-3ʹ

TRAP 5ʹ -TCC TGG CTC AAA 
AAG CAG TT-3ʹ

5ʹ-ACA TAG CCC ACA 
CCG TTC TC-3ʹ

CTSK 
c-Fos

5ʹ-CTT CCA ATA CGT 
GCA GCA GA-3ʹ 
5ʹ-CCA GTC AAG AGC 
ATC AGC AA-3ʹ

5ʹ-TCT TCA GGG CTT 
TCT CGT TC-3ʹ 
5ʹ-AAG TAG TGC AGC 
CCG GAG TA-3ʹ

NFATc1 5ʹ-CAG CTG CCG TCG 
CAC TCT GGT C-3ʹ

5ʹ-CCC GGC TGC CTT 
CCG TCT CAT A-3ʹ

ATP6V0d2 
DC- 
STAMP

5ʹ-AAG CCT TTG TTT 
GAC GCT GT-3ʹ 
5ʹ-CTT GCA ACC TAA 

GGG CAA AG-3ʹ

5ʹ-TTC GAT GCC TCT 
GTG AGA TG-3ʹ 
5ʹ-TCA ACA GCT CTG 

TCG TGA CC-3ʹ
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and sectioned for morphometric examination by staining with 
hematoxylin and eosin (H&E) and TRAP (Sigma-Aldrich) 
staining.25 The sections were photographed using 
a microscope. Image-Pro Plus software (Media Cybernetics, 
Rockville, MD) was used to measure bone histomorphometric 
parameters such as BV/TV (%), TRAP-positive osteoclasts 
number (number of osteoclasts on bone surface, N.OC/B.S), 
surface area of osteoclasts per bone surface (OCs/BS), etc.

Statistical Analysis
All data provided in this study were represented at least 
three independent experiments and the data were 
expressed as mean ± SD. Statistical analysis was con-
ducted by non-parametric test such as Mann Whitney test 
and Kruskal Wallis test in SPSS 19.0 (SPSS Inc., USA). 
Mann Whitney test was used to analyze the data of 
Western blot. Kruskal Wallis test was used to analyze the 
multi-sample data such as cytotoxicity, osteoclast forma-
tion and TRAP staining, F-actin and DAPI staining, bone 
resorption, RT-qPCR and all the data in vivo. When the 
multi-sample data had statistical significance, they were 
subjected to rank conversion for one-way analysis of var-
iance (ANOVA). LSD was used as the ex-post comparison 
after one-way ANOVA. P <0.05 was judged to be statis-
tically significant.

Results
Sarsasapogenin Inhibited RANKL-Induced 
Osteoclast Formation in vitro
To assess the cytotoxicity of sarsasapogenin on BMMs, 
the MTT assay was used. Cells were exposed to the 
indicated concentrations of sarsasapogenin (1, 2, 4, and 8 
μM) for 48 or 96 h. No cytotoxic effect was observed, and 
BMMs remained viable at various time points for assess-
ment of sarsasapogenin concentration below 4 μM (Figure 
1B). So 4 μM was used as the upper limit concentration of 
sarsasapogenin for subsequent experiments. Next, dose- 
and time-dependent effects of sarsasapogenin on osteoclast 
formation were tested. For dose-dependent analysis, cells 
were stimulated with RANKL, and various concentrations 
of sarsasapogenin for 6 days simultaneously. Large multi- 
nuclear “pancake” shape and obvious TRAP activity were 
used as the identification basis for mature osteoclasts. 
TRAP-positive osteoclast area and number decreased sig-
nificantly with sarsasapogenin treatment in the dose- 
dependent analysis (Figure 1C and D). To determine 
when sarsasapogenin exerts its inhibition, BMMs were 

stimulated with RANKL and processed with 4 μM sarsa-
sapogenin at each time point, as depicted in Figure 1E. 
Osteoclast formation was significantly inhibited at D0–D6, 
D0–D2, and D2–D4. TRAP-positive osteoclasts area and 
number decreased at D0–D6, D0–D2, and D2–D4 (Figure 
1F). Together, these results showed that sarsasapogenin 
inhibits osteoclast formation in a concentration-dependent 
manner and inhibition occurs early.

