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Abstract: 28 

Osteoclasts are responsible for bone resorption during the process of bone rebuilding. Increased osteoclast 29 

numbers and bone resorption activity are the main factors contributing to bone loss related diseases such as 30 

osteoporosis. Therefore, modulating the formation and function of osteoclasts is critical for the effective 31 

treatment of osteolysis and osteoporosis. We decided to assess the potency of natural compounds in regulating 32 

osteoclast formation and function. Kavain is the active ingredient extracted from the root of the kava plant, 33 

which possesses known anti-inflammatory properties. However, the effects of kavain on osteoclastogenesis and 34 

bone resorption remain unclear. In this study, we found that kavain inhibits receptor activator of nuclear factor-35 

κB ligand (RANKL)-induced osteoclast differentiation and fusion using tartrate-resistant acid phosphatase 36 

staining and immunofluorescence. Furthermore, kavain inhibited resorption pit formation by osteoclasts. Using 37 

reverse transcription-polymerase chain reaction and western blot analysis, we found that kavain downregulated 38 

the expression of osteoclast marker genes, such as nuclear factor of activated T-cells, cytoplasmic 1 (Nfatc1), 39 

v-atpase d2, cathepsin K (Ctsk) and acp5. Additionally, kavain repressed RANKL-induced calcium oscillations, 40 

NFAT activation, and mitogen-activated protein kinase (MAPK) phosphorylation, while leaving NF-κB 41 

unaffected. We found no effects of kavain on either osteoblast proliferation or differentiation. Collectively, our 42 

data indicate that kavain inhibits osteoclast formation and function by suppressing calcium-mediated NFATc1 43 

activation and phosphorylation of MAPK. These data suggest a potential use for kavain as a candidate drug for 44 

the treatment of osteolytic diseases. 45 
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Introduction 49 

Bone remodeling collectively refers to the processes of bone resorption and bone formation [1]. The balance 50 

between these two processes maintains normal bone homeostasis [2]. Bone resorption outstripping bone 51 

synthesis is the pathological feature of osteolysis and osteoporosis [3,4]. Osteoclasts are the primary cells in the 52 

bone that serve the function of bone resorption. Therefore, exploring the regulatory mechanisms underlying 53 

osteoclast differentiation and function is of great significance for the treatment of osteoporosis [5,6]. Currently, 54 

several antiresorption drugs which inhibit the osteoclast-mediated bone resorption are widely used in the clinic, 55 

limitations to the treatment of osteoporosis still exist [7,8]. In this respect, further alternative treatments are still 56 

required. 57 

 58 

Osteoclasts are giant, multinucleated cells that are derived from the monocyte/macrophage hematopoietic 59 

lineage [9,10]. Receptor activator of nuclear factor-κB ligand (RANKL) and macrophage colony-stimulating 60 

factor (M-CSF) play critical roles in mediating osteoclast differentiation and maturation [5]. M-CSF activates 61 

ERK1/2 and phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling in early osteoclastogenesis 62 

[11]. RANKL activates its receptor RANK and triggers several signaling cascades including nuclear factor 63 

kappa-B (NF-κB)-associated signaling cascades, mitogen-activated protein kinase (MAPK) pathway [12,13], 64 

calcium-signaling pathway. These pathways further co-regulate the expression of nuclear factor of activated T-65 

cells, cytoplasmic 1 (NFATc1) which can be auto-amplified and  is one of  key transcription factors involved 66 

in terminal osteoclast differentiation [14]. 67 

 68 
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Natural compounds and their derivatives play indispensable roles in the development of new therapeutic 69 

treatments [15,16]. One such compound is derived from the root of the perennial shrub plant, Piper methysticum 70 

(known as kava). Kava root is already being utilized for the treatment of neurological disorders, such as anxiety 71 

and epilepsy [17]. The primary active ingredients of kava are liposoluble resins called kavalactones. One such 72 

kavalactone, called kavain, possesses anti-inflammatory and anti-oxidant effects. Kavain reduces 73 

lipopolysaccharide (LPS)-induced tumor necrosis factor α (TNF-α) secretion in mouse macrophages and human 74 

peripheral blood mononuclear cells [18,19]. Furthermore, kavain protects neural cells against amyloid beta 75 

peptide-induced neurotoxicity by inducing protective gene expression mediated by NRF2 activation [20]. 76 

