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ABSTRACT 31 

Background：Macrophage migration inhibitory factor (MIF) is a pleiotropic pro-32 

inflammatory mediator involved in various pathophysiological and inflammatory 33 

states.Accumulating line of evidence suggests a role for MIF in regulating bone 34 

metabolism and therefore a prime candidate for therapeutic targeting. In this study, we 35 

showed that Chicago sky blue 6B (CSB6B), an unique allosteric inhibitor of MIF 36 

catalytic and cytokine activity, suppresses RANKL-induced osteoclast and promotes 37 

osteogenesis in vitro via the inhibition of NF-κB signaling activation  38 

Methods: We examined the effects of CSB6B on osteoclast differentiation and bone 39 

resorption and the bone formation ability of osteoblasts in vitro. The effect of CSB6B 40 

on the NF-κB pathway was subsequently detected using western blotting and Co-IP. 41 

Finally, the model of mouse skull dissolution and ovarian severing were modeled and 42 

intraperitoneally injected with different doses of CSB6B to observe the anti-osteolytic 43 

and anti-osteoporosis effects of the drug in vivo. 44 

Results: In this study, we showed that Chicago sky blue 6B (CSB6B) suppresses 45 

RANKL-induced osteoclast and bone resorption in vitro via the inhibition of NF-κB 46 

signaling activation and promoting proteasome-mediated degradation of MIF. 47 

Consequently, the induction of NFATc1 was impaired resulting in downregulation of 48 

NFATc1-responsive osteoclast genes. We also demonstrated that CSB6B treatment 49 

enhanced primary calvarial osteoblast differentiation and bone mineralization in vitro 50 

via the suppression of NF-κB activation and upregulation of Runx expression. Using 51 

two murine models of osteolytic bone disorders, we further showed that administration 52 

of CSB6B protected mice against pathological inflammatoryc calvarial bone 53 

destruction induced by titanium particles mice as well as estrogen-deficiency induced 54 

bone loss as a result of ovariectomy.  55 

Conclusion: Together, as an MIF inhibitor, CSB6B can inhibit osteoclast 56 

differentiation and absorption function and enhance the mineralization of osteoblasts 57 

through the inhibition of NF-κB pathway. MIF is a prime target for therapeutic targeting 58 

for the treatment of osteolytic bone disorders and the MIF inhibitor CSB6B could be 59 



 

potential anti-osteoporosis drug. 60 
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1. Background 70 

Bone remodeling is a dynamic process balanced by osteoclast-mediated bone resorption 71 

and osteoblast-mediated bone formation [1,2]. Imbalances in osteoclast and osteoblast 72 

activities favouring excessive osteoclast formation and/or bone resorption leads to 73 

vairous metabolic bone disease including estrogen-deficiency mediated bone loss as in 74 

post-menopausal osteoporosis, and inflammatory bone destruction associated with 75 

pathological osteolysis[3]. Although some level of effectiveness against osteoclast-76 

mediated bone loss is achieved with currently available anti-resorptive agents, side 77 

effects including gastrointestinal, renal and ocular toxicities, osteonecrosis of the jaw, 78 

and atypical fractures have been reported [4]. Thus, there is an urgent need for newer, 79 

safer and more effective treatment options for the treatment of osteolytic diseases.  80 

Macrophage migration inhibitory factor (MIF), is a pleiotropic pro-inflammatory 81 

mediator that has important functions in the regulation of the innate and adaptive 82 

immune response[5-7]. MIF is expressed by numerous immune cells as well as by cells 83 

beyond the immune system such as epithelial, endocrine, smooth muscle, and 84 

endothelial cells[7]. As such MIF exerts a wide variety of biological functions and 85 

involved in variety of pathophysiological and inflammatory states. In fact, there 86 

mounting evidence for a role of MIF in the development of various osteolytic bone 87 

conditions[8-11]. MIF deficient mice have been shown to be protected against OVX-88 

induced bone loss whereas transgenic mice overexpressing MIF exhibit elevated 89 



 

osteoclastic bone resorption[11] and high bone turnover osteoporosis[12]. In a recent 90 

paper, previous showed that a suicide substrate that binds MIF and inhibits its activity 91 

suppresses osteoclast formation[13]. Thus MIF is a prime target for the development or 92 

identification of therapeutic agents for the treatment of osteolytic bone conditions.  93 

