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Background: Osteolytic diseases such as osteoporosis are featured with accelerated osteo-
clast differentiation and strong bone resorption. Considering the complications and other 
limitations of current drug treatments, it is necessary to develop a safer and more reliable 
drug to deal with osteoclast-related diseases. Saikosaponin D (SSD) is the active extract of 
Bupleurum, which has anti-inflammation, anti-tumor and liver protection functions. 
However, the role of SSD in regulating the differentiation and function of osteoclasts is 
not clear.
Purpose: To explore whether SSD could prevent osteoclast differentiation and bone resorp-
tion induced by M-CSF and RANKL, and further evaluate the potential therapeutic proper-
ties of SSD in LPS-induced inflammatory bone loss mouse models.
Methods: BMMs were cultured in complete medium stimulated by RANKL with different 
concentrations of SSD. TRAP staining, bone resorption determination, qRT-PCR, immuno-
fluorescence and Western blotting were performed. A mouse model of LPS-induced calvarial 
bone loss was established and treated with different doses of SSD. The excised calvaria 
bones were used for TRAP staining, micro-CT scan and histological analysis.
Results: SSD inhibited the formation and bone resorption of osteoclasts induced by RANKL 
in vitro. SSD suppressed LPS-induced inflammatory bone loss in vivo.
Conclusion: SSD inhibited osteoclastogenesis and LPS-induced osteolysis in mice both 
which served as a new potential agent for the treatment of osteoclast-related conditions.
Keywords: saikosaponin D, osteoclastogenesis, NF-κB, MAPKs, PI3K-AKT, therapy

Introduction
Osteoclasts, a type of giant multinucleated cells are derived from the macrophage/ 
mononuclear lineage in the bone marrow.1 Bone homeostasis involves sustaining 
a balance between bone formation of osteoblasts and bone resorption of 
osteoclasts.2,3 Excessive osteoclast activity can lead to osteoporosis.4 Bone abnorm-
alities caused by postmenopausal osteoporosis, rheumatoid arthritis, periodontitis 
and other bone diseases are closely related to the overactivity of osteoclasts.5 The 
differentiation and formation of osteoclast precursor cells are governed by two 
important factors, namely, receptor activator of nuclear factor kappa B ligand 
(RANKL) and macrophage colony-stimulating factor (M-CSF).6 M-CSF is 
involved in the survival and division of bone marrow-derived mononuclear 
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macrophages, whereas RANKL promotes the fusion of 
osteoclast precursor cells and differentiation into the line-
age of osteoclasts.4 During differentiation, a unique ring is 
formed by the actin cytoskeleton at the contact location of 
bones to ensure the integrity of the osteoclast structure.7 

RANKL secreted by osteoblasts belongs to the tumor 
necrosis factor (TNF) super family. Binding of RANKL 
with RANK on the surface of osteoclasts triggers the 
release of the endothelial cytokine TNF receptor- 
associated factor 6 (TRAF 6) in the cytoplasm that acti-
vates various signaling pathways in the precursor cells, 
including the mitogen-activated protein kinase (MAPK), 
phosphoinositide 3-kinase/AKT (PI3K/AKT) and nuclear 
factor kappa B (NF-κB) pathways.8,9 These pathways 
increase the expression levels of osteoclast-related genes 
such as NFATc1, Dcstamp, c-Fos, V-ATPase d2, MMP9 
and Acp 5 and initiate osteoclast differentiation and bone 
resorption.10,11 Therefore, suppressing osteoclast activity 
by inhibiting the downstream pathways activated by 
RANKL is a feasible approach to prevent and treat 
osteoclastogenesis.

LPS (Lipopolysaccharide) is a pivotal constituent lying 
in the outer membrane of G- bacteria.12 LPS can stimulate 
the secretion of various cytokines, including IL (interleu-
kin)-1β, TNF (tumor necrosis factor)-α, and other inflam-
matory factors, promoting the expression of RANKL, 
stimulating the resorption of bone and inhibiting bone 
formation.13,14 Therefore, inhibiting LPS-induced inflam-
matory bone loss is one of the treatment methods to 
combat osteoclast-related diseases.

In the recent years, several studies have shown that 
agents extracted from plants can ameliorate bone loss by 
inhibiting the formation of osteoclasts.15 Saikosaponin 
D (SSD) is a triterpene saponin derived from the dried 
root of Bupleurum falcatum, a plant that has been used for 
the treatment of liver diseases in China for thousands of 
years. In addition, SSD has anti-inflammatory and anti- 
tumor properties and decreases depressive behaviors. SSD 
improves dextran sulphate sodium-induced intestinal 
inflammation by inhibiting the activation of NF-κB.16 

A previous study showed that SSD suppressed tumor 
growth and promoted apoptosis of pancreatic cancer cells 
by targeting the MAPK kinase 4 (MKK4)–Janus kinase 
(JNK) signaling pathway.17 A study by Chen et al showed 
that SSD alleviated acute liver injury in carbon tetrachlor-
ide (CCl4)-induced hepatitis by suppressing oxidative 
stress and activation of the NLRP3 inflammasome.18 Su 
etal demonstrated that SSD effectively improved 

lipopolysaccharide (LPS)-induced inflammation-related 
depressive behaviors.19 However, the function of SSD in 
lytic bone disease remains unclear. This study aimed to 
determine whether SSD could prevent osteoclast differen-
tiation induced by M-CSF and RANKL and evaluate the 
potential therapeutic properties of SSD in mouse models 
of LPS-induced inflammatory bone loss.