However, the effects of kavain on bone homeostasis, specifically on the differentiation of osteoclasts and 77 

osteoblasts, have not been reported. In this study, we found that kavain inhibited RANKL-induced 78 

osteoclastogenesis by blocking the activation of both calcium-mediated NFAT and MAPK pathways. In 79 

addition, bone resorption by osteoclasts was also suppressed by kavain; however, it had no discernible effects 80 

on the differentiation and proliferation of osteoblasts. Together, our data demonstrates osteoclast-specific 81 

potency of the natural compound kavain, suggesting its potential therapeutic value in the treatment of osteolytic 82 

diseases. 83 

  84 
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Materials and methods  85 

Materials 86 

Alpha modified minimal essential medium (α-MEM) and fetal bovine serum (FBS) was purchased from Thermo 87 

Fisher Scientific (Scoresby, Australia). Kavain was provided by Prof. Renxiang Tan at Nanjing Univrsity, and 88 

prepared at a stock concentration of 1mM in phosphate buffered saline (PBS). Antibodies specific for Integrin-89 

β3, CTSK, NFATc1, IκB-α, ERK, JNK, p38, phosphorylated (p) ERK, p-p38, p-JNK and β-actin were obtained 90 

from Santa Cruz Biotechnology (San Jose, CA). Antibodies to V-ATPase d2 were produced as previously 91 

described [21]. The MTS and luciferase assay system were obtained from Promega (Sydney, Australia). 92 

Recombinant macrophage colony stimulating factor (M-CSF) was obtained from R&D Systems (Minneapolis, 93 

MN). Leucocyte acid phosphatase staining kits were obtained from Sigma-Aldrich (Sydney, Australia). 94 

Recombinant GST-rRANKL protein was expressed and purified as previously described [22]. 95 

 96 

Cell culture 97 

RAW264.7 mouse macrophage cells and MC3T3-E1 preosteoblast cells were obtained from the American Type 98 

Culture Collection (Manassas, VA). RAW264.7and MC3T3-E1 were cultured in α-MEM and DMEM 99 

supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin 100 

respectively. Bone marrow monocytes (BMMs) were obtained from 6-week-old C57BL/6J mice, which were 101 

euthanized according to procedures approved by the Animal Ethics Committee of the University of Western 102 

Australia (RA/3/100/1244). Long bones were dissected free of soft tissues and the bone marrow was flushed 103 

from the femur and tibia, and then cultured in complete medium in the presence of M-CSF (50 ng/mL). 104 

 105 
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Osteoblast differentiation assay 106 

MC3T3-E1 cells were plated into 6-well culture plates at a density of 5 ×105 cells/well, and treated with 107 

osteoblast differentiation medium. The medium was composed of dexamethasone (10 nmol/L), ascorbate (50 108 

μg/ml) and β-glycerophosphate (5 mmol/L) replaced every 3 d. 109 

 110 

Osteoclastogenesis assay 111 

Drug concentration screening assays were conducted using BMMs isolated as described above to evaluate 112 

RANKL-induced osteoclastogenesis. BMMs were plated into 96-well culture plates at a density of 6 ×103 113 

cells/well, and treated with complete medium containing M-CSF and GST-rRANKL (50ng/mL) in the presence 114 

of varying concentration of kavain. The cell culture medium was changed every 2 days. After 5 days, cells were 115 

fixed with 4% paraformaldehyde for 10 min, washed three times with PBS, and then stained for tartrate resistant 116 

acid phosphatase (TRAcP) enzymatic activity using the leucocyte acid phosphatase staining kit, following the 117 

manufacturer’s procedures. TRAcP-positive multinucleated cells (>3 nuclei) were counted as osteoclasts. 118 