Chicago sky blue 6B (CSB6B), is an azo compound identified through high throughput 94 

screening that potently inhibits MIF tautomerase activity[14]. It is a uniquely rare 95 

allosteric inhibitor that binds at the interface of two MIF timers blocking the catalytic 96 

and cytokine activities of MIF [14]. Here in this study we investigated the effects of 97 

CSB6B on bone metabolism, in the context of RANKL-induced osteoclast formation 98 

and bone resorption, and osteoblast differentiation and bone mineralization in vitro. We 99 

also examined the potential in vivo therapeutic effects of CSB6B administration in 100 

pathological inflammatory calvarial bone destruction induced by titanium particles and 101 

estrogen-deficiency bone loss induced by ovariectomy. 102 

 103 

2. Materials and Methods 104 

Experimental animals 105 

All animal experiments conducted in this study were approved by the Ethics Committee 106 

of Sir Run Run Shaw Hospital (Zhejiang University, Zhejiang, China) and carried out 107 

in accordance with the institute’s guidelines for the treatment of animals and to the 108 

principles from the National Institute of Health’s Guide for the Care and Use of 109 

Laboratory Animals (NIH; Bethesda, MD, USA). Eight-week-old C57BL/6J male MIF 110 

knockout (KO) and wild-type (WT) littermates were used in downstream experiments. 111 

MIF KO mice was generated via the inactivation of the MIF gene through the 112 

substitution of part of exon 2, the second intron, and exon 3 with the neomycin gene 113 

cassette. Tail-tip genotyping of KO mice were carried out using semi-quantitative PCR 114 

analysis with the following primer sets: Primer 1 (Forward: 5ʹ-115 

CCAACCTACAGGTTCCACCAATAAC-3ʹ, and Reverse: 5ʹ-  116 

GCCCAGCTGGAGCACACTATT-3ʹ); and Primer 2 (Forward: 5ʹ-  117 

TAGACCACGTGCTTAGCTGAGCC-3ʹ, and Reverse: 5ʹ-  118 

GCCCAGCTGGAGCACACTATT-3ʹ).  119 



 

Media and Reagents 120 

Dulbecco’s modified Eagle Medium (DMEM), alpha modification of Eagle’s minimal 121 

essential medium (α-MEM), fetal bovine serum (FBS), and penicillin-streptomycin 122 

were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Chicago Sky 123 

Blue 6B (CSB6B) was obtained from Tocris Bioscience (Bristol, UK) and dissolved in 124 

PBS to stock concentration of 100 mM and stored at -80°C. CSB6B is further diluted 125 

to working concentration in culture media when needed. Recombinant mouse 126 

macrophage-colony stimulating factor (M-CSF) and receptor activator of nuclear 127 

factor-κB ligand (RANKL) were procured from R&D Systems (Minneapolis, MN, 128 

USA). Primary antibodies against mouse NF-κB subunit p65, phospho-p65 (Ser536), 129 

IκBα, phospho-IκBα (Ser32), c-Fos, nuclear factor of activated T-cells cytoplasmic 1 130 

(NFATc1), runt-related transcription factor 2 (Runx2) and β-actin were from Cell 131 

Signaling Technology (Danvers, MA, USA). Primary antibodies against MIF were 132 

purchased from Abcam (Cambridge, UK). TRAP staining kit was from MilliporeSigma 133 

(Burlington, MA, USA).  134 

Primary bone marrow monocytes/macrophage (BMMs) isolation 135 

Primary mouse bone marrow monocytes/macrophages (BMMs) were extracted from 136 

the long bones of mice by marrow flushing as previously described by Zheng et al[13]. 137 