Materials and Methods
Reagents and Media
SSD with >98% purity was obtained from 
MedChemExpress (NJ, USA). Dimethyl sulfoxide 
(DMSO) (Meilunbio, Dalian, China) was used to dissolve 
SSD at a concentration of 1 mmol/L and was stored at 
−20°C. The culture medium was used for further dilutions 
in the in vitro experiments, and phosphate-buffered saline 
(PBS) was used for in vivo experiments. Alpha-modified 
Eagle medium (α-MEM) was provided by HyClone 
Laboratories (Logan, UT, USA). Foetal bovine serum 
(FBS) was obtained from Gibco-BRL (Gaithersburg, 
USA). Cell counting kit-8 (CCK-8) was obtained from 
Beyotime (Shanghai, China). M-CSF (mouse recombi-
nant) and RANKL were provided by R&D Systems 
(Minneapolis, USA). Primary antibodies, including β- 
actin (#4970), P65 (#8242), p-P65 (#3033), P38 (#8690), 
p-P38 (#4511S), AKT (#4691), p-AKT(#4060), ERK 
(#4695), p-ERK(#4370), IκBα(#4814), p-IκBα (#2859), 
PI3K(#4295), p-PI3K (#17366), JNK (#9252) and p-JNK 
(#9255), were provided by Cell Signaling Technology 
(1:1000, Danvers, USA). In addition, c-Fos(ab222699) 
and NFATc1(ab2722) were obtained from Abcam 
(1:1000, Cambridge, UK), and the dilution of the primary 
antibodies was purchased from Beyotime Biotechnology.

Bone Marrow-Derived Macrophage 
Culture
All C57BL/6 male mice (8 weeks old) were obtained from 
the Shanghai Laboratory Animal Center (SLAC). All ani-
mal experiments were approved by the Institutional 
Animal Ethics Committee of Taizhou Hospital. As pre-
viously described,20 we collected primary murine bone 
marrow-derived macrophages (BMMs) from the bone 
marrow of 8-week-old male C57BL/6 mice. The BMMs 
were cultured in 10-cm dishes with complete medium 
(30ng/mL M-CSF + α-MEM + 1% penicillin/streptomycin 
+ 10% FBS) in an incubator (5% CO2, 37°C). The 
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complete medium was changed every other day until the 
cells reached a 90% confluency.

Determination of Cell Viability
The viability of BMMs was determined using CCK-8 
assays. BMMs (density, 8000 cells/well) were seeded in 
triplicates in 96-well plates for a day. The cells then were 
incubated with multiple concentrations of SSD (0, 0.5, 1, 
2, 4, 8 and 16 μmol/L) for 48 and 96 h. The CCK-8 
reagent (10%) in complete medium was added in 96-well 
plates and BMMs were incubated with CCK-8 reagent for 
3 h at 37°C. A microplate photometer (Thermo Fisher 
Scientific, Waltham, USA) was used to calculate the absor-
bance at 450 nm.

Differentiation of Osteoclasts in vitro
BMMs (8000 cells/well) were seeded in 96-well plates. The 
cells were incubated in complete medium supplemented 
with different concentrations of SSD (0, 0.5, 1 and 2 μmol/ 
L) with or without RANKL (50 ng/mL). The culture med-
ium was changed every other day for 7 days. Additionally, 
BMMs, which were incubated with RANKL and M-CSF, 
were treated with 2 μmol/L of SSD on days 1–3, 3–5 or 5–7. 
The cells stimulated by RANKL were regarded as a positive 
control group (control group) and untreated M-CSF- 
dependent cells were regarded as a negative control group 
(vehicle group). When multinucleated pancake-shaped large 
osteoclasts were identified, the cells were fixed in 4% par-
aformaldehyde (PFA) for 30 min. PBS was used to wash the 
cells for 3 times and tartrate-resistant acid phosphatase stain-
ing (TRAP) staining was conducted as per the manufac-
turer’s instructions.21,22 Osteoclasts were identified as 
TRAP-positive cells with >3 nuclei. Pictures of the cells 
were taken using a microscope, and the area and number 
of TRAP-positive osteoclasts were measured using the 
ImageJ software.