 119 

Cytotoxicity assays 120 

BMMs and MC3T3-E1 were seeded into a 96-well plate at 6 ×103 cells/well and left overnight to adhere. The 121 

following day, the cells were incubated with varying concentrations of kavain. After a further 48 hours MTS 122 

solution (20 μL/well) was added and incubated with cells for 2 h. The absorbance at 490 nm was read with a 123 

microplate reader (Multiscan Spectrum, ThermoLabsystem, Chantilly, VA). 124 

 125 

Immunofluorescent staining 126 
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BMMs were seeded at a density of 6 × 103 cell/well in the presence of M-CSF (50 ng/mL) overnight. Cells were 127 

stimulated with M-CSF and GST-rRANKL (50 ng/mL) until mature osteoclasts formed. The osteoclasts were 128 

then treated with different concentrations of kavain for 48 h before being fixed with 4% paraformaldehyde, 129 

permeabilized with 0.1% Triton X-100 PBS, and then blocked with 3% BSA in PBS. Next, cells were incubated 130 

with Rhodamine-conjugated phalloidin for 45 minutes in the dark to stain F-actin. Cells were then washed with 131 

PBS, nuclei were counterstained with DAPI, and mounted for confocal microscopy. 132 

 133 

Hydroxyapatite resorption assay 134 

To measure osteoclast activity, BMMs were  cultured onto 6-well collagencoated plates (1×105 cells per well) 135 

(BD Biocoat, ThermoFisher, Scoresby, Australia) and stimulated with 50 ng/mL GST-rRANKL and M-CSF 136 

until mature osteoclasts were generated [23]. Cells were gently detached from the plate using cell dissociation 137 

solution (Sigma-Aldrich, Sydney, Australia) and equal numbers of mature osteoclasts were seeded into 138 

individual wells in hydroxyapatite coated 96-well plates (Corning Osteoassay, Corning, NY). Mature 139 

osteoclasts were incubated in medium containing GST-rRANKL and M-CSF with or without kavain at the 140 

indicated concentrations. After 48 h, half of the wells were histochemically stained for TRAcP activity as above 141 

to assess the number of multinucleated cells per well. The remaining wells were bleached for 10 min to remove 142 

the cells and allow measurement of the resorbed areas. Resorbed areas were photographed under standard light 143 

microscopy and ImageJ software (NIH, Bethesda, MD) was used to quantify the percentage area of 144 

hydroxyapatite surface resorbed by the osteoclasts. 145 

 146 

Luciferase reporter assays 147 
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To investigate NF-κB and NFATc1 transcriptional activation, RAW264.7 cells were stably transfected with 148 

either an NF-κB responsive luciferase reporter construct or an NFATc1responsive luciferase reporter construct 149 

[24-26]. Transfected cells were cultured in 48-well plates at a density of 1.5 ×105 cells/well and pretreated with 150 

various concentrations of kavain for 1 h. Following pre-treatment cells were subsequently stimulated with GST-151 

rRANKL (50 ng/mL) for 6 h (NF-κB luciferase report gene assay) or 24 h (NFAT luciferase reporter gene 152 

assay) and luciferase activity was detected using the luciferase reporter assay system according to the 153 

manufacturer’s protocol (Promega, Sydney, Australia). 154 

 155 

Measurement of intracellular calcium oscillation 156 

Calcium oscillations were investigated using the calcium binding dye Fluo4-AM according to the 157 

manufacturer’s method (Molecular probes, Thermo Fisher Scientific, Scoresby, Australia). Briefly, BMMs 158 

were seeded into a 48-well plate at a concentration of 1 × 104 cells/well. The following day, the medium was 159 

replaced with complete medium containing 15 μM kavain supplemented with GST-rRANKL and M-CSF for 160 

24 h. Cells were then washed in Assay buffer (HANKS balanced salt solution supplemented with 1mM 161 

probenecid and 1% FBS) and then incubated with 4 mM Fluo4 staining solution for 45 min at 37°C. Cells were 162 

washed once in Assay buffer and incubated at room temperature for 20 min followed by a further two washes 163 

in Assay buffer and visualization of fluorescence using an inverted fluorescent microscope (Nikon, Tokyo, 164 