Extracted BMMs were cultured in α-MEM containing 10% FBS and 1% penicillin-138 

streptomycin (complete α-MEM) supplemented with 40 ng/ml M-CSF and maintained 139 

in humidified (95% air/5% CO2) incubator at 37°C until the cell monolayer reached 90% 140 

confluence.  141 

Cytotoxicity assay 142 

The cellular cytotoxicity of CSB6B were examined using the Cell Counting Kit-8 143 

(CCK-8; Dojindo Laboratories, Kumamoto, Japan) assay as per manufacturer’s 144 

protocol. Cells seeded into 96-well plates at a density of 2×104 cells/well were treated 145 

with various concentrations of CSB6B (0.75, 1.5, 3.125, 6.25, 12.5, 25, 50, 100, and 146 

200 μM). After 48 or 96 hours incubation with CSB6B, 10 μl of CCK-8 reagent was 147 

added to each well and incubated for further 2 hours. The absorbance at 450 nm for 148 

each experimental condition were obtained on an ELx800 Absorbance Microplate 149 



 

Reader (BioTek Instruments, Winooski, VT, USA). 150 

In vitro osteoclast differentiation and formation assay 151 

For osteoclast differentiation assay, BMMs were seeded onto 24-well plates at a density 152 

of 5×104 cells/well in complete α-MEM supplemented with 40 ng/ml M-CSF for 24 153 

hours. The next day cells were stimulated with 50 ng/ml RANKL without or with 154 

CSB6B at concentrations of 5, 10, and 20 mM. Mock control cells were treated with 155 

PBS instead of CSB6B. Culture media were changed every other day for a total of 5 - 156 

7 days or until mature multinucleated osteoclasts were observed in mock controls. Cells 157 

were gently and briefly washed with PBS to remove floating cells, fixed with 4% 158 

paraformaldehyde (PFA) for 15 mins, and then stained for TRAP activity. The number 159 

of TRAP+ osteoclasts with 3 or more nuclei and the average area occupied by the 160 

osteoclasts (% of well) were quantified using ImageJ software (NIH). 161 

In vitro bone resorption assay  162 

BMMs were seeded on collagen coated plates with RANKL for 3-4 days. Then the pre-163 

osteoclasts were reseeded onto bone discs in complete media containing MCSF and 164 

RANKL with different concentration of CSB6B for extra 3-4 days after cells were 165 

settled for 6 hours .At the end of the experiment, cells were removed by gentle brushing 166 

and mechanical sonication. Resorption pits were visualized and captured using an FEI 167 

Quanta 250 scanning electron microscope (Thermo Fisher Scientific). Bone resorption 168 

area was measured using ImageJ (NIH) software and expressed relative to untreated 169 

controls. 170 

Podosomal actin belt immunofluorescence 171 

BMM-derived osteoclasts were generated and treated with CSB6B as described in 172 

osteoclast differentiation and formation assay above. When mature multinucleated 173 

osteoclasts were observed in RANKL-only treated controls, cells were fixed with 4% 174 

PFA for 15 mins and then permeabilized with 0.1% (v/v) Triton X-100 for 5 mins at 175 

room temperature. Cells were then incubated with rhodamine-conjugated phalloidin 176 

(Thermo Fisher Scientific) diluted in 0.2% (w/v) bovine serum albumin-PBS for 1 hour 177 

at room temperature in the dark. DAPI (Santa Cruz Biotechnology, Dallas, TX, USA) 178 

was used to stain the cell nuclei. Fluorescence images were captured using the Nikon 179 



 

