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ABSTRACT 

Osteoporosis is a class of metabolic bone disease caused by complexed ramifications. 

Over-activation of osteoclasts due to a sudden decreased estrogen level plays a pivotal 

role for postmenopausal women suffering from osteoporosis. Therefore, inhibiting 

osteoclast formation and function has become a major direction for the treatment of 

osteoporosis. Tiliroside (Tle) is a salutary dietary glycosidic flavonoid extracted from 

Oriental Paperbush flower, which has been reported to have an anti-inflammation 

effect. However, whether Tle affects the osteoclastogenesis and bone resorption 

remains unknown. Herein, we demonstrate that Tle prevents bone loss in ovariectomy 

(OVX) in mice and inhibits osteoclast differentiation and bone resorption stimulated 

by receptor activator of nuclear factor kappa-B ligand (RANKL) in vitro. Molecular 

mechanism studies reveal that Tle reduces RANKL-induced activation of 

mitogen-activated protein kinase (MAPK) and NFATc1 pathways, and 

osteoclastogenesis-related marker genes expression, including Cathepsin K (Ctsk), 

Matrix metalloproteinase 9 (Mmp9), TRAcP (Acp5), Atp6v0d2. Our research indicates 

that Tle suppresses osteoclastogenesis and bone loss by down-regulating the RANKL 

mediated signalling protein activation and expression. In addition, Tle inhibited 

intracellular reactive oxygen species (ROS) generation which was related to the 

formation of osteoclasts. Therefore, Tle might serve as a potential drug for osteolytic 

disease such as osteoporosis.  
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1 | INTRODUTION 

Osteoporosis has become an important threat to human health, especially in the aging 

populations (Reventlow and Bang, 2006; Yoshimura et al., 2010). Osteoporosis is a 

class of metabolic bone disease mainly caused by enhanced bone resorption and 

weakened bone formation (Bono and Einhorn, 2003). Decreased estrogen in 

postmenopausal women can unbalance the coordination between bone resorption 

function of osteoclasts and osteogenic function of osteoblasts, because the reduction 

of estrogen level leads to the excessive activation of osteoclasts (Jackson et al., 2006). 

Consequently, the increased osteoclasts and intensive bone resorption contribute to 

the pathogenesis of bone loss and osteoporosis.  

 

Previous studies indicated that the differentiation and activation of osteoclasts were 

regulated by a family of tumor necrosis factor (TNF) like proteins or TNF receptors 

(TNFRs) including osteoprotegerin (OPG)，RANKL and RANK, which co-regulate 

the function of osteoclasts (Takahashi et al., 1999). Osteoclasts, derived from 

macrophage/mononuclear precursor cells near or at the surface of bone (Boyle et al., 

2003; Normanno et al., 2005), are tissue-specific polynuclear cells and have bone 

resorption activities (Teitelbaum, 2000). Increased RANKL binding to RANK 

activates cytoplasmic protein TRAF6, which then activates a series of downstream 

proteins including IKK, IκBα, and NF-κB p65 (Pearson et al., 2001). T cell nuclear 

factor 1 (NFATc1) and c-Fos, the main transcription factors of osteoclast 

differentiation, have been reported to be activated by NF-κB signalling and MAPK 

pathway such as JNK and ERK (Kim et al., 2012; Lorenzo, 2017). Sequentially, the 

expression of the osteoclast marker genes related to osteoclast differentiation, such as 

Atp6v0d2, Acp5, Mmp9, Ctsk and calcitonin receptor (Ctr) are initiated (Boyle et al., 

2003). In turn, these pathways synergize to promote osteoclast differentiation and 

bone resorption. In addition, it was reported that the production of ROS was related to 

the formation of osteoclasts (Lee et al., 2005). 

 

Natural compounds and their derivatives play an integral role in the development of 



new approaches for the treatment of osteoporosis (Guo et al., 2018). Tiliroside (Tle), 

extracted from Oriental Paperbush flower, is a kind of flavonoid natural compound 

with a wide range of pharmacological functions, including anti-inflammatory, 

anti-thrombotic, antiviral, anti-oxidation and anti-carcinogenic activities (Gao et al., 

2017). A recent study demonstrated neuroprotective effects of the compound 

(Velagapudi et al., 2018). However, there are very few studies on the potential 

application of Tle in osteoporosis.  