Japan) at an excitation wavelength of 488 nm. Images were captured every 2 sec for 2 min and calcium flux 165 

analyzed using Nikon Basic Research Software. 166 

 167 

Alkaline phosphatase (ALP) staining assay 168 
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The MC3T3-E1 cells were seeded into 48-well plates at a density of 2 × 104 cells/well and were treated with 169 

kavain for 7 days with a complete medium change every 3 days. After that, the cells were fixed with 4% 170 

paraformaldehyde for 20 minutes and stained with 100 μL BCIP (Sigma-Aldrich, Sydney, Australia) for 30 171 

minutes at 37 °C in the dark. The staining solution was then discarded, and the cells were washed with 172 

phosphate-buffered saline (PBS) and photographed using a digital camera as previously described. 173 

 174 

Quantitative RT-PCR analysis 175 

Total RNA was isolated from cells using Trizol reagent according to the manufacturer’s protocol (ThermoFisher 176 

Scientific, Scoresby Australia). The cDNA was synthesized using Moloney murine leukemia virus reverse 177 

transcriptase with 1 μg of RNA template and oligo-dT primers. Polymerase chain reaction amplification of 178 

specific sequences was performed using the following cycle: 94°C for 5 min, followed by 30 cycles of 94°C for 179 

40 sec, 60°C for 40 sec, and 72°C for 40 sec, and a final extension step of 5 min at 72°C.The detailed information 180 

of specific primers is shown in Table 1. The relative mRNA level was calculated by normalization to Hmbsand 181 

Hprt. 182 

 183 

Western blotting 184 

BMMs were cultured in complete medium with M-CSF in 6-well plates and stimulated with 50 ng/mL GST-185 

rRANKL for the stated times. Cells were lysed in radioimmunoprecipitation (RIPA) lysis buffer, and proteins 186 

were resolved by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride (PVDF) 187 

membranes (GE Healthcare, Silverwater, Australia). The membranes were blocked in 5% skim milk for 1 h, 188 

and then probed with various specific primary antibodies with gentle shaking overnight at 4°C. Membranes 189 

Jiake Xu
cite this paper as referenceHtrA1 is upregulated during RANKL-induced osteoclastogenesis, and negatively regulates osteoblast differentiation and BMP2-induced Smad1/5/8, ERK and p38 phosphorylation.Wu X, Chim SM, Kuek V, Lim BS, Chow ST, Zhao J, Yang S, Rosen V, Tickner J, Xu J.FEBS Lett. 2014 Jan 3;588(1):143-50. doi: 10.1016/j.febslet.2013.11.022. Epub 2013 Nov 21.
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were washed and subsequently incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies. 190 

Antibody reactivity was then detected with enhanced chemiluminesence (ECL) reagent (Amersham Pharmacia 191 

Biotech, Piscataway, NJ), visualized on an Image-quant LAS 4000 (GE Healthcare, Silverwater, Australia). 192 

 193 

Statistics 194 

All data are representative of at least three experiments of similar results performed in triplicate unless otherwise 195 

indicated. Data are expressed as mean ± SD. One-way ANOVA followed by Student-Newman-Keuls post hoc 196 

tests was used to determine the significance of differences between results, with p< 0.05 being regarded as 197 

significant. 198 

  199 
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Results 200 

Kavain inhibits RANKL-induced osteoclast formation and fusion 201 

To determine the effect of kavain on osteoclastogenesis, BMMs were cultured in complete medium with varying 202 

concentrations of kavain in the presence of 50 ng/mL M-CSF and 100 ng/mL RANKL for 5 days. The results 203 

of tartrate-resistant acid phosphatase (TRAP) staining showed that the addition of 15 μM kavain reduced the 204 

number of mature osteoclasts (Figure 1A and B). Kavain-induced cell toxicity was assessed using the MTS 205 

assay. No significant changes in cell viability were observed, even in the presence of 25 μM kavain (Figure 206 

1C). We also performed immunofluorescent staining to assess the effect of kavain on osteoclast fusion. The 207 

results demonstrated that 15 μM kavain reduced the average number of nuclei per osteoclast, suggesting an 208 

impairment in osteoclast fusion (Figure 1D and E).  209 

 210 

Kavain attenuates osteoclastic hydroxyapatite resorption 211 

To test the effect of kavain on osteoclast function, BMMs were first plated in a six-well plate in the presence of 212 

