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ABSTRACT 
Bone destruction or osteolysis marked by excessive osteoclastic bone resorption is a 

very common medical condition. Identification of agents that can effectively suppress 

excessive osteoclast formation and function is crucial for prevention and treatment of 

osteolytic conditions such as periprosthetic joint infection and periprosthetic loosening. 

Luteoloside, a flavonoid, is a natural bioactive compound with anti-inflammation and 

anti-tumor properties. However, the effect of Luteoloside on inflammation-induced 

osteolysis is unknown. Here, we found that Luteoloside exhibited a strong inhibitory 

effect on lipopolysaccharide (LPS)-induced osteolysis in vivo. In addition, Luteoloside 

suppressed RANKL-induced osteoclast differentiation and abrogated bone resorption 

in a dose-dependent manner. Further, we found that the anti-osteoclastic and 

anti-resorptive actions of Luteoloside are mediated via blocking NFATc1 activity and 

the attenuation of RANKL-mediated Ca2+ signaling as well as NF-κB and MAPK 

pathways. Taken together, this study shows that Luteoloside may be a potential 

therapeutic agent for osteolytic bone diseases associated with abnormal osteoclast 

formation and function in inflammatory conditions. 

KEY WOREDS: LUTEOLOSIDE; OSTEOCLAST; OSTEOLYSIS 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
Introduction 
Bone destruction or osteolysis characterized by excessive osteoclastic bone resorption 

is commonly present in patients of periprosthetic joint infection and periprosthetic 

loosening, which could affect the treatment outcome of orthopedic procedures. For 

instance, total joint arthroplasty (TJA) is considered an effective surgical treatment 

available to help patients with pain and mobility suffering from severe joint diseases, 

such as osteoarthritis and rheumatoid arthritis [1]. However, the overall outcome of TJA 

is greatly influenced by periprosthetic joint infection and periprosthetic osteolysis, 

which could result in aseptic loosening and revision surgery [2, 3]. In addition, bacterial 

endotoxin contamination or adherent bacterial endotoxin on implant-derived wear 

particles is a major cause of inflammatory osteolysis due to abnormally enhanced 

osteoclastic bone resorption [4-6]. Furthermore, Lipopolysaccharide (LPS), a classical 

bacterial endotoxin, is believed to be the common trigger of bone loss accompanying 

enhanced osteoclastic activity [7, 8].  

Of note, pathological bone conditions initiated by LPS exhibit recruitment of a 

number of cell types, such as macrophages, fibroblasts and osteoclasts, followed by 

eliciting inflammatory cytokine secretion, including TNF-ɑ, IL-1, IL-6, and M-CSF [9, 

10]. Furthermore, activation of nuclear factor-κB ligand (RANKL) contributes to 

osteolysis by favoring exacerbated osteoclast activity and accelerating bone resorption 

in response to inflammatory cytokines [5]. Given the crucial role of excessive 

osteoclastic activity in bone destruction, development of osteoclastic inhibitors can 

offer valuable information for the prevention and treatment of pathological osteolysis 

such as periprosthetic joint infection and periprosthetic loosening.  

Luteoloside, a flavonoid that can be isolated from the plant Lonicera japonica, 

exerts biomedical and pharmacological activities, including anti-tumor[11], 

anti-bacterial[12], anti-inflammation[13], and antiviral properties [14]. Interestingly, 

previous studies have reported that Luteoloside exhibited an inhibitory effect on 



LPS-induced inflammatory responses, suggesting that it may be potentially useful for 

the treatment of bone diseases associated with LPS activation [13].  

In this study, we investigated the in vivo effect of Luteoloside on LPS-induced 

bone erosion, and elucidated its cellular and molecular mechanism of action in vitro. 

Our results demonstrate that Luteoloside can prevent LPS-mediated bone loss in vivo. 

Furthermore, our finding also showed that Luteoloside could inhibit osteoclastogenesis 

and bone resorption via the suppression of NFATc1 activity related to Ca2+ signaling.  

 

Materials and Methods 

Materials and reagents 

Alpha modified Minimal Essential Medium (α-MEM) and fetal bovine serum (FBS) 

were obtained from Thermo Fisher Scientific (Scoresby, Vic, Australia). Luteoloside 

of purity >95% was purchased from Chengdu Must Bio-Technology Co., Ltd 

(Chengdu, Sichuan Province, China) and dissolved in Dimethyl sulfoxide (DMSO) at 

a concentration of 100 μM. Anti-ERK, anti-phospho-ERK, anti-JNK, 

anti-phospho-JNK, anti-p38, anti-phospho-p38, anti-IκBα, anti-p65, anti-NFATc1, 

anti-c-Fos and anti-ß-Actin antibodies were obtained from Santa Cruz Biotechnology 

(Santa Cruz, CA, USA). Vacuolar-type H+-ATPase V0 subunit d2 (V-ATPase d2) 

was generated as previously described [15]. The MTS assay kit and luciferase assay 

system were obtained from Promega (Madison, WI, USA). Leucocyte acid 

phosphatase staining kits were obtained from Sigma-Aldrich (St Louis, MO, USA). 