 

In this study, we investigated the role of Tle in osteoclastogenesis and bone loss. We 

found that Tle inhibited osteoclast formation and bone resorption in vitro, as well as 

osteoclast marker genes expression and RANKL-mediated MAPK and NFATc1 

signalling pathways. Moreover, Tle significantly inhibited the production of reactive 

oxygen species in cells. Further, Tle attenuated OVX- induced osteoporosis in mice, 

suggesting that Tiliroside might serve as a new potential therapeutic drug for 

osteoporosis.   

 



2 | MATERIALS AND METHODS  

2.1 | Media and reagents 

Alpha modified minimal essential medium (α-MEM) and FBS were purchased from 

Thermo Fisher (Scoresby, Australia). Recombinant macrophage colony stimulating 

factor (M-CSF) was acquired from R&D Systems (Minneapolis, MN, USA). Tle 

acquired from Mansite (Chengdu, Sichuan Province, China) was dissolved to 100 μM 

in dimethylsulf-oxide (DMSO) for storage. To make the ratio of DMSO in the total 

volume less than 0.1%, 100 μM Tle was then diluted in the culture medium. We 

purchased antibodies against JNK, p38, p65, NFATc1, phospho-p65, phospho-JNK, 

phospho-p38 and β-actin from Cell Signaling Technology (Danvers, MA, USA). 

Antibody against ERK, phospho-ERK, c-Fos, and IκBα were obtained from Abcam 

(Cambridge, MA, USA). We acquired MTT Cell Proliferation Assay Kit and 

Leucocyte acid phosphatase staining kits from Thermo Fisher Scientific (Shanghai, 

China). We expressed and purified Recombinant GST ‐rRANKL as introduced in the 

past (Xu et al., 2000). We purchased Reactive Oxygen Species (ROS) Assay Kit from 

the company, Beyotime Institute of Biotechnology (Shanghai, China). 

 

2.2 | In vitro osteoclastogenesis assay 

We isolated primary bone marrow-derived macrophages (BMMs) from femur and 

tibia of 6-week-old mice. In an incubator with 5% CO2 at 37°C, BMMs were 

proliferated in 75 cm2 culture flasks with complete α-MEM which was supplemented 

with 10% FBS and 1% penicillin/streptomycin and stimulated with M-CSF (50 ng/ml). 

When the area of cells reached 90%, they were transferred to a 96-well plate at a 

density 8 × 103 cells/well and cultured overnight. After attached, the cells were treated 

with diverse concentrations of Tle (1.25, 2.5, 5, 10 μM) in the case of RANKL 

(50ng/ml) stimulation while we changed the medium every two days until osteoclasts 

were formed. Then the mature osteoclast-like cells were stained by a leucocyte acid 

phosphatase staining kit after they were fixed in 4% paraformaldehyde for 10 minutes 

and washed with PBS for three times. TRAcP positive multinucleated cells which had 

more than three nuclei were counted as osteoclasts. The spread area and numbers of 



osteoclasts were counted using ImageJ software. 

 

2.3 | Cell viability assay 

At a density 8 × 103cells/well, BMMs were planted onto a 96-well plate and cultured 

overnight. Then various concentrations of Tle (0, 1.25, 2.5, 5, 10, 20 µM) were 

administrated to the cells. 48 hours later, the cells were given CCK8 solution 

(10μl/well) and incubated for another 2 h. By using a microplate reader (Thermo, 

USA), we detected the absorbance of cells at 450 nm. 

 

2.4 | F ‐actin belt immunofluorescence and confocal microscopy  

At a density 8 × 103cells/well, BMMs were planted onto a 96-well plate and cultured 

overnight. Subsequently, cells were stimulated with M ‐CSF (50 ng/ml) and RANKL 

(50 ng/ml) for 3 days. Next, osteoclast precursor cells were given gradient 

concentrations of Tle for two days. After being fixed with 4% paraformaldehyde and 

permeabilized with 0.1% Triton X ‐100 PBS, the cells were blocked by 3% bovine 

serum albumin in PBS. Next, cells were stained for F ‐actin belt after being incubated 

in rhodamine ‐conjugated phalloidin for 40 minutes in dark. After being stained with 

DAPI, the cells were observed by confocal microscopy. 