50 ng/mL M-CSF and 100 ng/mL RANKL. After differentiation (at day 4), equal numbers of osteoclasts were 213 

plated on a hydroxyapatite substrate for an osteoresorption assay and treated with different concentrations of 214 

kavain. Compared to the control group, the pit area was much less pronounced in the groups treated with kavain 215 

(Figure 2A and C); while osteoclast numbers were comparable across groups (Figure 2B). 216 

 217 

Kavain represses the expression of osteoclast marker genes and proteins 218 

Next, we measured the expression of osteoclast-specific genes, Nfatc1, TRAcP (acid phosphatase 5; Acp5), 219 

cathepsin K (Ctsk), and Atp6v0d2, in BMMs treated with kavain following induction with 100 ng/ml RANKL 220 
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for 5 days. As expected, RT-PCR results indicated that RANKL stimulated the expression of these osteoclast-221 

specific genes. However, 15 μM kavain decreased RANKL-induced expression of these genes (Figure 3A–D). 222 

In addition, western blot analysis was performed to determine whether kavain regulated the expression of 223 

NFATc1 and associated downstream proteins. Consistent with the results above, kavain treatment 224 

downregulated NFATc1 protein expression on days 3 and 5 compared with the RANKL-treated PBS control 225 

groups (Figure 3E). Furthermore, the expression of bone NFATc1-associated, resorption-related downstream 226 

proteins, including V-ATPase-d2, CTSK, and integrin β3, was also repressed in groups treated with 15 μM 227 

kavain on days 3 and 5 compared to the RANKL-treated PBS control groups (Figure 3E). 228 

 229 

Kavain affects activation of NFATc1 by modulating intracellular calcium levels 230 

To directly evaluate the effects of kavain on NFATc1 activity, we treated RAW264.7 cells stably transfected 231 

with an Nfatc1-luciferase reporter construct with RANKL in the presence of varying concentrations of kavain. 232 

The results revealed that 15 μM kavain significantly decreased Nfatc1-luciferase activity (Figure 4A). To 233 

further investigate the mechanism by which kavain regulates NFATc1 activation, we studied its effects on 234 

calcium signaling pathways. BMMs were stimulated with GST-rRANKL (100 ng/mL) for 24 h, and then 235 

calcium flux was assessed using the Fluo4 calcium indicator. As expected, the intensity of calcium oscillations 236 

in the RANKL-treated groups was significantly increased compared with the control groups (Figure 4B and C). 237 

Treatment with kavain significantly decreased the intensity of RANKL-mediated calcium oscillations (Figure 238 

4D and E). 239 

 240 

Kavain inhibits specific MAPK signaling pathway  241 
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We next examined its effects on MAPK activation, which is one of the key RANKL-mediated signaling 242 

pathways for osteoclast differentiation and activation. Western blot analysis showed that kavain decreased 243 

significantly the phosphorylation of MAPK downstream targets P38 and JNK1/2, but did not affect the 244 

phosphorylation of ERK1/2 (Figure 5). 245 

 246 

Kavain has little effect on RANKL-induced activation of NF-κB 247 

We also measured the effects of kavain on RANKL-induced NF-κB activity. Using luciferase reporter assays, 248 

we found that NF-κB luciferase intensity was increased upon RANKL activation. However, no obvious changes 249 

in NF-κB luciferase intensity were observed following kavain treatment compared to groups treated with 250 

RANKL alone (Figure S1A). Furthermore, the results of western blot analysis indicated that kavain did not 251 

affect the degradation of IκB-α induced by RANKL (Figure S1B). Therefore, these data suggest that kavain had 252 

no significant influence on NF-κB signaling during osteoclastogenesis. 253 

 254 

Kavain does not affect osteoblast proliferation and differentiation 255 

Next, we wanted to test the effects of kavain on osteoblast differentiation and proliferation. Before exploring 256 

the roles of kavain in osteoblast differentiation, the toxicity of kavain was evaluated by the MTS assay. MC3T3-257 

E1 osteoblasts were plated in a 96-well plate with different concentration of kavain for 24 and 48 h. The results 258 

showed that kavain did not affect osteoblast proliferation, even at high concentrations (20 μM) of kavain (Figure 259 