Recombinant macrophage colony stimulating factor (M-CSF) was obtained from 

R&D Systems (Minneapolis, MN, USA). Recombinant GST-rRANKL protein was 

expressed and purified as previously described [16]. Streptavidin-horseradish 

peroxidase and Dako Liquid DAB were purchased from DAKO (Carpinteria, CA, 

USA,). ProLong Diamond anti-fade mounting medium were obtained from Invitrogen 

(Carlsbad, CA, USA). Rhodamine-conjugated phalloidin was purchased from 

Molecular Probes, Inc. (Eugene, OR, USA). DAPI was purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). 

 



Ethical Use of Animals  

All procedures utilizing mice were performed in accordance with the National Health 

and Medical Research Council of Australia ‘Guidelines to promote the wellbeing of 

animals used for scientific purposes: The assessment and alleviation of pain and 

distress in research animals (2008)’, in conjunction with the ‘Australian code for the 

care and use of animals for scientific purposes 8th edition (2013)’; and also in 

accordance with the guidelines for ‘Ethical Conduct in the Care and Use of 

Nonhuman Animals in Research’ by the American Psychological Association. All 

protocols were approved by the UWA animal ethics committee (approval 

RA/3/100/1244) or the Animal Care and Welfare Committee of Guangxi Medical 

University (SYXK2009-0004). 

 

In vitro osteoclastogenesis assay 

Bone marrow macrophage cells (BMMs) were isolated from six-week-old C57BL/6J 

mice by flushing the marrow from the femur and tibia. Cells were then cultured in 

α-MEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 

100 μg/ml streptomycin (complete medium), in the presence of M-CSF (50 ng/mL). 

To generate osteoclasts, BMMs were plated in 96-well plates at a density of 6×103 

cells/well in the presence of M-CSF (50 ng/mL) overnight. The following day, cells 

were then stimulated with complete medium containing M-CSF and GST-rRANKL 

(50 ng/mL) in the presence or absence of Luteoloside (0.25, 0.5, 1, 2.5, 5, 10 µM) 

every 2 days until osteoclasts formed. After 5 days, cells were fixed with 4% 

paraformaldehyde and then stained for tartrate resistant acid phosphatase (TRAcP) 

enzymatic activity using a leucocyte acid phosphatase staining kit, following the 

manufacturer's procedures. TRAcP-positive multinucleated cells (>3 nuclei) were 

scored as osteoclast-like (OCL) cells. In addition, the effects of Luteoloside (10 µM) 

at different stages of osteoclast differentiation was also investigated. Cells were 

cultured with M-CSF and RANKL and then supplemented with Luteoloside at the 

early stage (added on day 1 and removed on day 3), mid stage (added on day 3 and 

removed on day 5), or late stage (added on day 5 and removed on day 6) of osteoclast 



culture or whole treatment period (added on day 1, day 3, day 5 and removed on day 

6). Finally, plates were fixed and stained for TRAcP as described above.                             

Cytotoxicity assay 

BMMs were seeded in 96-well plates at 6×103 cells/well and incubated overnight to 

adhere. Next day, cells were treated with Luteoloside (0, 0.25, 0.5, 1, 2.5, 5, 10 µM) 

for 48 h. MTS solution (20 μL/well) was then added to each well, and cells were 

incubated for an additional 2 h. The absorbance at 490 nm was read with a microplate 

reader (Thermo, USA). 

Immunofluorescent staining and confocal microscopy 

BMMs were seeded at a density of 6×103 cell/well in the presence of M-CSF (50 

ng/mL) overnight. Cells were stimulated with M-CSF and GST-rRANKL (50 ng/mL) 

in the presence of Luteoloside until mature osteoclasts formed. Cells were fixed with 

4% paraformaldehyde, permeabilized with 0.1% Triton X-100 PBS, and then blocked 

with 3% BSA in PBS. Cells were then incubated with Rhodamine-conjugated 

phalloidin for 45 minutes in the dark to stain F-actin. Cells were then washed with 

PBS, stained with DAPI, and mounted for confocal microscopy. 