 

2.5 | Hydroxyapatite resorption assay 

BMMs were first cultured with complete medium on a 6-well plate, supplemented 

with M-CSF (50 ng/ml) and RANKL (50 ng/ml). Until mature osteoclasts were 

formed, they were digested with Tryple reagent (Thermo Fisher Scientific, Shanghai, 

China) and transferred to 96-well hydroxyapatite coated plates at the same cell density. 

The cells were continued to be cultured under the stimulation of RANKL while 

administering different concentrations of Tle (5, 10 μM) for 48 hours. Cells not 

treated with Tle were used as a positive control. Half of the wells were counted for the 

number of multinucleated cells by staining them for TRAcP activity. To wipe out the 

cells and measure the absorption area, the remaining wells were soaked in 10% 

sodium hypochlorite solution for 10 minutes. By using standard light microscope, we 



photographed the resorbed area in each well. By Image J software (NIH, Bethesda, 

USA), we analyzed the percentage area of the resorbed surface.  

 

2.6 | Intracellular ROS activity detection 

ROS Assay Kit was applied to the detection of intracellular ROS activity. At a density 

8 × 103 cells/well, BMMs were planted onto a 96-well plate. While being stimulated 

with M-CSF (50 ng/ml) and RANKL (50 ng/ml), the cells were administrated with 5 

or 10 μM Tle for 3 days. Then cells were incubated with 10 µM DCFH-DA in the 

dark for 30 minutes after being washed with pure α-MEM. After that, we used PBS to 

wash the osteoclast precursor cells and the images were obtained by employing 

fluorescent microscope. 

 

2.7 | Quantitative real-time PCR 

At a density 1 × 105 cells/well, BMMs were planted onto a 6-well plate. After 

attached, cells were given Tle (0, 5, 10 μM) while stimulated with M-CSF (50 ng/ml) 

and RANKL (50 ng/ml) until osteoclast emerged in the positive group. According to 

the manufacturer’s protocol (Thermo Fisher Scientific, Scoresby, Australia), we 

collected total RNA from cells by using RNA extraction kit. We obtained the cDNA 

by Moloney murine leukemia virus reverse transcriptase using a q-PCR machine. The 

q‐PCR reaction was performed using the following cycles: 95°C for 10 min, 40 

cycles which contained 95°C for 10 s, 60°C for 20 sand 72°C for 20 s, followed by a 

final extension at 72°C for 90 s. The expression levels of each marker genes were 

based on the expression of GAPDH and we detected their fold changes using Livak’s 

equation. Primer sequences information for q-PCR was listed in Table 1. 

 

2.8 | Ethical Use of Animals 

All animal experiments were performed in accordance with the Institutional Animal 

Ethics Committee of Guangxi Medical University (Guangxi, China). Mice were 

treated exactly in the light of the principles and procedures of the National Institutes 

of Health (NIH) Guide for the Care and Use of Laboratory Animals.  



 

2.9 | OVX-induced osteoporosis mice model 

Thirty-two (32) 8-week-old C57BL/6 female mice were reared at the Animal 

Management Center of Guangxi Medical University. Then, they were randomly 

assigned to four groups (8 mice per group): sham group, OVX group, OVX + 5mg/kg 

Tle group, and OVX + 10 mg/kg Tle group. Except for the sham group, the bilateral 

ovaries of the mice in the other groups were surgically removed under anesthesia and 

the mice were given penicillin once a day for 3 days to prevent any infection. After 

one week of recovery, the OVX + 5mg/kg Tle group and OVX + 10 mg/kg Tle group 

were administered intraperitoneally with Tle (5 mg/kg or 10 mg/kg) every two days 

for six weeks, while the other two groups were given the same dose of normal saline 

as placebo. Subsequently, all mice were sacrificed by excessive anesthesia. To further 

analyse bone tissue, the tibia was preserved with 4% paraformaldehyde. 