Bone Resorption Determination
M-CSF-dependent BMMs (8000 cells/well) were seeded 
in bovine bone discs. The cells were cultured in complete 
medium supplemented with or without 50 ng/mL of 
RANKL for 5 days and were treated with or without 
various concentrations of SSD (0.5, 1 and 2 μmol/L) for 
another 3 days. Subsequently, sodium hypochlorite solu-
tion (6%) was used to remove the cells. Scanning electron 
microscopy (SEM) analysis was performed using the pre-
pared bone discs. A firing error indicator (FEI) scanning 
electron microscope (Quanta 250; Thermo Fisher 

Scientific) was used to acquire SEM images. The area of 
bone resorption was measured using the ImageJ software.

Actin Ring Immunofluorescence
M-CSF dependent BMMs were seeded in 96-well plates at 
8000 cells/well. The cells were incubated with multiple 
concentrations of SSD (0, 0.5, 1 and 2 μmol/L) with or 
without RANKL. The complete culture medium was chan-
ged every other day for 7 days. BMMs were fixed using 
PFA (4%) for 30 min and permeabilized using Triton X- 
100 (0.1%) in PBS for 5 min. After the cells were washed 
thrice with PBS, F-actin staining kit (AmyJet Scientific, 
Wuhan, China) was used to stain the F-actin rings for 30 
min at room temperature in the dark and the nucleus was 
stained using 4´,6-diamidino-2-phenylindole (DAPI).22 

Images of the actin rings were observed using immuno-
fluorescence microscopy (Zeiss, Japan), and the number of 
actin rings were counted using the ImageJ software.

Extraction of RNA and Subsequent 
Quantitative Reverse-Transcription 
Polymerase Chain Reaction Assay
M-CSF dependent BMMs (density, 3×105 cells/well) were 
seeded in 6-well plates. The cells were treated with multiple 
concentrations of SSD to determine the dose-dependent 
effect of SSD (0, 0.5, 1 and 2 μmol /L) on osteoclast 
formation. Additionally, M-CSF dependent BMMs were 
treated with RANKL alone or RANKL plus SSD (2 μmol/ 
L). The cells were treated for 1, 3, 5 or 7 days, respectively. 
TRIzol (Thermo Fisher Scientific) was used to extract total 
RNA from the cells according to the manufacturer’s instruc-
tions. Then the First Strand cDNA Synthesis Kit (RevertAid; 
Thermo Fisher Scientific) was used to synthesize cDNA. 
Quantitative reverse-transcription polymerase chain reaction 
(qRT-PCR) assay was conducted using the FastStart 
Universal SYBR Green Master (Roche, Indianapolis, IN, 
USA) and Real-Time PCR System (ABI 7500; Applied 
Biosystems, Foster City, CA, USA). The primer sequences 
of this study are shown in Table 1. β-actin was regarded as 
an internal control.

Western Blotting Analysis
To analysis the early signaling pathways induced by 
RANKL, M-CSF dependent BMMs were cultured in 6-well 
plates for 4 days (3 × 105 cells/well). Subsequently, the cells 
were incubated without or with various concentrations of 
SSD (0.5, 1 and 2 μmol/L) for 1 h and were stimulated by 

Drug Design, Development and Therapy 2021:15                                                                             https://doi.org/10.2147/DDDT.S334421                                                                                                                                                                                                                       

DovePress                                                                                                                       
4743

Dovepress                                                                                                                                                              Wu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


RANKL for 15 min. BMMs without any treatment were 
regarded as a negative control group, and BMMs treated 
with RANKL alone were regarded as a positive control 
group. For determining the late signaling pathways induced 
by RANKL, M-CSF-dependent BMMs treated with or with-
out 2 μmol/L SSD were induced by RANKL for 1, 3 and 5 
days, respectively. Total proteins were extracted from the 
cells by using radioimmunoprecipitation assay (RIPA) buffer 
(AMEKO, Shanghai, China) supplemented with phosphatase 
inhibitors and phenylmethanesulfonyl fluoride (PMSF). 
A refrigerated centrifuge was used to centrifuge the lysate 
at 12,000g for 15 min. The collected protein was separated by 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE). The separated proteins were transferred onto 
polyvinylidene difluoride (PVDF) membranes and were 
blocked using Immunol Staining Blocking Buffer 
(QuickBlock™; Beyotime) for 25 min under room tempera-
ture. Subsequently, the membranes were incubated with pri-
mary antibodies overnight at 4°C by rocking. The 
following day, the membranes were rinsed thrice with tris- 
buffered saline with Tween 20 (TBST) and were incubated 
with secondary antibodies (Beyotime) for 1 h at room tem-
perature. Chemiluminescent detection substrates (Luminata; 
MilliporeSigma, MA, USA) were used to detect antibody 
reactivity according to the protocol. Image Quant LAS500 
(GE Health Care, Chicago, IL, USA) was used to obtain 
images. Densitometric analyses were measured using the 
ImageJ software.