Hydroxyapatite resorption assay 

BMMs (1×105 cells/well) were cultured onto 6-well collagen-coated plates and 

stimulated with GST-rRANKL and M-CSF (50 ng/mL) until mature osteoclasts 

formed. Cells were gently harvested using cell dissociation solution (Sigma Aldrich, 

St Louis, MO, USA) and consistent numbers of mature osteoclasts were seeded into 

hydroxyapatite-coated 96 well plates (Corning, USA). Mature osteoclasts were 

incubated in medium containing GST-rRANKL and M-CSF with or without 

Luteoloside. After 48 h, half of the wells were stained with TRAcP for osteoclast 

counting and the remaining wells were bleached to remove cells, followed by image 

acquisition for the measurement of resorbed areas using a Nikon Ti-U inverted 

microscope (Nikon, Melville, NY, USA). The percentage of surface resorbed was 

analyzed using Image J software (NIH, Bethesda, USA). 

Luciferase reporter assay 



RAW264.7 cells stably transfected with either an NF-κB-responsive luciferase 

construct [17] or an NFATc1-responsive luciferase reporter construct [18] were seeded in 

48-well plates at a density of 1.5×105 cells/well or 5×104 cells/well overnight 

respectively. The next day, cells were pretreated with Luteoloside for 1 h. Following 

pre-treatment cells were subsequently stimulated with GST-rRANKL (50 ng/mL) for 

6 h (NF-κB luciferase reporter gene assay) or 24 h (NFATc1 luciferase reporter gene 

assay) in the presence of Luteoloside and luciferase activity was measured using the 

luciferase reporter assay system according to the manufacturer's protocol (Promega, 

Sydney, Australia). 

Quantitative real-time RT-PCR 

Total RNA was isolated from cells using Trizol reagent according to the 

manufacturer’s protocol (ThermoFisher Scientific, Scoresby, Australia). The cDNA 

was synthesized using Moloney murine leukemia virus reverse transcriptase with 1 μg 

of RNA template and oligo-dT primers. The resultant cDNA was then utilized for 

SYBR Green-based real-time PCR. Expression levels were normalized to GAPDH 

expression and fold change determined using Livak’s equation. The following specific 

primers (based on the mouse sequences) were used:  

Cathepsin K (CTSK) (Forward: 5'-GGGAGAAAAACCTGAAGC-3'; Reverse: 

5'-ATTCTGGGGACTCAGAGC-3'), Calcitonin receptor (Forward: 

5'-TGGTTGAGGTTGTGCCCA-3'; Reverse: 5'-CTCGTGGGTTTGCCTCATC-3';), 

V-ATPase-d2 (Forward: 5'-GTGAGACCTTGGAAGACCTGAA-3'; Reverse: 

5'-GAGAAATGTGCTCAGGGGCT-3'), MMP-9 (Forward: 

5'-CGTGTCTGGAGATTCGACTTGA-3'; Reverse: 

5'-TTGGAAACTCACACGCCAGA-3'), NFATc1 (Forward: 

5'-CAACGCCCTGACCACCGATAG-3'; Reverse: 

5'-GGCTGCCTTCCGTCTCATAGT-3'), TRAcP (Acp5)(Forward: 

5'-TGTGGCCATCTTTATGCT-3'; Reverse: 5'-GTCATTTCTTTGGGGCTT-3'), 

,GAPDH (Forward: 5'-ACCACAGTCCATGCCATCAC-3';Reverse: 

5'-TCCACCACCCTGTTGCTGTA-3'). 

Western blotting 



BMM cells were cultured in 6-well plates and stimulated with GST-rRANKL and 

M-CSF for the stated times. Cells were lysed in radioimmunoprecipitation (RIPA) 

lysis buffer, and proteins were separates using SDS-polyacrylamide gel 

electrophoresis and transferred to polyvinylidene fluoride (PVDF) membranes (GE 

Healthcare, Australia). The membranes were blocked with 5% skim milk for 1 h 

before being probed with specific primary antibodies with gentle shaking overnight. 

Membranes were washed and subsequently incubated for 1 h with horseradish 

peroxidase (HRP)-conjugated secondary antibodies, followed by detection using 

enhanced chemiluminesence (ECL) reagent (Amersham Pharmacia Biotech, 

Australia). Protein bands were visualized on an Image-quant LAS 4000 (GE 

Healthcare, Australia) and analyzed by Image J software. 

p65 immunohistochemistry  

BMMs (6×103 cell/well) were seeded in 96-well plates overnight. The cells were 

pre-incubated with Luteoloside for 1 h, followed by stimulated with GST-rRANKL 

(100 ng/mL) for 30 min. Cells were fixed with 4% paraformaldehyde, permeabilized 

with 0.1% Triton X-100 PBS, and then incubated in the presence or absence of 

anti-p65. Cells were washed with 0.1% BSA-PBS and PBS before adding 

Streptavidin-horseradish peroxidase-conjugated secondary antibody. Finally, Dako 

Liquid DAB was add for 30 min or until brown coloration appeared.   