Sarsasapogenin Inhibited F-Actin Ring and 
Bone Resorption in vitro
Sarsasapogenin inhibited the large multinucleated osteo-
clasts formation, which shown in Figure 1C, suggesting 
the inhibitory effect on precursor cell fusion. To examine 
its inhibitory effects on F-actin rings formation and bone 
resorption, cells were treated with various sarsasapogenin 
doses. When treated with sarsasapogenin, the F-actin rings 
in osteoclasts showed a dose-dependent decrease. They 
also contained fewer nuclei per cell (Figure 2A and c). 
After treatment with 4 μM sarsasapogenin, many cells 
appeared as monocytes (Figure 2A and C). Equal numbers 
of pre-osteoclasts (small osteoclasts) were sowed onto 
bovine discs. They were then stimulated with RANKL 
(100 ng/mL) and different doses of sarsasapogenin. 
Sarsasapogenin reduced the total resorption area dose- 
dependently, especially in the presence of 4 μM sarsasa-
pogenin (Figure 2B and D). Together, these data indicated 
that sarsasapogenin inhibits bone resorption and F-actin 
ring formation.

Sarsasapogenin Inhibited the Related 
Gene Expression of Osteoclast in vitro
To elucidate the further inhibitory effect of sarsasapogenin 
on osteoclast formation, the mRNA expression levels of 
osteoclast-specific genes that are involved in osteoclast 
formation and bone resorption were measured by RT- 
qPCR. With the stimulation of RANKL, several specific 
genes (including TRAP, CTSK, DC-STAMP, V-ATPased2, 
C-Fos, and NFATc1) were upregulated during osteoclast 
differentiation.26 Compared with the control group, due to 
the presence of sarsasapogenin, RANKL-induced osteo-
clast-related gene expression (including TRAP, CTSK, 
DC-STAMP, V-ATPase-d2, C-Fos and NFATc1) was 
strongly suppressed in a concentration-dependent manner 
(Figure 2E). These data showed that sarsasapogenin inhi-
bits RANKL-induced osteoclast-related gene expression 
during differentiation in vitro.
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Figure 2 Sarsasapogenin inhibits F-actin ring and bone resorption in vitro. (A) Effect of sarsasapogenin on the fusogenic potential of osteoclast precursor cells. Representative 
immunofluorescence images of F-actin rings (Acti-stain™ 488 Fluorescent Phalloidin; green) from BMM-derived osteoclasts stimulated with 100 ng/mL RANKL with or without the 
indicated concentrations of sarsasapogenin. Nuclei were counterstained with DAPI (blue) (magnification = 100×; scale bar = 100 μm). (B) Equal numbers of pre-osteoclasts were seeded 
onto bone slices and stimulated with M-CSF and RANKL in the presence of different concentrations of sarsasapogenin. After 3 days, bone resorption lacunae were observed by SEM 
(magnification = 200 ×; scale bar = 100 μm). (C) F-actin rings were quantified using ImageJ (n = 3). (D) The resorption pit area (%) was quantified using ImageJ (n = 3). (E) Dose-dependent 
mRNA expression profile of osteoclast marker genes. RT-qPCR was conducted using RNA extracted from cells stimulated with 100 ng/mL RANKL with or without the indicated 
concentrations of sarsasapogenin for 5 days. mRNA levels of c-FOS, NFATc1, DC-STAMP, ATP6V0d2, TRAP, and CTSK were normalized to that of β-actin and then compared to 
RANKL-only control (0) to obtain the relative fold change (n = 3). Bar graph presents the mean ± SD. **p < 0.01, and ***p < 0.001 versus RANKL-treated only control.
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Sarsasapogenin Attenuated RANKL- 
Induced NF-κB and JNK/MAPK Signaling
The early activation of the RANKL reactive signaling path-
ways are the important conditions for the induction of osteo-
clast formation. NF-κB, PI3K-Akt, and MAPK pathways are 
the most important and earliest cascades activated in precur-
sor BMMs after stimulation of RANKL.10,26,27 Rapid phos-
phorylation of Akt, ERK, p38 and JNK can be caused by 
RANKL stimulation, the latter three are the members of the 
MAPK cascade (Figure 3A, B and D). Phosphorylation of 
the aforementioned members is necessary for the activation 
of the downstream cascade during osteoclast formation. 
Relative to its total protein, pretreatment of BMM with 
sarsasapogenin could significantly inhibit JNK phosphoryla-
tion. However, sarsasapogenin treatment had no inhibitory 
effects on the phosphorylation of Akt, ERK, p38, and the 
total protein levels of PI3K (Figure 3A, B and D). Western 
blot analyses revealed that within the stimulation of RANKL 
for a few minutes, Iκβα degraded rapidly via the proteasomal 
degradation pathway (Figure 3C and D). Sarsasapogenin 
stunted the Iκβα degradation and prevented p65 phosphory-
lation (Figure 3C and D). Additionally, as seen with the 
immunofluorescence staining of p65, sarsasapogenin attenu-
ated the transfer of p65 from the cytoplasm to the nucleus 
compared to the rate of transfer seen in the control group 
(Figure 3E and F). The induction of c-Fos is caused by the 
activation of NF-κB and MAPKs in response to RANKL. 
When c-Fos binds to c-JUN, they act as part of the AP-1 
complex, leading to the activation of NFATc1, the major 
transcriptional activator of osteoclast formation.28 After 
RANKL stimulation, the protein expression of NFATc1 
increased significantly, reached a peak on the third day, and 
then began to decrease. Sarsasapogenin treatment signifi-
cantly weakened the NFATc1 induction protein expression 
in response to RANKL (Figure 3G and H). Thus, these data 
indicated that sarsasapogenin suppresses RANKL-induced 
activation of the NF-κB and JNK/MAPK signaling pathways 
and thus attenuates NFATc1 induction.