S2A and S2B). Next, we performed alkaline phosphatase (ALP) staining to directly assess the effect of kavain 260 

on osteoblast differentiation. ALP staining showed no differences between control groups and groups treated 261 

with kavain (Figure S2C). The results of RT-PCR showed that the expression levels of osteoblast marker genes 262 
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such as Alp, runt-related transcription factor 2 (Runx2), and collagen type I alpha 1 (Col1a1) in groups treated 263 

with kavain were not changed relative to control untreated groups (FigureS2D–F). In summary, these results 264 

demonstrate that osteoblast proliferation and differentiation were unaffected by kavain. 265 

  266 
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Discussion 267 

Osteoclasts can resorb bone and cartilage, thereby regulating bone remodeling and mineral homeostasis. 268 

However, in some bone-loss diseases, such as osteoporosis, rheumatoid arthritis, or periodontitis, a significant 269 

increase in either osteoclastogenesis or osteoclast function is found [27-29]. Thus, reducing osteoclast viability 270 

is a classic antiresorptive therapeutic strategy for patients suffering from these osteolytic diseases. Kavain is an 271 

active ingredient extracted from the root of the kava plant. Kavain and its derivatives are currently used as 272 

relaxants, sedatives, and anxiolytics [30]. Here, we demonstrated for the first time that kavain inhibits 273 

osteoclastogenesis and bone resorption, potentially through the suppression calcium - mediated NFATc1 and 274 

MAPK signaling pathways. Our results are consistent with recent finding with new mechanistic insights that 275 

kavain displayed promise in the treatment of bone loss and inflammation in an experimental model of 276 

periodontitis [31].  277 

 278 

It is well established that M-CSF and RANKL are the major cytokines that can initiate osteoclast differentiation 279 

and stimulate their bone resorptive function [32]. NFATc1, the master transcription factor promoting osteoclast 280 

differentiation, is induced following the activation of the RANKL/RANK axis. Expression of NFATc1 is 281 

dependent on TNF receptor-associated factor 6 (TRAF6) and kinds of pathways such as NF-κB, MAPK and 282 

calcium-signaling pathways [33]. In turn, NFATc1 regulates the expression of target genes that enable 283 

osteoclast attachment to the bone and mediate their bone resorptive functions [34-36]. In a previous study, 284 

kavain and other derivative molecules were suggested to modulate LPS-induced signaling pathways, such as 285 

NF-κB, activator protein 1 (AP-1), and ERK [19,37]. However, the precise mechanism by which kavain 286 

regulates osteoclast activity is unclear. Interestingly, we showed that kavain can suppress the expression of an 287 
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Nfatc1-luciferase fusion gene and inhibit downstream effectors ACP5 (also known as TRAcP), CTSK, and 288 

integrin β3 based on RNA and protein analyses. These findings suggest one mechanism by which kavain can 289 

inhibit osteoclastogenesis and bone resorption. However, we saw no changes in the activation of the NF-κB 290 

pathway upon the addition of kavain. The difference of the effect of kavain on NF-κB pathway might be due to 291 

different cell types and culture systems used.  292 

 293 

Calcium signaling, another critical pathway regulating osteoclastogenesis, can be activated by RANKL/RANK 294 

and phospholipase C gamma, which facilitate the activation of NFATc1. Particularly, NFATc1 can be auto-295 

amplified during active calcium signaling [38,39]. In our study, kavain inhibits intracellular calcium 296 

oscillations. Therefore, the inhibition calcium signaling pathway resulting in deactivitation of NFATc1 could 297 

contribute to the observed decrease in osteoclast formation and activity. 298 

 299 

MAPK pathways act downstream of RANKL signaling. MAPK activity in turn activates JNK, P38, ERK via 300 

major specific Mitogen-activated protein kinase kinase (MAP2Ks) responsible for MAPK phosphorylation. For 301 

example, MEK1 and MEK2 are responsible for ERKs; the MKK3 and MKK6 activate the P38; MKK4 and 302 