Measurement of intracellular Ca2+ oscillation 

BMMs were seeded into a 48-well plate at a concentration of 1×104 cells/well for 24 

h. The following day, the medium was changed with complete medium containing 10 

µM Luteoloside supplemented with GST-rRANKL and M-CSF for 24 h. Cells were 

then rinsed with Assay buffer (HANKS balanced salt solution supplemented with 1 

mM probenecid and 1% FBS), followed by loading with 4 µM Fluo4 staining solution 

(Fluo4-AM dissolved in 20% pluronic-F127 (w/v) in DMSO diluted in Assay buffer) 

for 45 min. The cells were washed once in Assay buffer and incubated at room 

temperature for 20 minutes followed by a further 2 washes in Assay buffer. The 

intensity of fluorescence was viewed on an inverted fluorescent microscope (Nikon 

Ti-U) excited at 488 nm and analyzed using Nikon Basic Research Software. Images 

were captured at 2 second intervals for 3 minutes. Oscillating cells showed more than 



1 calcium peak within the observed time frame, with the oscillation intensity 

calculated as the difference between the maximum and minimum of fluorescence 

intensities within the oscillating cell area.  

In vivo calvarial model of LPS-induced osteolysis 

The animal experiments were approved by Institutional Animal Ethics Committee of 

Guangxi Medical University (SCXK-(JUN) 2012-0004, Beijing, China). Twenty 

8-week-old C57/BL6 mice were divided into four groups containing five mice: Sham 

group (PBS; control), Vehicle group (LPS; 5 mg/kg body weight), LPS with low dose 

Luteoloside (1 mg/kg) and LPS with high dose Luteoloside (2 mg/kg). Mice were 

injected with Luteoloside or PBS 1 day before injection of LPS. Seven days after LPS 

injection, all mice were sacrificed and the calvarias were dissected and fixed in 4% 

paraformaldehyde for micro-CT and histological analysis. 

Micro-CT scanning  

The three-dimensional images of whole calvaria were reconstructed using a high 

resolution micro-CT (µCT) scanner (Skyscan 1176; Skyscan; Aartselaar, Belgium). 

Images were acquired using 50 kV X-ray tube voltage, 800 µA current, an isotropic 

pixel size of 14.4 µM (1024×1024 pixel image matrix) and with a 0.75-mm-thick 

aluminum filter for beam hardening. A square region of interest around the midline 

suture was chosen for further qualitative and quantitative analysis after reconstruction.  

Histological and histomorphometric analysis 

The specimens were decalcified with 10% EDTA solution for 2 weeks followed by 

embedding into paraffin. Histological sections were prepared and staining for TRAcP 

activity and H&E staining. The sections were then photographed at 40× and 100× 

magnifications (Nikon Eclipse TE2000-S microscope). Bone histomorphometric 

analyses were performed using BioQuant Osteo Histomorphometry software 

(Bioquant Image Analysis Corporation, Nashville, TN, USA). 

Statistical analysis 



All experimental data are presented as the mean ± SD obtained from three or more 

experiments and statistical significance determined by Student's t-test and One-way 

ANOVA. A p value of less than 0.05 was considered to be significant. 

Results 

Luteoloside inhibits RANKL-induced osteoclastogenesis in vitro 

To identify the influence of Luteoloside on RANKL-induced osteoclastogenesis, 

freshly isolated BMMs were incubated with RANKL and M-CSF in the presence or 

absence of various concentrations of Luteoloside. Increasing concentrations of 

Luteoloside exerted a dose-dependent inhibition on the formation of TRAcP-positive 

multinucleated osteoclasts (Fig. 1 A, B, C). Luteoloside significantly reduced the cell 

size and number of RANKL-induced osteoclasts at a dose of 5 µM and 10 µM (Fig. 1 

D, E). To examine the time course effect of Luteoloside on osteoclast differentiation, 

cells were exposed to Luteoloside at several different time phases. We found that 

osteoclast formation was reduced by Luteoloside treatment, most effectively during the 

early stages of osteoclast differentiation (Fig. 1 F, G). To evaluate the morphological 

changes in mature osteoclasts affected by Luteoloside treatment, cells were stained 

with rhodamine-phalloidin to visualize F-actin structures in mature cells. Mature 

osteoclasts are shown by the appearance of well-defined podosome belts with multiple 

intact nuclei after RANKL stimulation. However, smaller osteoclasts with fewer nuclei 

were observed after Luteoloside treatment (Fig. 1 H). To examine whether cell 

cytotoxicity might be responsible for the effect of Luteoloside on suppression of 

osteoclast formation, MTS assay was performed to assess cell viability. We found that 

Luteoloside had no cell cytotoxicity on BMMs over the range of concentrations used in 

our study (Fig. 1 I). Taken together, these findings indicate that Luteoloside abrogates 

RANKL-induced osteoclastogenesis through affecting the early stages of osteoclast 

differentiation, but does not cause cell cytotoxicity in osteoclast precursors. 