Sarsasapogenin Prevented LPS-Induced 
Bone Loss in vivo
To investigate the potential protective effects of sarsasa-
pogenin on pathological osteolysis, a murine model of 
LPS-induced bone loss was established. Relevant results 
showed that compared to the corresponding parameters in 
the sham group, BV/TV was significantly reduced and 
porosity was significantly increased in the LPS-treated 

group (Figure 4A–C). However, these decreases were sig-
nificantly and dose-dependently inhibited by sarsasapo-
genin treatment (Figure 4A). Quantitative analysis of 
bone parameters showed that BV/TV increased signifi-
cantly (Figure 4B), and porosity decreased significantly 
in concentration-dependent manner (Figure 4C). 
Histological and histomorphometric analysis further sug-
gested that sarsasapogenin protects against LPS-induced 
osteolysis (Figure 5A–C). Further data showed that sarsa-
sapogenin increased BV/TV (Figure 5B) and reduced the 
number of TRAP-positive cells in a dose-dependent man-
ner (Figure 5C). To sum up, these data showed that sarsa-
sapogenin prevents LPS-induced bone loss in vivo.

Discussion
Osteoclasts are giant polynuclear cells whose main function is 
bone resorption. Bone homeostasis is regulated by osteoclasts 
and osteoblasts.1 Enhanced bone resorption and osteoclast 
numbers in bone remodeling are manifestations of various 
osteolytic diseases, which pose serious health concern. 
Currently available anti-osteoporosis drugs often have severe 
side effects, including musculoskeletal pain, esophageal can-
cer, ocular inflammation, osteonecrosis of jaw, and atypical 
fractures.5–7 Therefore, there is an urgent need to develop safe 
alternative drugs that treat osteolytic diseases. In our study, we 
demonstrated that sarsasapogenin, a sapogenin present in the 
Chinese medical herb Anemarrhena asphodeloides Bunge, 
which exerts diverse biological actions, including anti-cancer 
and anti-inflammatory effects,16,17 can prevent bone loss and 
suppress osteoclastogenesis. Therefore, it has potential as 
a novel drug for osteoclast-related osteolytic diseases.