 

2.10 | Micro-computed tomography (micro-CT) scanning 

The whole tibia was analyzed with anisotropic voxel size of 10.0 μm through the 

Bruker Micro-CT Skyscan 1272 system (Kontich, Belgium). Under the condition of 

55kV X ‐ray tube potential and 80 μA X ‐ray intensity, scanning images were gained 

in a 1,700 ms exposure time. The trabecular bone volume per total volume (BV/TV), 

bone surface density (BS/TV), mean trabecular number (Tb.N) and bone mineral 

density (BMD) were measured according to previous study (Tornvig et al., 2001).  

 

2.11 | Histomorphometric analysis of bone tissue 

To assess the number of trabecular bone and osteoclasts in the metaphysic of tibias as 

described formerly (Koide et al., 2009), tibias were decalcified with 10% EDTA 

solution for 14 days. The decalcified tibias were then dehydrated by different 

concentrations of alcohol. Tibias were embedded in paraffin after being cleared twice 

with xylene. Finally, the embedded tibias were cut into 8μm thick sections for further 

TRAP staining. 

 



2.12 | Western blot 

A density 1 × 106 cells/well of BMMs was planted to a 6-well plate. After the cells 

were attached, they were first starved for 1 hour, then pretreated with Tle (10 μM) for 

3 hours, and finally stimulated with RANKL (50 ng/ml) for 0, 5, 10, 20, 30 or 60 mins. 

Total proteins were obtained by using radioimmunoprecipitation (RIPA) lysis buffer 

to lysis cells. The protein samples were transported onto nitrocellulose (NC) 

membranes (Thermo Fisher Scientific, Shanghai, China) after being detached through 

SDS-polyacrylamide gel electrophoresis. Then we used 5% bovine serum albumin 

(BSA) to block the membranes for 40 mins. After that, the membranes were gently 

shaken overnight at 4 °C with different specific primary antibodies which were 

diluted to 0.1% TBST solution. Hereafter, we used 0.1% TBST to wash the 

membranes and incubated them in the dark with corresponding species secondary 

antibodies to which enhanced chemiluminesence reagent (Amersham Pharmacia 

Biotech, Piscataway, NJ) were added. The proteins were visualised with an 

Image ‐quant LAS 4000 system (GE Healthcare, Silverwater, Australia). 

 

2.13 | Statistical analysis 

All experimental data which were obtained from three or more independent 

experiments are presented as mean ± SD. And the statistical significance was 

determined using Student's t-test and one-way ANOVA tests. The results with p < 

0.05 were considered to be statistically significant. 

 

 

 

 

 

 

 

 

 



3 | RESUTS 

3.1 | Tle restrained the differentiation of osteoclasts  

The chemical structure of Tle is presented in Figure 1a. In order to test whether Tle 

has an adverse effect on the proliferation and cytotoxicity of BMMs, BMMs were 

given treated with diverse concentrations of Tle (0, 1.25, 2.5, 5, 10, 20 μM) for 48 

hours in 96-well plates. According to the result, Tle had no effect on the proliferation 

of BMMs when the dose of Tle was less than 20 μM (Fig. 1b). Therefore, the 

concentrations of Tle used in this study were not toxic to the cells. To delineate the 

effect of Tle on osteoclastogenesis, we cultured BMMs in complete medium 

supplemented with M-CSF and RANKL and then treated them with diverse 

concentrations of Tle for six days. We observed that the number and size of 

osteoclasts in the test groups were attenuated and presented a dose-dependent feature 

compared with the positive control group (Fig. 1c). After TRAcP-positive 

multinucleated (nuclei≥3) osteoclasts were analyzed for cell number and area ratio, 

three concentrations at 2.5, 5 and 10 μM were statistically significant (Fig. 1d, e).  

 Next, BMMs were treated with Tle (10 μM) at different time periods while being 

stimulated with RANKL and M-CSF. Figure 2a showed the different time periods of 

Tle treatment and representative TRAcP staining pictures for osteoclasts. We found 

that in the early stage (Day 1-3), Tle exerted a more significant inhibition on 

osteoclast differentiation compared to the positive control group (Fig. 2a). Mature 

osteoclasts, which were TRAcP-positive and multinucleated (nuclei ≥ 3), were 

counted in quantity and total area (Fig. 2b, c). Compared with the early stage, Tle 

exerted a less significant inhibition on osteoclast differentiation in the mid or late 

stages (Day 3-5 and day 5-6) but the inhibition of osteoclast by Tle was significant in 

the day 1-6 stage. Taken together, these results showed that Tle restrained osteoclast 

differentiation induced by RANKL in a dose- and time-dependent manner. 