Luteoloside suppresses osteoclast hydroxyapatite resorption and osteoclastic gene 
expression 
 

Next, we analyzed the effect of Luteoloside on osteoclast function using 

hydroxyapatite-coated plates. The area of hydroxyapatite resorption was markedly 



reduced in Luteoloside treatment groups (5 µM and 10 µM) compared to the RANKL 

only treatment group (Fig. 2 A, B, C). In addition, Luteoloside down-regulated 

expression of resorption-related genes including CTSK, Calcitonin receptor, MMP9, 

TRAcP, NFATc1 and V-ATPase d2 (Fig. 2 D). Collectively, these data show that 

Luteoloside dose-dependently attenuates hydroxyapatite resorption in vitro.  

Luteoloside abrogates NFATc1 activity and RANKL-induced calcium oscillations 

To explore the molecular mechanism by which Luteoloside regulates osteoclast 

differentiation, we investigated the effect of Luteoloside on RANKL-mediated 

pathways. First, we found that Luteoloside significantly suppressed activity of 

NFATc1 in response to RANKL stimulation as assessed by NFAT luciferase reporter 

assay (Fig. 3 A). In addition, Luteoloside reduced the protein level of NFATc1, and 

NFATc1 downstream regulated protein V-ATPase d2. Further, the expression of c-Fos, 

crucial for RANKL-induced induction of NFATc1, was also attenuated by Luteoloside 

treatment (Fig. 3 B-E). Ca2+ oscillations are stimulated by RANKL, resulted in 

activation of NFATc1, which is crucial for osteoclast formation. To further evaluate 

the effect of Luteoloside on Ca2+ oscillations, Ca2+ flux was measured following 

RANKL stimulation. Ca2+ flux was observed in the presence of RANKL, and the 

amplitude of RANKL-induced Ca2+ flux was suppressed in the presence of 

Luteoloside. Luteoloside reduced the intensity of Ca2+ oscillations at a concentration 

of 10 µM (Fig. 3 F-I). Taken together, these data demonstrate that Luteoloside inhibits 

RANKL-induced NFATc1 activity and Ca2+ oscillations. 

Luteoloside blocks NF-κB and MAPK signaling pathways 

The induction of NFATc1 is also dependent on RANKL induced NF-κB signaling, and 

modulated by MAPK (JNK, ERK, p38) pathways. To study the role of Luteoloside on 

RANKL-stimulated NF-κB pathways, we tested the protein expression of IκB-ɑ, an 

inhibitor of NF-κB. Luteoloside did not significantly affect the degradation of IκB-ɑ 

in response to RANKL stimulation (Fig. 4 A-B). However, activation of NF-κB, as 

measured by luciferase assay, was significantly blocked by Luteoloside (10 µM) (Fig. 

4 C). These results suggest that Luteoloside may affect p65 nuclear translocation 



downstream of IκB-ɑ. Using immunohistochemistry, Luteoloside was indeed found to 

inhibit RANKL-induced p65 nuclear translocation, consistent with its ability to block 

NF-κB activation (Fig. 4 D-E). To investigate the role of Luteoloside on 

RANKL-induced MAPK signaling pathways during osteoclast differentiation, we 

found that Luteoloside significantly suppressed  phosphorylation of ERK and p38 

relative to total ERK and total p38 respectively, but failed to block phosphorylation of 

JNK relative to total JNK (Fig. 4 F-I). Collectively, these data show that Luteoloside 

inhibits NF-κB activity and MAPK phosphorylation in response to RANKL 

activation.  

Luteoloside prevents LPS-induced bone loss in vivo 

To further explore the effects of Luteoloside on pathological osteolysis in vivo, a 

mouse calvarial model of LPS-induced osteolysis was performed. Micro-CT scanning 

and 3D reconstruction revealed that LPS injection (Vehicle group) resulted in extensive 

surface erosions on the calvaria relative to Sham group (PBS injection). However, 

treatment with Luteoloside (low-dose group and high-dose group) strongly suppressed 