Nuclear Translocation of NF-κB P65
Whether SSD can influence the nuclear translocation of 
P65 after RANKL stimulation was determined as pre-
viously described.23 M-CSF dependent BMMs seeded in 
12-well plates at a density of 4×105 cells/well were cul-
tured in a complete medium for a day. The cells were 
incubated with 2μmol/L SSD for 1 h, followed by stimula-
tion with RANKL for 30 min. The cells were fixed using 
PFA (4%) for 15 min, permeabilized using Triton X-100 
(0.1%) in PBS and blocked with Immunol Staining 
Blocking Buffer (Beyotime). After washing extensively 
with PBS for 3 times, the cells were incubated with anti- 
p65 antibody at 4°C overnight. The following day, the 
cells were incubated with Alexa Fluor 488-labelled sec-
ondary antibody (Beyotime) at 37°C in the dark and 
washed with PBS. Finally, counterstaining of the nuclei 
was performed using DAPI for 5 min. Images of p65 
nuclear translocation were observed using an immuno-
fluorescence microscope.

A Mouse Model of LPS-Induced Bone 
Loss
To detect the role of SSD in osteolytic diseases, a mouse 
model of LPS-induced calvarial bone loss was conducted 
as previously described.16,24,25 The study protocol was 
approved by the Institutional Animal Ethics Committee 
of Taizhou Hospital (ethic code: tzy-2021048). We per-
formed the animal experiments in accordance with 

Table 1 Mouse Primers for qPCR

Gene Forward Primer Reverse Primer

β-actin 5ʹ-AGC CAT GTA CGT AGC 5ʹ-CTC TCA GCA GTG GTG
CAT CC-3’ GTG AA-3’

TRAP 5ʹ-TCC TGG CTC AAA AAG 5ʹ-ACA TAG CCC ACA CCG
CAG TT-3’ TTC TC-3’

DC-STAMP 5ʹ-CTT GCA ACC TAA GGG 5ʹ-TCA ACA GCT CTG TCG

CAA AG-3’ TGA CC-3’

V-ATPase d2 5ʹ-AAG CCT TTG TTT GAC 5ʹ-TTC GAT GCC TCT GTG

GCT GT-3’ AGA TG-3’

MMP9 5ʹ-AAG GGT ACA GCC TGT 5ʹ-CTG GAT GCC GTC TAT

TCC TGGT-3’ GTC GTCT-3’

c-Fos 5ʹ-CCA GTC AAG AGC ATC 5ʹ-AAG TAG TGC AGC CCG

AGC AA-3’ GAG TA-3’

NFATc1 5ʹ- CAG CTG CCG TCG CAC 5ʹ- CCC GGC TGC CTT CCG

TCT GGT C-3’ TCT CAT A-3’
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National Institutes of Health Guide for Care and Use of 
Laboratory Animals (NIH Pub No 85–23, USA). We ran-
domly assigned 24 8-week-old healthy C57/BL6 male 
mice to four groups (n = 6): sham (treated with PBS), 
LPS (treated with 5 mg/kg of LPS), low-dose SSD (treated 
with 5 mg/kg of LPS and 2 mg/kg of SSD) and high-dose 
SSD (treated with 5 mg/kg of LPS and 4 mg/kg of SSD). 
Anesthesia was induced with an intraperitoneal injection 
of pentobarbital (40 mg/kg); subsequently, LPS dissolved 
in PBS was subcutaneously injected into the middle cra-
nial suture of mice in all groups, except the sham group. 
During a 21-day period, LPS was subcutaneously injected 
every other day for 7 days. PBS and SSD were injected 
intraperitoneally a day before the injection of LPS and 
then injected every other day until the end of the 
experiment.

TRAP Staining of the Calvaria
The mice were sacrificed at the end of the experiment. We 
excised the calvarial bones and removed other tissues. 
Subsequently, we randomly selected 3 calvarial bones 
from each group, placed them in a 6-well plate and 
immersed them in the TRAP staining solution at room 
temperature for a day. We took pictures of these bones 
using a camera and compared the results of the staining 
around the middle suture of the calvaria as previously 
described.20 Finally, all bones were fixed with PFA (4%) 
for further micro-computed tomography (µCT) scanning 
and histological analysis.

μCT Scan
High-resolution μCT (μCT-100; SCANCO Medical AG, 
Switzerland) was used to examine the fixed bones. The 
scanning protocol was set as follows: isometric resolution 
at 20 µm, 200 μA and 80 kV. After three-dimensional (3D) 
images were reconstructed, a nummular region of interest 
(ROI; 3×3 × 1 mm) around the middle suture of the 
calvaria was selected to be used in further analysis.26 

A software (SCANCO Medical AG) was used to analyze 
the CT images and measure the number of pores, area of 
pores in the ROI and bone volume to tissue volume (BV/ 
TV, %).