A1 confocal laser microscope and associated software (Nikon, Tokyo, Japan). ImageJ 180 

was used to quantify the number of podosomal actin belts. 181 

In vitro osteoblastogenesis assay 182 

The effects of CSB6B on osteoblasts were established using primary calvarial 183 

osteoblasts extracted from 2-day-old C57BL/6J mice as previously described by Zheng 184 

et al (46). Cells were maintained in DMEM containing 10% FBS and 1% penicillin-185 

streptomycin (complete DMEM) until 90% confluence. For osteoblast differentiation 186 

and alkaline phosphatase (ALP) activity, calvarial osteoblasts seeded in 24-well plates 187 

at density of 5×104 cells/well were stimulated with osteogenic media (10 nM 188 

dexamethasone, 10 mM β-glycerophosphate, and 50 μg/ml ascorbic acid) without or 189 

with 5, 10, or 20 mM of CSB6B. Osteogenic media was replaced every other day and 190 

after 7 days, cells were fixed and stained for ALP activity using BCIP/NBT staining kit 191 

(CoWin Biosciences, Beijing, China) according to manufacturer’s instructions. For 192 

mineralization assays, cells were cultured in osteogenic media without or with 5, 10, or 193 

20 mM of CSB6B for 21 days. Cells were then fixed in 4% PFA and mineral deposition 194 

assessed by staining with Alizarin Red S (ARS) solution (Cyagen Biosciences, Santa 195 

Clara, CA, USA) as per manufacturer’s protocol. Phase contrast images of ALP and 196 

ARS stained cells were acquired on a Zeiss Primovert inverted light microscope (Carl 197 

Zeiss AG, Oberkochen, Germany). Quantitative measurements of calcium deposition 198 

in the bone nodules were conducted following incubation of ARS-stained nodules with 199 

100 mM cetylpyridinium chloride (CPC) for 1 hour. The absorbance/optical density 200 

were measured at wavelength of 550 nm on an ELx800 Absorbance Microplate Reader 201 

(BioTek Instruments). 202 

RNA extraction and real-time quantitative PCR 203 

Total RNA were extracted from cultured cells using the RNeasy Mini Kit (QIAGEN, 204 

Hilden, Germany) in accordance with manufacturer’s protocol. Complementary DNAs 205 

(cDNAs) were synthesized from 1 μg of total RNA using the Prime Script RT Master 206 

Mix (Takara Bio, Kusatsu, Japan) based on the guidelines from the manufacturer. The 207 

resulting cDNA was used as template together with specific primers in the SYBR Green 208 

qPCR Master Mix reaction (Takara Bio). Real-time qPCR was performed on an ABI 209 



 

Prism 7500 qPCR system (Applied Biosystems, Thermo Fisher Scientific) with the 210 

following reaction parameters: initial denaturation at 95°C for 10 mins; followed by 40 211 

repeated cycles of 95°C for 10 secs, 60°C for 20 secs, and 72°C for 20 secs; with a final 212 

extension at 72°C for 90 secs. The primer sets targeting the following mouse genes 213 