LPS-induced inflammatory osteolysis (Fig. 5 A). Quantitative analyses of bone 

parameters further demonstrated that Luteoloside treatment significantly increased the 

bone volume/tissue volume (BV/TV) (Fig. 5 B) and decreased the number of pores and 

percentage of porosity in a dose-manner dependent (Fig. 5 C-D). Histological 

assessment further confirmed the attenuation effect of Luteoloside on LPS-induced 

bone erosion. Consistent with the pronounced reduction in inflammatory osteolysis, the 

number of TRAcP-positive cell (arrows) observed in LPS-induced group were 

markedly reduced by Luteoloside treatment (arrows) (Fig. 6 A).  In addition, 

histomorphometric analyses demonstrated that Luteoloside treatment 

dose-dependently increased BV/TV (Fig. 6 B) and decreased TRAcP (+) cell number 

and TRAcP (+) cell No/BS as well (Fig. 6 C-D). Collectively, our findings demonstrate 

that Luteoloside may serve as a potential and effective anti-resorptive agent in the 

treatment of LPS-induced osteolysis. 

Discussion 
In this study we observed that Luteoloside suppressed RANKL-induced osteoclast 

formation, bone resorption, and LPS-induced bone loss in vivo, indicative of its 

http://www.baidu.com/link?url=uZ6e4x5HQcmQMNoXghGkL5UnfAvv1wg6ENBZr0FwwpjBZwyiIgLMeryuWuqADQwWsx9IGnovrkjQYCSU1Ana9ZlpHPVsvhiyq0j1uIxvHmU9ASOEhQB6Dk_8r-_fj8SW
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potential for the treatment of osteolysis in situations such as periprosthetic joint 

infection and periprosthetic osteolysis. Given the previously demonstrated anti-tumor 
[11] and  anti-inflammatory [13] activities of Luteoloside, it is possible that Luteoloside 

might also be a drug candidate to treat osteolytic conditions concomitant with tumors 

and inflammation. Further uncovering the molecular and cellular mechanism of 

Luteoloside action will be invaluable for exploring its therapeutic potential for 

osteolysis. 

When RANKL interacts with RANK it initiates a cascade of intracellular 

signaling events including NF-κB, MAPK, AP-1, NFATc1 and Ca2+ which are crucial 

for osteoclastogenesis. Among these signaling pathways, the RANKL/RANK/TRAF6 

axis with costimulatory immunoreceptors results in the robust induction of 

transcription factors c-Fos and NFATc1, which play an indispensable role in 

osteoclast differentiation. c-Fos, a component of activator protein-1 (AP-1) 

transcription factor complex, is involved in the regulation of osteoclast formation [19, 

20]. Targeted c-Fos mutant mice exhibit osteopetrosis, characterized by lack of 

osteoclasts [21]. In this study, Luteoloside was shown to markedly down regulate the 

protein level of c-Fos. Furthermore, NFATc1 represents a master transcriptional 

factor in the differentiation of osteoclasts, functioning downstream of 

RANKL-mediated NF-κB, AP-1 and MAPK signaling pathways [22]. Additionally, 

c-Fos and calcium signaling can trigger the auto-amplification of NFATc1 which is 

required for NFATc1-dependent transcriptional processes and RANKL-induced 

osteoclastogenesis [22, 23]. Once NFATc1 activation is induced downstream 

osteoclast-specific genes are up-regulated, such as Ctsk and V-ATPase subunit d2 [24, 

25]. Our studies found that Luteoloside significantly attenuated mRNA and protein 

levels of NFATc1, followed by reduced expression of osteoclast marker genes in a 

dose-dependent manner. What's more, induction of NFATc1 is also dependent on 

Ca2+-dependent calcineurin activation [26]. In our study, we observed that Luteoloside 

suppressed Ca2+ oscillation induced by RANKL, in line with its inhibitory effect on 

NFATc1 activation. RANKL/RANK also activates the NF-κB pathway. In the present 

studies, Luteoloside was found to significantly inhibit NF-κB activity but failed to 



dampen RANKL-induced IκB-ɑ degradation. NF-κB modulates osteoclast 

differentiation as an important transcriptional factor. The degradation of IκB-ɑ allows 

the NF-κB complex, including NF-κB p65/Rel A, to translocate to the nucleus and 

initiate the transcription of targeted genes [27]. Deletion of p65/Rel A results in severe 

osteopetrosis owing to deficiency in osteoclast formation [28, 29]. Interestingly, we 

found Luteoloside was capable of preventing the nuclear translocation of p65 in 

response to RANKL stimulation, indicative of an effect at least in part independent on 

IκB-ɑ degradation. The mitogen-activated protein kinase (MAPK) pathways 

(extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 

MAPK) are involved in modulation of osteoclast differentiation as well [30]. Among 

them, the role of ERK is linked to the survival, apoptosis and differentiation of 

osteoclasts [31, 32]. Perturbations in JNK activation result in failed osteoclastogenesis 
[33]. p38 is involved in controlling osteoclast differentiation but not osteoclast function 
[34]. In our study, we found that Luteoloside attenuated the phosphorylation of ERK 

and p38, but not the phosphorylation of JNK. In addition, MEK1 in combination with 