MKK7 are in charge of JNKs though MKK4 also takes part in P38 phosphorylation. Activation of the MAPK 303 

pathway and downstream components promotes osteoclastogenesis [2]. In our study, we provide evidence that 304 

kavain reduces the phosphorylation of JNK and P38 but ERK. In contrast, kavain was previously reported to 305 

inhibit TNF-α expression via the dephosphorylation of ERK2 and myeloid differentiation in mouse bone 306 

marrow macrophages. TNF-α can, in turn, promote osteoclastogenesis by activating RANKL signaling in 307 

osteoclast precursors [40]. We speculate that in the same cell line under different stimulation conditions, the 308 
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downstream pathways involved may act divergently. Apart from this, kavain may exert different influence in 309 

the specific MAP2Ks.  The mechanism underlying these differences warrants further investigation. 310 

 311 

Mesenchymal stem cell-derived osteoblasts also contribute to bone remodeling. Osteoblasts can express the key 312 

osteoclast differentiation factor RANKL and counterbalance its downstream effects by producing 313 

osteoprotegerin [41]. Bone loss can also be caused by an imbalance between osteoblast and osteoclast numbers 314 

or impaired communication between these two cell populations. Our results reveal that kavain has no effect on 315 

the differentiation and function of osteoblasts in vitro, indicative of its cell type specific effect on osteoclasts. 316 

In summary, these results suggest that kavain inhibits osteoclast formation and function by modulating 317 

intracellular calcium- mediated NFATc1 and MAPK deactivation, while not affecting osteoblasts. While future 318 

studies need to confirm the comparable activity of kavain against osteoclasts in vivo, our data suggest a potential 319 

role for this naturally derived compound in the treatment of osteolytic diseases. 320 

  321 
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Figure legends 433 

Figure 1. Kavain inhibits RANKL-induced osteoclast formation and fusion. (A) Representative images of 434 

BMMs stained for TRAcP treated with kavain at the different dosages indicated. Scale bar represents 200 μm. 435 

(B) Quantification of osteoclast numbers (TRAcP positive, ≥ three nuclei). (C) Survival of BMMs in the436 

presence of kavain as assessed by MTS cell viability assay. (D) Representative confocal images of osteoclasts 437 

stained for F-actin and nuclei. Scale bar represents 200 µm. (E) Average nuclei number per osteoclast in each 438 

field counted. The data in the figures represent the mean ± SD. Significant differences between the treatment 439 

and control groups are indicated as * (P < 0.05) or ** (P < 0.01). 440 

441 

Figure 2. Kavain attenuates osteoclastic hydroxyapatite resorption. (A) Representative images of osteoassay 442 

surface after removal of osteoclasts (middle and lower panels) with corresponding TRAP-stained osteoclasts 443 

(upper panels). Scale bar represents 200 μm. (B) Quantification of osteoclasts in each well. (C) Quantification 444 

of bone resorption pit area per well. The data in the figures represent the mean ± SD. Significant differences 445 

between the treatment and control groups are indicated as ** (P < 0.01) or *** (P < 0.001). 446 

447 

Figure 3. Kavain represses the expression of osteoclast marker genes and proteins. BMMs were treated with 448 

M-CSF (50 ng/mL) and GST-rRANKL (100 ng/mL) in the presence or absence of the indicated concentrations449 

of kavain. (A-D) Relative mRNA expression levels of Nfatc1, Atp6v0d2, Ctsk, and Acp5 during 450 

osteoclastogenesis. Gene expression was normalized to the housekeeping gene Hmbs. (E) Representative 451 

western blot images of NFATc1, Integrin β3, CTSK, V-ATPase-d2 and ACTB protein levels in lysates from 452 

BMMs. The ratio of above proteins relative to ACTB was determined. The data in the figures represent the 453 
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mean ± SD. Significant differences between the treatment and control groups are indicated as * (P < 0.05), ** 454 

(P < 0.01), or *** (P < 0.001). 455 

456 

Figure 4. Kavain affects activation of NFATc1 and intracellular calcium levels. (A) Luciferase activity in 457 

RANKL-stimulated RAW 264.7 cells transfected with an Nfatc1-luciferase construct. Transfected cells were 458 

pretreated with indicated concentrations of kavain and subsequently stimulated with GST-rRANKL (100 ng/mL) 459 

for 24 h. (B) Representative calcium oscillations within three cells treated with M-CSF only (negative control). 460 

(C) Representative calcium oscillations within three cells treated with M-CSF and RANKL (positive control).461 