Histomorphometric and Histological 
Analysis
After fixing, the calvarial bones were decalcified using 
10% ethylenediaminetetraacetic acid (EDTA) for 3 weeks 

and then paraffin embedding was performed. As pre-
viously described,21,25,26 TRAP and H&E staining were 
performed for morphometric examination. A high-quality 
microscope (Olympus, Japan) was used to obtain the 
photographs of the sections. The BV/TV (%) and the 
number of TRAP-positive cells (number of osteoclasts on 
the bone surface) were measured using The Image ProPlus 
6.0 software (Media Cybernetics, Rockville, MD, USA).

Statistical Analysis
Data were expressed as mean ± standard deviation (SD). 
All in vitro experiments were performed independently at 
least 3 times. There were 6 randomly assigned male mice 
in each group. Statistical analysis and calculation were 
conducted by Student’s t test or Kruskal Wallis test using 
the IBM SPSS Statistics for Windows, version 20.0 (IBM 
Corp, Armonk, NY, USA). The differences between 
groups were compared using one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test. P values 
<0.05 were considered statistically significant.

Results
SSD Attenuated RANKL-Induced 
Osteoclast Formation
The structure of SSD is shown in Figure 1A. The potential 
cytotoxicity of SSD to BMMs was detected using the 
CCK8 cell viability assay. BMMs were incubated with 
various concentrations of SSD (0, 0.5, 1, 2, 4, 8 and 16 
μmol/L) for 48 and 96 h. The viability of BMMs remained 
normal when the concentration of SSD was below 2 μmol/ 
L at both time points (Figure 1B). Subsequently, BMMs 
were cultured in osteoclast complete medium and treated 
with RANKL and 0, 0.5, 1 or 2 μmol/L SSD for 7 days to 
determine the effect of SSD on the formation of osteo-
clasts. On day 7, mature osteoclasts were identified by 
observing the morphology (large multinucleated pancake 
shape) and increased TRAP activity. The number and area 
of TRAP-positive osteoclasts markedly decreased after 
treatment with various concentrations of SSD (Figure 1C 
and D). In addition, we detected the stage at which SSD 
exerted its inhibitory effect. RANKL was used to continu-
ously stimulate M-CSF dependent BMMs followed by 
treatment with 2 μmol/L of SSD from day 1 to 3 (early 
phase), day 3 to 5 (mid phase) or day 5 to 7 (late phase). 
SSD exerted significant inhibitory effects on osteoclast 
formation in the late stage (Figure 1E and F). Therefore, 
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Figure 1 Saikosaponin D attenuated the formation of osteoclasts induced by RANKL. (A) Chemical structure of SSD. (B) Cell viability of BMMs (bone marrow-derived 
macrophages) was evaluated by CCK-8 at 48, 96h (OD 450nm). (C) The role of SSD in osteoclast formation in a dose-dependent manner. BMMs stimulated by RANKL 
(50ng/mL) were treated with or without various concentrations of SSD for 7 days. After fixing, the cells subjected to TRAP staining. (D) The number and area of TRAP- 
positive multinucleated cells (≥3 nuclei). (E) The effect of SSD on osteoclast formation in a time-dependent manner. BMMs which were stimulated by 50ng/mL RANKL and 
treated with 2μM SSD from day 1 to day 3, from day 3 to day 5, or from day 5 to day 7 were fixed with 4% PFA and subjected to TRAP staining. (F) The number and area of 
TRAP-positive multinucleated cells (≥3 nuclei). Original magnification, ×100. Scale bar, 200 μm. Mean ± SD is used to describe the data. Above experiments were conducted 
independently at least 3 times. ****P <0.0001, ***P<0.001, **P <0.01.
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our results revealed that SSD strongly inhibited the differ-
entiation and formation of osteoclasts.

SSD Attenuated F-Actin Formation and 
Bone Resorption
Our results demonstrated that SSD significantly inhibited 
the formation of multinucleated large osteoclasts 
(Figure 1C–F). Therefore, we investigated its role in 
bone resorption and actin ring formation. We examined 
the effects of SSD on the formation of F-actin rings. The 
actin rings were visible after BMMs stimulated by 
RANKL alone, and their size and number were analyzed. 
However, the formation of actin rings markedly decreased 
in a dose-dependent manner after treatment with different 
concentrations of SSD (Figure 2A and B). In addition, the 
area of bone resorption was remarkably reduced after 
treatment with different concentrations of SSD. There 
were few changes detected on the bovine bone slices 
when BMMs were treated with SSD at a concentration 
of 2 μmol/L (Figure 2C and D). Therefore, our results 
suggested that SSD suppressed the formation of F-actin 
rings and the function of bone resorption.