 

3.2 | Tle down-regulated the expression levels of marker genes involved in 

osteoclast differentiation 

To explore the role of Tle in osteoclast differentiation at the genetic level, we 



examined the expression levels of marker genes involved in osteoclast differentiation.  

BMMs were treated with Tle (0, 5, 10 μM) while being stimulated with RANKL and 

M-CSF until multinuclear osteoclast-like cells appeared in the positive control group. 

Then the relative expression levels of marker genes were determined by q-PCR. The 

results revealed that the expression levels of these marker genes, including Acp5, 

Mmp9, Atp6v0d2 and Ctsk, were significantly down-regulated in the Tle-treated 

groups (Fig. 2d, e, f, g).  

 

3.3 | Tle restrained osteoclastic hydroxyapatite resorption and F-actin belts 

formation induced by RANKL 

Equal mature osteoclasts were seeded into a 96-well hydroxyapatite coated plates and 

then the cells were treated with Tle (5 or 10 μM). While compared to the positive 

group, the hydroxyapatite resorption area decreased in groups treated with Tle (Fig. 

3a). According to the TRAcP staining, approximate amount of osteoclasts were 

counted in each well (Fig. 3b). In addition, we measured the area of bone resorption 

with Image J software and found that the area of absorption in the wells treated with 

Tle was significantly reduced (Fig. 3c). Based on the above results, we could draw a 

conclusion that Tle reduced the bone hydroxyapatite resorption area by inhibiting the 

bone resorption function of osteoclasts rather than reducing the number of osteoclasts. 

Further, we studied the effect of Tle on the F-actin belts formation which is one of the 

key actins for osteoclasts to exert osteoclastic bone resorption. In the positive control 

group, polarized F-actin belts were observed (Fig. 1d). However, both the quantity 

and size of F-actin belts were decreased under the condition of being treated with Tle 

(Fig. 1d, e).  

 

3.4 | Tle deincreased intracellular ROS generation in BMMs 

To explore the effect of Tle on intracellular ROS production induced by RANKL, we 

measured DCF content in each group of BMMs treated with RANKL in the presence 

or absence of Tle (Fig. 4a). The result revealed that intracellular ROS levels in 

Tle-treated groups were significantly reduced by Tle when compared to the positive 

Formatted: Font color: Red



group and presented a dose-dependent manner (Fig. 4b). In Figure c, we counted the 

number of BMMs and found that the number of cells per well was almost equal. 

 

3.5 | Tle suppressed RANKL-induced activation of MAPK and NFATc1 pathways 

during osteoclastogenesis 

Next, we measured the relative expression of IκBα to β-actin and phosphorylated p65 

to p65 through Western blot assay after osteoclasts were stimulated with RANKL for 

specific time. Compared to the control group, relative expression of IκBα and 

phosphorylated p65 almost did not change in the Tle (10 μM) group (Fig. 5a, b, c). In 

addition, we investigated whether Tle affected MAPK induced by RANKL. 

Compared to the control, the results indicated that the relative expression of 

phosphorylated ERK to the total ERK was significantly reduced by the addition of Tle 

at 10 and 20 minutes (Fig. 5a, d). Furthermore, the relative expression of 

phosphorylated JNK to the total JNK was obviously decreased at 10, 20 and 30 

minutes (Fig. 5a, e). Yet, the relative expression of phosphorylated p38 to total p38 of 

osteoclasts had little change during each period stimulated with RANKL (Fig. 5a, f).  

 

To examine the effect of Tle on the relative expression levels of NFATc1 and c-Fos 

which were the pivotal downstream transcription factors, BMMs were cultured with 

complete medium and stimulated with M-CSF and RANKL for 5 days. Results 

indicated that the protein expression level of NFATc1 was significantly lower in the 

Tle-treated groups than that of control group on day 3 and 5. Similarly, the protein 

expression levels of c-Fos began to decrease on day 1 and 3 compared to the control 

group (Fig. 5g, h, i). These results indicated an inhibitory effect of Tle on NFATc1 

signalling pathway. 