ERK signaling can influence NF-κB signaling by enhancing IKK activity and also 

induce c-Fos and NFATc1 protein [35-37]. Similarly, p38 MAPK upstream components 

transforming growth factor-beta-activated kinase 1 (TAK1) and mitogen-activated 

protein kinase kinase 6 (MKK6) cooperate with NF-κB signaling by enhancing 

p65/Rel A nuclear translocation and NFATc1 in RANKL-induced osteoclastogenesis 
[34, 38]. Collectively, Luteoloside inhibits multiple RANKL-induced signaling 

pathways, which leads to the inhibition of osteoclasto formation and function in vitro.  

  Particle-induced osteolysis in TJA can lead to aseptic loosening and is thought to be 

a primary reason of implant failure [2, 3]. Bacterial endotoxin is at least partially 

responsible for the biological response mediated by implant-derived wear particles [5]. 

Identification of agents that can inhibit particle-mediated osteolysis will reduce the 

adverse side effects associated with particle-induced aseptic loosening. Luteoloside is 

a bioactive natural compound with potent application in diseases associated with 

excessive inflammation [12, 13]. In this study, LPS-mediated bone destruction was 

markedly impaired by Luteoloside treatment, accompanied by reduced number of 

http://www.baidu.com/link?url=8KWFG8VMvCYYFcNmGk0H3c1I9pdj0zVIMd6QABCicahDoM_LDnmBB-cZ-XxiZNLJ1MOtxTUlIIC51tfCngWcPwBmiTse-aZKobUvWgdkZn6VGKkBnlFxf0PVyNkbk-gh
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TRAcP-positive multinucleated osteoclasts, suggesting that Luteoloside may serve as 

anti-resorptive agent in vivo. 

  Taken together, our studies indicate that Luteoloside inhibited RANKL-induced 

osteoclast formation and function by suppression of NFATc1 activity and Ca2+ 

signaling, as well as NF-κB and MAPK pathways. Furthermore, Luteoloside protected 

against LPS-induced osteolysis in vivo, congruent with its effects in vitro. Therefore, 

Luteoloside has potential therapeutic effects against osteoclast-related osteolytic 

diseases such as periprosthetic and inflammatory osteolysis.  
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Figure legends 
 
Fig. 1. Luteoloside inhibits RANKL-induced osteoclastogenesis in vitro.  

(A) Chemical structure of Luteoloside. (B) Representative light microscope images of RANKL-induced osteoclast 

formation treated with indicated concentrations of Luteoloside for 5 days (Magnification = 100X; scale bar=100 

µm). (C) Quantitative analysis of TRAcP staining images relative to RANKL-induced controls. (D) Low power 

image showing the effect of indicated concentrations of Luteoloside treatment. (E) Quantification of 

TRAcP-positive multinucleated cells (nuclei>3) treated with indicated concentrations of Luteoloside (n=3). (F) 

Low power image showing the effect of 10 µM Luteoloside treatment on indicated days. (G) Quantification of 

TRAcP-positive multinucleated cells (nuclei>3) treated with 10 µM Luteoloside on indicated days (n=3). (H) 

Representative confocal images of osteoclasts stained for F-actin and nuclei; untreated osteoclasts (a-c), 

osteoclasts treated with 5 µM Luteoloside (d-f), osteoclasts treated with 10µM Luteoloside (g-i). (I) Effect of 

indicated concentrations Luteoloside on viability of BMMs as measured by MTS assay. (n=3). "-" means RANKL 

untreated; "+" means RANKL treated.  *p<0.05, **p<0.01, ***p<0.001 relative to RANKL-induced controls.  
 

Fig. 2. Luteoloside suppresses RANKL-induced osteoclast function and osteoclastic genes expression. 

(A) Representative images of hydroxyapatite resorption (left) and TRAcP stained osteoclasts (right) on 

hydroxyapatite coated surfaces (Magnification = 4X; scale bar=500 µm). (B) Quantification of the number of 

TRAcP positive multinucleated cells (nuclei>3). (n=3). (C) Quantification of the percentage area of hydroxyapatite 

surface resorbed per osteoclast. (n=3). (D) Real-time PCR analysis was performed to detect osteoclast-specific 

genes TRAcP, MMP9, Calcitonin receptor, CTSK, NFATc1 and V-ATPase d2. The expression levels of these genes 

were normalized to the expression of GAPDH. *p<0.05, **p<0.01, ***p<0.001 relative to RANKL-induced 

controls.  