SSD Reduced the RANKL-Induced 
Expression Level of Osteoclast-Related 
Genes in vitro
To investigate the molecular mechanism underlying the 
inhibition of osteoclastogenesis by SSD, we determined 
the mRNA expression level of genes related to osteoclast 
formation (Dcstamp, NFATc1 and c-Fos), bone resorption 
(Acp 5 and V-ATPase d2) and inflammatory cytokines 
(MMP9). We found an obvious and time-dependent increase 
in the expression levels of these genes after treatment with 
M-CSF and RANKL. However, this increase was sup-
pressed by treatment with SSD (Figure 3A). In addition, 
treatment with SSD decreased the expression levels of 
these genes in a dose-dependent manner (Figure 3B). 
Therefore, our results revealed that SSD effectively sup-
pressed the expression level of osteoclast-related genes.

SSD Block Multiple Downstream Pathways 
Regulated by RANK/RANKL Pathway
Signaling pathways activated by RANKL in the early 
stages play a crucial role in osteoclast formation. After 
treating M-CSF dependent BMMs with RANKL, the most 
pivotal and the earliest activated signaling cascade was the 
NF-κB signaling pathway. Our results revealed that IκBα 

was degraded during RANKL-induced osteoclastogenesis, 
and the degradation of IκBα was inhibited after treatment 
with SSD. P65 is mainly located in the cytoplasm of 
BMMs, and IκBα degradation may contribute to phosphor-
ylation and nuclear translocation of P65.27 We observed 
that P65 phosphorylation decreased in a dose-dependent 
manner after SSD treatment (Figure 4A and B). In addi-
tion, the results of immunofluorescence staining revealed 
that P65 was translocated to the nucleus after phosphor-
ylation induced by RANKL in the positive control group. 
BMMs treated with SSD significantly suppressed nuclear 
translocation of P65 (Figure 4C and D). Therefore, SSD 
significantly attenuated RANKL-induced activation of NF- 
κB pathway.

Furthermore, the MAPK and PI3K–AKT pathways 
play a crucial role in the formation of osteoclasts. 
Stimulation by RANKL induced phosphorylation of 
PI3K, AKT and MAPK members, including ERK, JNK 
and P38, which increased the expression of the down-
stream NFATc1.4 The results revealed that SSD signifi-
cantly inhibited the activation of PI3K–AKT and MAPK 
signaling pathways (Figure 5A–D). We speculate that SSD 
targets a common protein, which connects these pathways 
as an adaptor, thereby resulting in their inhibition.

Activation of the NF-κB, MAPKs and PI3K–AKT 
pathways after RANKL stimulation resulted in the induc-
tion of c-Fos and NFATc1, which were regarded as tran-
scriptional regulators for osteoclastogenesis.6 The 
expression levels of NFATc1 and c-Fos were the highest 
3 days after M-CSF and RANKL processing. However, 
the expression levels markedly reduced after treatment 
with SSD (Figure 5E and F). Therefore, these results 
revealed that SSD reduced the expression of NFATc1 and 
c-Fos by inhibiting NF-κB, MAPKs and PI3K–AKT path-
ways in the early stage.

SSD Inhibited LPS-Induced Inflammatory 
Bone Loss in vivo
We investigated whether SSD could exert a protective 
role in an in vivo model of LPS-induced osteolysis. 
TRAP staining of the calvaria demonstrated that SSD 
significantly inhibited osteoclastogenesis (Figure 6A). In 
addition, 3D image reconstruction and µCT scanning 
revealed a significant decrease in BV/TV and an 
increased porosity percentage and pore number in the 
LPS treatment group. SSD (high and low dose) treat-
ment ameliorated LPS-induced inflammatory osteolysis 
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in a dose-dependent manner (Figure 6B), which was 
consistent with the in vitro results. The quantification 
of the bone parameters revealed that SSD remarkably 
decreased BV/TV and porosity percentage (Figure 6C). 
Furthermore, results of the histological examination 

revealed that SSD exerted a protective effect against 
LPS-induced bone loss. Histological assessment showed 
that SSD decreased the number of TRAP-positive cells 
and increased BV/TV in a dose-dependent manner 
(Figure 7A and B).