 

3.6 | Tle prevented bone loss in OVX-induced osteoporosis mouse model 

We further studied the potential treatment effects of Tle against osteolytic diseases in 

vivo by using an osteoporotic OVX model in mice. We scanned the entire tibias of all 

mice with micro-CT and avoided any damage to the medullary cavity while 



dissociating the tibias from the sacrificed mice to minimise the effects on the results 

of further histological experiments. It can be seen from the 3-dimensional (3D) 

reconstructed image of the region of interest of the tibias that the bone mass of the 

same part of the Tle-treated group was significantly higher compared with the OVX 

group (Fig. 6a). Compared to the OVX group trabecular BV/TV, trabecular BS/TV, 

trabecular number (Tb.N) and BMD in Tle-treated groups were significantly higher 

(Fig. 6b, c, d, e).  

 

Histological analysis further confirmed the results of micro-CT scans. TRAcP staining 

showed a decrease of osteoclasts in the growth plate of tibia head (Fig. 6f, g, h). In 

summary, Tle can prevent bone loss in the OVX-induced osteoporosis in mice. 

 



4 | DISCUSSION 

Osteoporosis, a systemic bone disease characterized by decreased bone mass and 

destruction of bone tissue microstructure which can bring about increased bone 

fragility and increased risk of fracture, seriously threatens the health and quality of 

life of the elderly. Postmenopausal women are the main patients with osteoporosis and 

a sudden decreased estrogen which contributes to the over-activation of osteoclast is 

the major motivator of postmenopausal osteoporosis (Rachner et al., 2011). However, 

osteoporosis is preventable and treatable. So far, drugs for the treatment of 

osteoporosis mainly include two major categories: inhibition of bone resorption drugs 

including calcium, vitamin D and active vitamin D, calcitonin, diphosphate, estrogen, 

etc. and promotion of bone formation drugs including synthetic steroids, parathyroid 

hormone, etc. (Khosla and Hofbauer, 2017). In recent years, studies on the prevention 

of osteoporosis by small molecule Chinese herbal medicines have increased 

significantly because they have the advantage of weak side effects (Chen et al., 2017; 

Guo et al., 2018; Ma et al., 2018). Tle, a flavonoid natural compound extracted from 

Oriental Paperbush flower, has been reported to postpone the process of cellular 

senescence (Chatzigeorgiou et al., 2017), inhibit the oxidation of low density 

lipoprotein (Schinella et al., 2007),  and contribute to neuroprotective function and 

antihypertensive effects etc. (Silva et al., 2013; Velagapudi et al., 2018). However, the 

effect of Tle on osteoclasts and the specific mechanisms are still unclear. 

   

Coordination of the functions of osteoclasts and osteoblasts is essential to maintain 

the balance of bone homeostasis in natural physiology (de Baat et al., 2005). Once 

this balance is broken, various bone-related diseases will occur. For example, the bone 

resorption function of over-activated osteoclast can lead to severe bone structural 

damage in Paget disease, RA, and osteoporosis (Cornish et al., 2002; Ma et al., 2013; 

Meier et al., 2006). Decreased estrogen leads to excessive activation of osteoclasts. In 

this study, we demonstrated that Tle prevented bone loss in OVX-induced 

osteoporosis mouse model. Then we used a series of experiments to identify the 

effects of Tle on osteoclast differentiation and bone resorption in vitro. The number of 



osteoclasts was significantly reduced by Tle during RANKL-induced osteoclast 

differentiation. When we planted the same number of osteoclasts on hydroxyapatite 

plate, it was shown that Tle reduced the hydroxyapatite bone resorption area by 

inhibiting the bone resorption function of osteoclasts rather than reducing the number 

of osteoclasts. In addition, Tle significantly inhibited the formation of F-actin belts 

which contributed to osteoclast bone resorption. Tle down-regulated the expression of 

Ctsk and Atp6v0d2 which were involved in the regulation of F-actin belts formation 

and bone resorption function in osteoclasts (Dodds et al., 2001; Tanaka et al., 2013; 

Wilson et al., 2009). Moreover, our q-PCR assay also found that the expression of 

genes participated in osteoclast differentiation had been down-regulated, including 

Acp5, Mmp9, Atp6v0d2, and Ctsk. 