were used: GAPDH (Forward: 5ʹ-GCAAGTTCAACGGCACAG-3ʹ, and Reverse: 5ʹ-214 

CGCCAGTAGACTCCACGAC-3ʹ); NFATc1 (Forward: 5ʹ-215 

GGGTCAGTGTGACCGAAGAT-3ʹ, and Reverse: 5ʹ-216 

GGAAGTCAGAAGTGGGTGGA-3ʹ); Cathepsin K (CTSK) (Forward: 5ʹ-217 

TCCGCAATCCTTACCGAATA-3ʹ, and Reverse: 5ʹ-218 

AACTTGAACACCCACATCCTG-3ʹ); TRAP (Forward: 5ʹ-219 

CCATTGTTAGCCACATACGG-3ʹ, and Reverse: 5ʹ-220 

CACTCAGCACATAGCCCACA-3ʹ); c-Fos (Forward: 5ʹ-221 

GTTCGTGAAACACACCAGGC-3ʹ, and Reverse: 5ʹ-222 

GGCCTTGACTCACATGCTCT-3ʹ); T-cell immune regulator 1(TCIRG1) (Forward: 223 

5ʹ-TGGCTACCGTTCCTATCCTG-3ʹ, and Reverse: 5ʹ-224 

CTTGTCCGTGTCCTCATCCT-3ʹ); dendritic cell-specific transmembrane protein 225 

(DC-STAMP) (Forward: 5ʹ-GCTGTATCGGCTCATCTCCT-3ʹ, and Reverse: 5ʹ-226 

AAGGCAGAATCATGGACGAC-3ʹ); Runx2 (Forward: 5ʹ-227 

GCGCATTCCTCATCCCAGTA-3ʹ, and Reverse: 5ʹ-228 

TGGAGTGGATGGATGGGGAT-3ʹ); ALP (Forward: 5ʹ-229 

TTCATAAGCAGGCGGGGGA-3ʹ, and Reverse: 5ʹ-230 

GGTGTACCCTGAGATTCGTCC-3ʹ); Osteocalcin (OCN) (Forward: 5ʹ-231 

CCCTGAGTCTGACAAAGCCT-3ʹ, and Reverse: 5ʹ-232 

GCGGTCTTCAAGCCATACTG-3ʹ); and Osteopontin (OPN) (Forward: 5ʹ-233 

TGGAGAGGTAGAAAAGGCACA-3ʹ, and Reverse: 5ʹ-234 

CAAACACACTCTTGGCACCAC-3ʹ). Gene expressions were normalized to the 235 

expression of GAPDH using 2-ΔΔCT method. The mean CT value of target genes in the 236 

experimental group was first normalized to the CT value of GAPDH to give a ΔCT 237 

value. The ΔCT value was then further normalized to control samples to obtain ΔΔCT 238 

value. The expression of target genes were then expressed relative to untreated controls. 239 



 

Western blot analysis and co-immunoprecipitation (Co-IP) 240 

RIPA lysis buffer (MilliporeSigma) containing protease and phosphatase inhibitors 241 

(Thermo Fisher Scientific) were used isolate total cell proteins from cultured cells. Cell 242 

lysates were cleared by centrifugation and the resulting post-nuclear supernatants were 243 

subjected to protein concentration quantification. A total of 20 μg of protein sample 244 

were resolved on 10% SDS-PAGE and separated proteins were electroblotted onto 245 

PVDF membranes (Bio-Rad Laboratories, Hercules, CA, USA) overnight at 4°C. 246 

Membranes were blocked with 5% (w/v) skim-milk in Tris buffered saline with Tween 247 

20 [TBST; 150 mM NaCl, 50 mM Tris (pH 7.6), 0.1% Tween-20] for 1 hour at room 248 

temperature and then incubated with primary antibodies diluted 1/1000 in 1% (w/v) 249 

skim-milk in TBST at 4°C overnight with gentle agitation. After extensive washes with 250 

TBST, membranes were incubated with appropriate horseradish peroxidase-conjugated 251 

secondary antibodies diluted 1/5000 in 1% (w/v) skim-milk in TBST for 1 hour at room 252 

temperature. Protein bands were visualized following incubation with LuminataTM 253 

Western Chemiluminescent HRP substrate (Millipore, MA, USA) and imaged using the 254 

LAS-4000 Gel Documentation System (FujiFilm, Tokyo, Japan). Densitometric 255 

analysis to quantify relative protein expression was carried out using ImageJ software. 256 

Coimmunoprecipitation (Co-IP) was carried out using protein lysates derived from 257 

BMMs. TCPs were extracted from cells with RIPA lysis buffer with protease and 258 

phosphatase inhibitor cocktail. Lysates were cleared, and 100 mg of total protein were 259 

incubated at 4°C with 5 mg of specific antibodies and 40 ml protein G–sepharose beads 260 

(Thermo Fisher Scientific) overnight with gentle rotation. Bead-antibody complexes 261 

were washed 3 times with lysis buffer and then boiled for 10 min to obtain protein 262 

supernatant captured by the protein G–sepharose beads. The bound proteins were 263 

visualized by Western blot with corresponding antibody as previously described 264 

NF-κB p65 immunofluorescence staining 265 

The effect of CSB6B on NF-κB p65 nuclear translocation was examined using 266 

immunofluorescence analysis. Briefly, BMMs were pretreated with 20μM CSB6B for 267 