  
Fig. 3. Luteoloside abrogates RANKL induced calcium oscillation and associated NFATc1 activity.  

(A) RAW 264.7 cells transfected with an NFAT luciferase construct were pre-treated with indicated concentrations 

of Luteoloside, followed by GST-rRANKL (50 ng/mL) stimulation for 24 hours. NFAT luciferase activity was 

measured using a luciferase reporter assay system. (n=3). (B) Representative images of Western blots 

demonstrating the effect of Luteoloside on c-Fos, NFATc1, and V-ATPase-d2 induced by RANKL. Cell extracts 

were prepared from BMMs pre-treated with Luteoloside (10 µM) for 1 hour and subsequently activated by 

GST-rRANKL (50 ng/mL) for the indicated times. (C-E) The ratios of intensity of c-Fos (C), NFATc1 (D), and 

V-ATPase-d2 (E) relative to β-actin were determined using Image J. (n=3). (F-H) Representative images of Ca2+ 

oscillation pattern stimulated by RANKL (F), negative control (M-CSF only) (G), 10 µM Luteoloside treatment 

prior to RANKL stimulation (H). (I) Quantification of intensity of Ca2+ oscillation captured across multiple cells 

for each condition and maximum peak intensity minus baseline intensity. (n>16 individual cells/well, 3 

wells/treatment). (n=3). " -" means RANKL untreated; "+" means RANKL treated.  *p<0.05, **p<0.01, 

***p<0.001 relative to RANKL-induced controls.   
 

Fig. 4. Luteoloside suppresses RANKL-induced NF-κB and MAPK signaling pathways. 

(A) Representative Western blot images of the effect of Luteoloside on degradation of IκB-α induced by RANKL. 

Cell extracts were prepared from BMMs pre-treated with Luteoloside (10 µM) for 1 hour and subsequently 

activated by GST-rRANKL (50 ng/mL) for indicated times. (B) The ratios of intensity of IκB-α relative to β-actin 

were determined using Image J. (n=3). (C) RAW 264.7 cells transfected with an NF-κB luciferase construct were 

pre-treated with indicated concentrations of Luteoloside for 1 hour, followed by GST-rRANKL stimulation (50 



ng/mL) for 8 hours. NF-κB Luciferase activity was measured using luciferase reporter assay system. (n=3). (D) 

Representative images of RANKL-induced p65 nuclear translocation; i) no RANKL, ii) RANKL, iii) RANKL + 

10 µM Luteoloside, iv) negative control (absence of p65 antibody). Black arrow indicates p65 nuclear 

translocation, white arrow indicates cytoplasmic p65. (E) Quantification of the percentage of cells showing p65 

nuclear translocation. n=3. (F) Representative Western blot images of the effect of Luteoloside on phosphorylation 

of ERK, JNK, p38 induced by RANKL. Cell extracts were prepared from BMMs pre-treated with Luteoloside (10 

µM) for 1 hour and subsequently stimulated with GST-rRANKL (50 ng/mL) for indicated times. (G-I) The ratios 

of intensity of p-ERK relative to total ERK (G), p-JNK relative to total JNK (H), and p-p38 relative to total p38 (I) 

were determined using Image J. n=3. " -" means RANKL untreated; "+" means RANKL treated.  *p<0.05, 

**p<0.01, ***p<0.001 relative to RANKL-induced controls.   
 

Fig. 5. Luteoloside protects against LPS-induced bone loss in vivo. 

(A) Micro-CT scanning and 3D reconstruction of whole calvaria from Sham group (PBS; control), Vehicle group 

(LPS; 5 mg/kg body weight), LPS with low dose Luteoloside (1 mg/kg) and LPS with high dose Luteoloside (2 

mg/kg). (B-D) Quantitative analysis of bone volume/total volume (BV/TV) (B), the number of pores (C) and 

percentage porosity (D). (n=5); *p<0.05, **p<0.01, ***p<0.001 relative to Vehicle.   

 
Fig. 6. Histological and histomorphometric analysis of the effect of Luteoloside on LPS-induced bone loss in vivo. 

(A) Representative images of calvaria stained with H&E and TRAcP from Sham group (PBS; control), Vehicle 

group (LPS; 5 mg/kg body weight), LPS with low dose Luteoloside (1 mg/kg) and LPS with high dose Luteoloside 

(2 mg/kg). Black arrows indicate TRAcP positive cells. (B-D) Quantification of BV/TV (B), TRAcP (+) Cell 

Number (C) and TRAcP (+) Cell No/BS (D). n=3; *p<0.05, **p<0.01, ***p<0.001 relative to Vehicle.  
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