At the molecular level, the NF-ΚB and JNK/MAPK 
signaling pathways, which are downstream of RANKL 
and activated during osteoclastogenesis, were significantly 
inhibited by sarsasapogenin. Osteoclast differentiation is 
mainly modulated by RANKL-associated signaling path-
ways, including the PI3K/Akt, MAPK, and NF-κB path-
ways. The MAPK signaling pathway, including the 
transcription factor AP-1 (C-Fos and C-Jun),29 is indis-
pensable to osteoclast formation because NFATc1 expres-
sion is regulated by AP-1.14,30-32 NFATC1 regulates 
osteoclast-related genes, including TRAP, CTSK, DC- 
STAMP, V-ATPase-d2, and C-Fos.33–36 Many plant- 
derived drug monomer compositions have been found to 
inhibit osteoclastogenesis by suppressing MAPK signal-
ing; for example, thymol, a natural monomer derived from 
thyme leaves, impairs osteoclast differentiation by this 
signaling.37 Myricitrin, a flavonoid glycoside derived 
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Figure 3 Sarsasapogenin attenuates RANKL-induced activation of the NF-κB and JNK/MPAK signaling pathways. (A–C) BMMs were pretreated with 4 μM sarsasapogenin 
for 1 h and then stimulated with RANKL for the indicated periods. Cell lysates were probed for protein levels using Western blot analysis (n = 3). (D) Relative changes in the 
phosphorylation statuses of p65, Akt, ERK, p38, and JNK were determined by densitometry and expressed as a ratio against its total protein counterpart, and the expression 
of Iκβα relative to actin, were determined using ImageJ. (E) Sarsasapogenin prevents p65 nuclear translocation and localization. Representative immunofluorescence images 
of p65 localization (red) in BMMs treated with sarsasapogenin and stimulated with RANKL. Nuclei were counterstained with DAPI (blue). (F) The relative frequency of 
nuclear and cytoplasmic p65 under each experimental condition was quantified using ImageJ (n = 3). (G) Total cellular proteins extracted from BMM-derived osteoclasts co- 
treated with RANKL and 4 μM sarsasapogenin for 0, 1, 3, or 5 days were subjected to immunoblot analyses using specific antibodies to NFATc1. β-Actin was used as an 
internal loading control. (n = 3). Total BMM-derived osteoclasts were cultured with RANKL (100 ng/mL) and M-CSF (25 ng/mL) with or without sarsasapogenin (4 μM) for 0, 
1, 3, or 5 days. Cell lysates were probed for NFATc1 protein levels using Western blot analysis (n = 3). (H) Relative expression of NFATc1 was determined by densitometry 
and expressed as a ratio versus actin. Bar graphs represent the mean ± SD; *p < 0.05 versus respective controls.
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from the roots of myrica, inhibits osteoclastogenesis 
through the MAPK signaling pathway.38 This is the first 
study to show that sarsasapogenin inhibits osteoclastogen-
esis by suppressing RANKL-induced JNK/MAPK signal-
ing. In addition, we showed that sarsasapogenin inhibited 
NFATc1, downstream of the MAPK signaling pathway, in 
a time-based dependency. The combination of RANKL 
and RANK receptor triggers activates the NF-κB signal-
ing, an important signaling pathway in osteoclast 
differentiation.10,14,39,40 Many plant-derived drug mono-
mer compositions have been found to inhibit osteoclasto-
genesis, suppressing NF-κB: madecassoside, a monomer 
isolated from Centella asiatica, inhibits osteoclast differ-
entiation, suppressing NF-κB signaling and NFATc1 
expression.41 In the present study, we found that sarsasa-
pogenin abrogated Iκβ degradation and suppressed p65 
phosphorylation. Immunofluorescence staining and immu-
noblot analysis of cytoplasmic and nuclear fractions 

confirmed that sarsasapogenin inhibited the nuclear trans-
location of p65.