30 mins followed by stimulation with 50 ng/ml RANKL for 30 mins. Cells were washed 268 

briefly, fixed in 4% PFA, and then permeabilized with 0.25% Triton X-100 for 5 mins. 269 



 

Cells were then incubated with monoclonal anti-p65 antibody in 2% BSA-PBS for 2 270 

hours at room temperature and then with Alexa Fluor 546 secondary antibody (Thermo 271 

Fisher Scientific) for 1 hour at 4℃ in the dark. Cell nucleus were counterstained with 272 

DAPI (Santa Cruz Biotechnology) for 5 mins in the dark. Fluorescence images were 273 

acquired on the Nikon A1 confocal laser microscope using the associated software 274 

(Nikon, Tokyo, Japan). ImageJ was used to quantify the percentage of nuclear p65-275 

positive cells. 276 

Ti particle–induced calvarial osteolysis mode  277 

The in vivo effect of CSB6B on inflammation-induced bone loss was assess using the 278 

murine titanum (Ti) particle–induced calvarial osteolysis model. 24 8-week old 279 

C57BL/6 mice were randomly divided into 4 groups (n = 6 per group): Sham-operated 280 

group (with PBS injection), vehicle group (Ti particles with PBS injection), low-dose 281 

group (Ti particles with 2 mg/kg CSB6B injection), and high-dose group (Ti particles 282 

with 8 mg/kg CSB6B injection). Briefly, 30 mg of sterilized Ti particles were embedded 283 

under the cranial periosteum near the calvarial midline suture. Two days post-surgery, 284 

subcutaneous injections of CSB6B or PBS was carried out every 2 days for 2 weeks. 285 

At the end of the experimental period, all mice were sacrificed, the calvarial bones were 286 

removed, fixed in 4% PFA and processed for micro-computed tomography (μCT) and 287 

histological assessments. Ti particles were removed prior to μCT scanning to reduce 288 

metal artifact interference.  289 

Ovariectomy (OVX)-induced osteoporosis model 290 

The in vivo effect of CSB6B on post-menopausal bone loss was examined using the 291 

well-established murine model of OVX-induced bone loss in 8-week-old female 292 

C57BL/J6 mice. 24 mice were randomly assigned to 4 groups (n = 6 per group): Sham-293 

operated group (injected with PBS), Vehicle group (OVX with PBS injection), low-294 

dose group (OVX with injection of 2 mg/kg CSB6B), and high-dose group (OVX with 295 

injection of 8 mg/kg CSB6B). Mice underwent bilateral ovariectomy to remove ovaries 296 

and associated fallopian tubes (OVX groups) or sham operation. Four week post-297 

surgery, mice received either intraperitoneal injections of CSB6B or equal volume of 298 

PBS every other day for 4 weeks. At the end of the experimental period, all mice were 299 



 

euthanized, and the tibiae and femurs were excised, fixed in 4% PFA and processed for 300 

μCT and histological assessemnts. One set of of tibiae were grinded and subjected to 301 

RNA extraction using Trizol reagent (Thermo Fisher Scientific), and gene expression 302 

analysis was examined as described previously. 303 

μCT scanning and analysis 304 

Fixed calvarial and long bone samples were subjected to μCT analysis using the 305 

Skyscan 1072 micro-CT system (Bruker, Billerica, MA, USA). Images were acquired 306 

with the scanning parameters set at a current of 80 mA and voltage of 70 kV with an 307 

isometric pixel size of 9 mm. Three-dimensional reconstructions of the bone tissues 308 

were carried out using the SkyScan NRecon software and morphometric analysis 309 

conducted using the SkyScan CTAn software (Bruker). For the long bones, a square 310 

region of interest 0.5 mm below the growth plate was defined for further quantitative 311 

analyses. For calvarial bones, a square region of interest around the midline suture was 312 

used for quantitative measurements. Bone morphometric parameters analyzed include 313 

bone volume/tissue volume (BV/TV), percentage of total porosity, mean trabecular 314 

thickness (Tb.Th, mm), mean trabecular separation (Tb.Sp, mm), and mean trabecular 315 

number (Tb.N, mm-1). 316 

Histology and histomorphometry 317 

Following μCT scanning, bone tissues were decalcified in 12.5% EDTA for 1 week at 318 