Figure 2 Saikosaponin D attenuated the formation of F-actin and bone resorption. (A) M-CSF-dependent BMMs stimulated by RANKL were treated with SSD of different 
concentrations. Mature osteoclasts were stained with F-actin Staining Kit and DAPI respectively. (B) The number of osteoclasts with F-actin rings. (C) An equal number of 
M-CSF-dependent BMMs stimulated by RANKL were seeded on bone slices in the presence of different concentrations of SSD. After 7 days, bone resorption lacunae were 
observed by SEM. Bone resorption pits were highlighted with white arrows. (D) The proportion of resorption pit areas. Original magnification, × 100. Scale bar, 200 μm. 
Mean ± SD is used to describe the data. Above experiments were conducted independently at least 3 times. ****P <0.0001, ***P<0.001.
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Figure 3 Saikosaponin D reduced the expression level of osteoclast-related genes induced by RANKL in vitro. (A) mRNA expression profile of OMG (osteoclast marker 
genes) (time-dependent). RT-qPCR (real-time quantitative PCR) was performed on total RNA extracted from cells stimulated by RANKL (50ng/mL) and treated with 2μM 
SSD for the indicated time points during the 5 day osteoclast culture. With β-actin as the reference, RANKL-induced related mRNA expressions of Dcstamp, MMP9, 
NFATc1, c-FOS, Atp6V0d2, and Acp5 were normalized. (B) mRNA expression profile of OMG (dose-dependent). RT-qPCR was performed on total RNA extracted from 
cells stimulated by RANKL (50ng/mL) and treated with various concentrations of SSD for 5 days. With β-actin as the reference, RANKL-induced related mRNA expressions 
of Dcstamp, MMP9, NFATc1, c-FOS, V-ATPase-d2, and Acp 5 were normalized. Mean ± SD is used to describe the data. Above experiments were conducted independently 
at least 3 times. ****P <0.0001, ***P<0.001, **P <0.01, *P <0.05.
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Figure 4 Saikosaponin D attenuated RANKL-induced activation of NF-κB pathway. (A) SSD suppressed RANKL-induced relative phosphorylation of P65 and IκBα and the 
degradation of IκBα. BMMs were treated without or with various concentrations of SSD (0.5, 1 and 2 μmol/L) for 1 h and then were treated with RANKL (50 ng/mL) for 15 
min. Total proteins extracted from BMMs were probed for protein levels using immunoblot analyses. (B) Expressions of IκBα and p-IκBα relative to β-actin and p-NFκB P65 
relative to total NF-κB P65. (C) Nuclear translocation of P65 indicated by immunofluorescence. (D) The relative frequency of cytoplasmic and nuclear P65 in each 
experimental group was quantified using Image J. Original magnification, ×200. Scale bar, 200 μm. Mean ± SD is used to describe the data. Above experiments were 
conducted independently at least 3 times. ****P <0.0001, ***P<0.001. 
Abbreviation: ns, not significant.
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Figure 5 Saikosaponin D attenuated RANKL-induced activation of MAPKs and PI3K-AKT pathways. (A and B) SSD suppressed the phosphorylation and activation of JNK, 
ERK, P38, AKT and PI3K induced by RANKL. (C and D) The expressions of p-ERK, p-JNK, p-P38, p-AKT and p-PI3K relative to total cellular proteins. (E) SSD suppressed 
RANKL-induced activation of NFATc1 and c-FOS. Immunoblot analyses were performed on total proteins extracted from BMMs treated with SSD and RANKL for 0, 1, 3, or 
5 days. (F) The expressions of NFATc1 and c-FOS relative to β-actin. Mean ± SD is used to describe the data. Above experiments were conducted independently at least 3 
times. ****P <0.0001, ***P<0.001, *P <0.05. 
Abbreviation: ns, not significant.
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Discussion
Excessive osteoclast activity impairs bone homeostasis, 
leading to osteolytic diseases such as osteoporosis.2,3,28 

Currently, many agents, including bisphosphonates, target-
ing osteoclast formation and bone resorption are available, 
which provide therapeutic strategies for these diseases. 
However, these drugs have limitations and side effects 

such as development of atypical subtrochanteric fractures 
and osteonecrosis of the jaw.29,30 SSD is a type of triterpene 
saponin extracted from Bupleurum. In this study, SSD 
exerted an inhibitory effect on osteoclast formation and 
bone resorption induced by M-CSF and RANKL in vitro. 
The results of qRT-PCR and Western blotting revealed that 
SSD inhibited multiple signaling pathways, including the 

Figure 6 Saikosaponin D inhibited inflammatory bone loss induced by LPS. (A) The calvarial bones were subjected to TRAP staining. The region of interest was highlighted 
with a red box. (B) Micro-CT scanning and subsequent 3D reconstruction of the calvarial bones from the LPS in high-dose SSD group, LPS with low-dose SSD group, LPS 
group, and Sham group (scale bar = 1mm). The region of interest was highlighted with a red box. (C) Determination of BV/TV (bone volume/total volume). Percentage 
porosity and the number of pores. There were 6 randomly assigned mice in each group. Mean ± SD is used to describe the data. ****P <0.0001, ***P<0.001.
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Figure 7 Saikosaponin D inhibited inflammatory bone loss induced by LPS. (A) H&E staining and TRAP staining of calvaria from the high-dose SSD group, low-dose SSD 
group, LPS group, and sham group (scale bar = 200μm). (B) Determination of TRAP (+) cells and BV/TV. There were 6 randomly assigned mice in each group. The area of 
TRAP (+) cells were highlighted with black arrows. Mean ± SD is used to describe the data. ****P <0.0001.
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NF-κB, MAPKs and PI3K-AKT pathways. Furthermore, 
SSD decreased the expression levels of specific genes 
related to osteoclast differentiation and function, including 
V-ATPase d2, Dcstamp, Acp 5 and c-Fos, and the related 
inflammatory factors such as MMP9. Moreover, the expres-
sion level of downstream NFATc1 and c-FOS were 
decreased, which are the major transcription factors mod-
ulating the differentiation, fusion and bone resorption of 

osteoclasts (Figure 8). Genetic evidence indicates that the 
NF-κB pathway plays a crucial role in osteoclast 
formation.31,32 RANKL induces rapid phosphorylation of 
IκBα, and the degraded IκBα releases the RelA (p65)/p50 
heterodimer, which causes the nuclear translocation of P65 
to activate the related target genes.27,33 Our results revealed 
that treatment with SSD inhibited the degradation of IκBα 
and nuclear translocation of P65 induced by RANKL.