(D) Representative calcium oscillations within three cells treated with M-CSF, RANKL, and kavain. (E)462 

Average change in intensity of calcium oscillations per cell. The data in the figures represent the mean ± SD. 463 

Significant differences between the treatment and control groups are indicated as *** (P < 0.001). 464 

465 

Figure 5. Kavain inhibits specific MAPK signaling pathway. Representative western blot images of p-P38, P38, 466 

p-JNK1/2, and JNK p-ERK1/2, and ERK from BMMs induced with RANKL (100 ng/mL) and M-CSF (50467 

ng/mL) in the absence or presence of kavain. The ratio of phosphorylated proteins relative to unphosphorylated 468 

proteins was determined. 469 

470 

Figure 6. Schematic diagram of the inhibitory effect of kavain on osteoclast differentiation. Kavain suppresses 471 

NFATc1 expression and phosphorylation of P38 and JNK, while leaving ERK and NF-κB unaffected. Besides, 472 

kavain attenuates NFATc1 activation via modulating intracellular calcium oscillations, hence inhibits 473 

osteoclastogenesis. 474 



Table 1: Primer sequences for qPCR 

Genes Forward (5’-3’) Reverse (5’-3’) Tm (℃) 

Hmbs AAGGGCTTTTCTGAGGCACC AGTTGCCCATCTTTCATCACTG 60 

Hprt TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG 61 

Runx2 AGAGTCAGATTACAGATCCCAGG TGGCTCTTCTTACTGAGAGAGG 60 

Alp CCAACTCTTTTGTGCCAGAGA GGCTACATTGGTGTTGAGCTTTT 61 

Col1a1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG 62 

Nfatc1 GACCCGGAGTTCGACTTCG TGACACTAGGGGACACATAACTG 60 

Atp6v0d2 CTGGTTCGAGGATGCAAAGC GTTGCCATAGTCCGTGGTCTG 61 

Ctsk GGGAGAAAAACCTGAAGC ATTCTGGGGACTCAGAGC 61 

Acp5 TGTGGCCATCTTTATGCT GTCATTTCTTTGGGGCTT 61 

Hmbs, hydroxymethylbilane synthase; Hprt, hypoxanthine guanine phosphoribosyl transferase; Runx2, 

runt related transcription factor 2; Alp, alkaline phosphatase, liver/bone/kidney; Col1a1, collagen, type 

I, alpha 1; Nfatc1, nuclear factor of activated T cells, cytoplasmic, calcineurin dependent 1; Atp6v0d2, 

ATPase, H+ transporting, lysosomal V0 subunit D2; Ctsk, cathepsin K; Acp5, acid phosphatase 5. 
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Figure S1. Kavain has little effect on RANKL-induced activation of NF-κB and phosphorylation of 

ERK. (A) Luciferase activity in RANKL stimulated RAW264.7 cells transfected with an NF-κB 

luciferase construct. Transfected cells were pre-treated with indicated concentrations of kavain, and 

subsequently stimulated with GST-rRANKL (100 ng/mL) for 6 h. (B) Representative western blot 

images of IκB-α and ACTB from BMMs which were induced with RANKL (100 ng/mL) and M-CSF 

(50 ng/mL) in the presence of kavain. 

Figure S2. Kavain does not affect osteoblast proliferation and differentiation. MTS

analysis of cell viability of MC3T3-E1 cells treated with different concentrations of 

kavain for (A) 24 h and (B) 48 h. (C) Representative ALP staining images of MC3T3-E1 

cells in kavain-treated and -untreated groups (day 7). (D) Relative mRNA expression 

levels of Alp, (E)Runx2, and (F)Col1a1 from MC3T3-E1 cells in different groups (days 

0 and 7). The data in the figures represent the mean ± SD. 
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Figure S2



Schematic diagram of the inhibitory effect of kavain on osteoclast differentiation. Kavain suppresses 

NFATc1 expression by inhibiting phosphorylation of P38 and JNK, while leaving ERK and NF-κB 

unaffected. Besides, kavain attenuates NFATc1 activation via modulating intracellular calcium 

oscillations, hence inhibits osteoclastogenesis. 
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