  

NF-κB signalling pathway, one of the classical pathways for osteoclast differentiation, 

is a targeted pathway for various drugs to treat osteolytic bone disease (Brown et al., 

2008). RANKL and M-CSF are two pivotal factors in inducing BMMs to differentiate 

into mature osteoclasts and a human monoclonal antibody against RANKL was used 

to treat osteoporosis (Kearns et al., 2008). After RANKL binds to RANK, TRAF6 is 

activated and phosphorylates IKK and IκBα in turn, causing p65 to enter the nucleus, 

ultimately leading to the expression of osteoclast-related genes which are drawn into 

osteoclast differentiation and its cellular function. Activation Degradation of IκBα and 

entry of p65 into the nucleus are two key points events of the NF-κB pathway 

activation in osteoclast formation (Xu et al., 2009). In this study, the expression levels 

of p-65 and IκBα did not change in Tle-treated osteoclasts compared to the untreated 

control. Therefore, we believed it is likely that Tle did not affect differentiation of 

osteoclasts through the NF-κB pathway. Hence, another pathway—MAPK was 

considered. The MAPK pathway contains three major activation pathways: JNK, p38 

and ERK (Choi et al., 2017). Activated Ras leads to sequential activation of Raf and 

MEK1/2, further increasing phosphorylated-ERK. Increased phosphorylated- ERK 

up-regulated the downstream expression level of c-Fos and NFATc1. Similarly, JNK 

and p38 are separately activated by MKK4/7 and MKK3/6, which results in increased 



phosphorylated jnk and p38. The increase of phosphorylated JNK and ERK leads to 

the increasing expression level of downstream such as NFATc1 and c-Fos, leading to 

osteoclast differentiation. We found that the relative expression of phosphorylated 

ERK to the total ERK and phosphorylated JNK to the total JNK were obviously 

inhibited by Tle. Therefore, the MAPK pathway was considered to be the pivotal 

pathway for Tle to inhibit osteoclast differentiation. 

 

NFATc1 and c-Fos proteins, the two crucial downstream proteins of MAPK pathways, 

can activate the expression of markers related to osteoclast differentiation including 

TRAcP (Acp5), Mmp9, Atp6v0d2 and cathepsin K (Ctsk) etc. (Feng et al., 2009; 

Matsuo et al., 2004). From the result of Western blot, the relative expression levels of 

NFATc1 and c-Fos were inhibited by Tle. This just explained the decreased expression 

of marker genes associated with osteoclast differentiation.  Furthermore, ROS 

production was reported to have a pivotal effect on osteoclast differentiation and 

MAPK signalling activation (Lee et al., 2005; Yip et al., 2005). So we further 

confirmed that the production of ROS was reduced by Tle. Those results indicated 

that Tle suppressed RANKL-induced activation of MAPK (mainly JNK and ERK) 

pathway in osteoclastogenesis and ROS production. However, whether Tle directly 

affect the MAPK pathway or inhibit the production of ROS, which indirectly affects 

the MAPK signalling pathway remains to be addressed. And we will further explore 

theThe specific molecular mechanism of Tle inhibiting ROS production in thewill 

require future researchfurther investigation. 

 

In summary, Tle was confirmed to have significant inhibitory effects on osteoclast 

differentiation in vitro and prevent bone loss in the OVX model mainly through 

MAPK and NFATc1 signaling pathways. Moreover, research on Tle-derived drugs is 

of great significance for the treatment of osteoporosis bone diseases such as 

osteoporosis. 
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Figure legends  

Fig. 1 Tle restrained the differentiation of osteoclasts in a dose-dependent 

manner. (a) The chemical structure of Tle. (b) Cell viability was measured by MTT 

assay. (c) BMMs were stimulated with complete medium containing RANKL (50 

ng/ml) and M-CSF (50 ng/ml) in the presence of different concentrations of Tle (0, 

1.25, 2.5, 5, 10 uM). Until osteoclasts were formed, they were stained for TRAcP 

staining. (d) TRAcP-positive cells with more than three nuclei were counted as 

osteoclasts. (e) Spread area of TRAcP-positive cells with more than three nuclei. All 

data were confirmed in 3 independent experiments. Data are expressed as means ± SD. 