Figure 8 Inhibition of osteoclastogenesis by SSD is associated with regulation of RANKL/RANK pathway. After RANKL secreted by osteoblasts combined with RANKL, 
TRAF6 is activated in the cytoplasm of osteoclasts. Then the downstream pathways including NF-κB, MAPKs and PI3K-AKT are activated, leading to the automatic expansion 
of NFATc1, c-FOS and AP-1. Several osteoclast related genes such as NFATc1, Dcstamp, c-Fos, Acp 5, V-ATPase d2 and MMP9 are upregulated, which are essential for 
osteoclasts differentiation and formation. Our results for the first time demonstrated that SSD suppressed osteoclastogenesis via inhibiting RANKL-induced multiple 
downstream pathways.
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RANKL treatment activated the three MAPK signaling 
pathways, namely, ERK, JNK and P38.4 The P38 pathway is 
mainly involved in osteoclast formation, which was proved by 
P38 inhibitors.34 Precursor cells lacking JNK1 but not JNK2 
can attenuate osteoclast differentiation. In addition, JNK plays 
a pivotal role in regulating the survival of osteoclasts.35 ERK is 
necessary for the formation of osteoclasts and the maintenance 
of bone resorption.8,36 In addition, RANKL activates the 
PI3K–AKT pathway via TRAF6 to regulate cell proliferation 
and differentiation. Specific PI3K inhibitors, glucocorticoids, 
ameliorate osteoclast formation.37,38

The activated PI3K–AKT pathway can inactivate GSK3β 
and NFATc1 via calcineurin. Overexpressed AKT signals 
enhance the expression of NFATc1 and the localization to 
nucleus, which results from an increased phosphorylation of 
GSK3β.39 NFATc1 is the main transcriptional regulator of 
osteoclast formation, and NFATc1-deficient BMMs cannot 
differentiate into osteoclasts. Furthermore, when active 
NFATc1 is overexpressed in osteoclast precursors, the differ-
entiation of osteoclasts could be completed even without 
RANKL.40 In addition, NFATc1 can coordinate with other 
transcription factors in the nucleus to increase the expression 
levels of several osteoclast related genes.41,42 In our study, 
according to the responses after RANKL stimulation to the 
activated NF-κB, MAPKs and PI3K-AKT, SSD remarkably 
attenuated the expression level of NFATc1 and c-Fos and 
suppressed the expression of osteoclast-related mRNA in 
a dose- and time-dependent manner. Overall, our results reveal 
the anti-osteoclastogenic and anti-resorptive effects of SSD 
in vitro via inhibition of a variety of signaling pathways 
induced by RANKL.

LPS, located on the outer membrane of gram-negative 
bacteria, is an amphiphilic molecule. LPS activates the NF- 
κB pathway and produces a series of inflammatory cytokines 
such as TNF-α and interleukin 1 (IL-1),13,43 which play an 
important role in osteoclast differentiation and formation. 
Results of the in vivo experiments revealed that SSD inhibited 
LPS-induced inflammatory bone loss in a dose-dependent 
manner. Our experiment model is limited to the local bone 
destruction of the calvaria induced by LPS. Several pro- 
inflammatory factors play an important role in the occurrence 
and development of osteolytic diseases. However, we only 
selected LPS as a pro-inflammatory factor in our study. In 
addition, we used a short-term experimental model in this 
study. Osteolytic diseases such as osteoporosis are often long- 
term systemic diseases. Therefore, additional in vivo studies 
such as a study in a mouse model of ovariectomy-induced 
osteoporosis should be performed to further establish the 

therapeutic efficacy of SSD in treating osteoclast-related dis-
eases in the future.

In summary, this study for the first time proved that SSD 
suppressed osteoclastogenesis via inhibiting RANKL- 
induced multiple pathways in vitro. In addition, SSD could 
inhibit LPS-induced inflammatory bone destruction in vivo. 
Thus, SSD might be a potential drug in treating osteolytic 
diseases such as periprosthetic and inflammatory osteolysis.

Statement
No obvious side effects on mice are available when using 
Saikosaponin D according to the previous research.16,44 In 
our experiment, the status of the mice, such as eating and 
drinking, is normal after administrated. Therefore, side effects 
are absent for SSD.
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