For the animal model section, LPS-induced bone loss is 
the most familiar model of osteoclast-related osteolytic 
diseases.42 Therefore, we used the LPS-induced model to 
investigate whether sarsasapogenin would prevent bone 
loss. Sarsasapogenin is a fat-soluble compound. Because of 
the long-term administration of osteoporosis patients, oral 
administration is appropriate. To ensure the accuracy of the 
dosage, the method of intragastric administration was used. 
Sarsasapogenin prominently inhibited bone loss in this 
model. Morphometric analysis showed that sarsasapogenin 
significantly suppressed the reduction in BV/TV and an 
increased the porosity relative to the LPS group in a dose- 
dependent manner, as shown by micro-CT scanning. Bone 
histomorphometry demonstrated that sarsasapogenin inhib-
ited bone loss in vivo by reducing the number of TRAP- 
positive cells.

Figure 4 Sarsasapogenin protects against LPS-induced bone loss in vivo. (A) Micro-CT scanning and 3D reconstruction of the entire caldaria of mice from the sham (PBS), 
LPS (5 mg LPS/kg body weight), low-dose sarsasapogenin (5 mg LPS/kg and 5 mg sarsasapogenin/kg), and high-dose sarsasapogenin (5 mg LPS/kg and 10 mg sarsasapogenin/ 
kg) groups (n = 6). Scale bar = 1 mm. (B) Quantitative analysis of BV/TV (n = 6). (C) Percentage porosity (n = 6). Data represent the mean ± SD; **p < 0.01 and ***p < 0.001 
versus respective controls.
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Despite many new findings, there are also some limita-
tions to our study and certain questions should be 
answered. First of all, although it is clear that sarsasapo-
genin exerts an inhibitory effect on the MAPK and NF-κB 
signaling pathways, the exact upstream molecular target 
needs to be further studied in order to understand its 
potential molecular mechanism better. Secondly, the com-
plex relationships among osteoclasts, osteoblasts and 
osteocytes, the cell targets, and the biological characteris-
tics of sarsasapogenin are not completely clear and need 
further exploration. Moreover, as for how sarsasapogenin 
reached the bone and regulated osteolysis, this involved 
the relevant knowledge of hemopharmacokinetics. We 

speculated that the mechanism of sarsasapogenin reaching 
the bone may be: after sarsasapogenin was absorbed by the 
digestive tract, it entered the blood circulation, thereby 
reaching bone tissue and affecting osteoclast differentia-
tion. However, the exact mechanism still needs further 
pharmacokinetic research in the future.

In summary, our study shows that sarsasapogenin evi-
dently protects against bone loss and inhibits osteoclasto-
genesis in vitro and in vivo through the NF-κB and JNK/ 
MAPK signaling pathways. Thus, together with the other 
biological functions of sarsasapogenin, we believe that 
sarsasapogenin has potential in the treatment of osteolytic 
diseases and can be used as a new therapeutic agent.

Figure 5 Histological and histomorphometric analyses of the effect of sarsasapogenin on LPS-induced bone loss in vivo. (A) Representative images of calvaria stained with 
H&E and TRAP from the sham group (PBS; control), LPS (5 mg LPS/kg body weight), low-dose sarsasapogenin (5 mg LPS/kg and 5 mg sarsasapogenin/kg), and high-dose 
sarsasapogenin group (5 mg LPS/kg and 10 mg sarsasapogenin/kg) (n = 6) (scale bar = 200μm). (B and C) Quantification of BV/TV and TRAP (+) cell number (n = 6). Data 
represent the mean ± SD; ***p < 0.001 versus respective controls.
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Statement
According to previous research reports, after applying 
sarsasapogenin intervention, mice had no adverse 
reactions.17,21 Our observations also showed that after 
administration, the mice’s various states such as drinking 
water and eating were normal, suggesting that this drug 
has no serious toxic reactions.
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