*p < 0.05, **p < 0.01, ***p < 0.001 relative to the control group. Scale bar presents 

200 uM. 

 

Fig. 2 Tle restrained RANKL-induced osteoclast differentiation in a 

time-dependent manner and down-regulated the expression levels of marker 

genes involved in osteoclast differentiation. (a) BMMs were stimulated with 

complete medium containing RANKL (50 ng/ml) and M-CSF (50 ng/ml) and 

separately treated with Tle (10 uM) in day 1-3, 3-5 and 5-6 while the positive group 

was not treated with Tle. Then the cells were stained for TRAcP staining. (b, c) The 

number and spread area of mature osteoclasts were counted. (d, e, f, g) Osteoclast 

marker genes expression levels were determined. All data were confirmed in 3 

independent experiments. Data are expressed as means ± SD. *p < 0.05, **p < 0.01, 

***p < 0.001 relative to the control group. Scale bar presents 200 uM. 

 

Fig. 3 Tle restrained osteoclastic hydroxyapatite resorption and F-actin belt 

formation induced by RANKL. (a) Representative images of TRAcP stained 

osteoclasts on hydroxyapatite coated surfaces and hydroxyapatite resorption. (b, c) 

The number of osteoclasts and the area of the bone resorption pit were counted by 

ImageJ software. (d) BMMs were stimulated with M ‐CSF (50 ng/ml) and RANKL 

(50 ng/ml) for 3 days and treated with gradient concentrations of Tle for two days. 

Cells were stained by rhodamine ‐conjugated phalloidin and DAPI and observed by 
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confocal microscopy. (e) F-actin belt area was quantified. All data were confirmed in 

3 independent experiments. Data are expressed as means ± SD. *p < 0.05, ***p < 

0.001 relative to the control group. Scale bar presents 200 uM. 

 

Fig. 4 Tle increased intracellular ROS generation in BMMs. (a) Representative 

microscopic fields of osteoclast precursor cells were shown. (b) Average DCF 

intensity per cell presented the average ROS production per cell. (c) BMMs per well 

were counted. All data were confirmed in 3 independent experiments. Data are 

expressed as means ± SD. **p < 0.01 relative to the control group. Scale bar presents 

200 uM. 

 

Fig. 5 Tle suppressed RANKL-induced activation of MAPK and NFATc1 

pathways during osteoclastogenesis. (a) BMMs were stimulated with RANKL (50 

ng/ml) for 0, 5, 10, 20, 30 or 60 mins after being pretreated with Tle or DMSO for 3 

hours. Total cell lysates was analyzed by Western Blotting assay using specific 

antibodies. (b, c, d, e, f) The relative phosphorylation levels of ERK, JNK, p65, p38 

and the relative expression of IκBα were determined and quantified by ImageJ 

software. (g, h, i) Similarly, BMMs were treated with Tle or DMSO while stimulated 

with RANKL (50 ng/ml) for 0, 1, 3, 5 days. Total cell lysates was analyzed by 

Western Blotting. The relative expression levels of NFATc1 and c-Fos were 

determined and quantified by ImageJ software. All data were confirmed in 3 

independent experiments. Data are expressed as means ± SD. *p < 0.05, **p < 0.01 

relative to the control group. 

 

Fig. 6 Tle prevented bone loss in OVX-induced osteoporosis mouse model. (a) 

Representative 3-dimensional micro-CT reconstruction images of the 4 groups at 7 

weeks postsurgery. (b, c, d, e) Micro-CT analyses of BV/TV, BS/TV, and Tb.N in the 

interest region and BMD. (f) Representative images of TRAcP staining for proximal 

tibia in each group were given. (g, h) The ratio of spread area of osteoclasts to bone 

area and the number of osteoclasts of the interest region in each group were analyzed 



by ImageJ software (n=3). Data are expressed as means ± SD. *p < 0.05, **p < 0.01, 

***p < 0.001 relative to the control group. 

 

Fig. 7 Tle suppressed NFATc1 and c-Fos expression through attenuating 

phosphorylation of JNK and ERK, while leaving p-38 and NF-κB unaffected. 
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