4°C and then embedded into paraffin blocks. Histological sections of 5 μm thick were 319 

prepared and then stained with hematoxylin and eosin (H&E) and TRAP. Bone 320 

histomorphometric analyses on tissue sections were performed in a blinded, unbiased 321 

manner using ImageProPlus 6.0 software (Media Cybernetics, Rockville, MD, USA). 322 

The number of TRAP+ osteoclasts were quantified and normalized to the bone area in 323 

each sample. To evaluate the effect of CSB6B on osteoblast bone formation in vivo, 324 

immunofluorescence staining for Runx2 was carried out. Sections were first blocked 325 

with goat serum and then incubated with anti-Runx2 antibodies overnight at 4℃. 326 

Sections were washed extensively but gently, then incubated with TRITC-conjugated 327 

secondary antibodies for 1 hour at room temperature in the dark, and finally with DAPI 328 

for 15 mins at room temperature in the dark. Fluorescence images were acquired on a 329 



 

Nikon A1 confocal microscope equipped with a digital camera.  330 

Bone serum markers 331 

Specific ELISA kits were used to detect serum bone turnover markers including mouse 332 

carboxy-terminal collagen crosslinks (CTX-1; Cusabio Technology LLC, Wuhan, 333 

China) and mouse procollagen type I intact N-terminal propeptide (P1NP; Cusabio 334 

Technology LLC). 335 

Statistical analysis 336 

Graphical results are presented as the means ± SD of at least 3 independent experiments 337 

unless otherwise stated. Microscopic images are relevant representative images of 338 

experimental and control conditions. Statistical difference were determined using 339 

Student’s t-test or one-way ANOVA followed by Tukey’s post hoc analysis using Prism 340 

7 software (GraphPad, San Diego, CA, USA). P-values less than 0.05 or unless 341 

otherwise indicated were considered statistically significant. 342 

3. Results 343 

3.1 CSB6B inhibits RANKL-induced osteoclast differentiation and bone 344 

resorption in vitro  345 

The cellular cytotoxicity of CSB6B on BMMs was first assessed using the CCK-8 assay 346 

(Figure 1B). As shown in Figure 1B, concentrations of up to 25 μM of CSB6B exhibited 347 

no cytotoxic effect on BMMs when treated for 48 and 96 hours. Dose-dependent 348 

decrease in cell viability was observed at concentrations of 50, 100 and 200 μM. As 349 

BMM-derived osteoclasts requires on average a minimum of 5 days to form following 350 

RANKL stimulation, sub-lethal concentrations (5, 10, and 20 μM) of CSB6B was 351 

selected for subsequent investigations. The IC50 for BMMs was calculated to be 107.8 352 

μM (Figure 1C). M-CSF-dependent BMMs were stimulated with RANKL without or 353 

with CSB6B for 5 days and the resulting osteoclasts were fixed and stained for TRAP 354 

activity. Compared with the large and well spread TRAP+ multinucleated osteoclasts 355 

seen in RANKL-only treated controls, TRAP+ cells in CSB6B treated groups were 356 

markedly smaller with the majority of the population being mononuclear cells 357 

(particularly when treated with 10 and 20 μM CSB6B) (Figure 1D). This observation 358 

was further confirmed by quantitative assessments. As shown in Figure 1E, CSB6B not 359 



 

only reduced the total number of osteoclasts formed, but also dose-dependently 360 

inhibited the multi-nucleation and consequently the size of the osteoclasts that formed. 361 

These results suggests that CSB6B treatment affects mononuclear cell fusion, a process 362 

that is essential for the multi-nucleation characteristic of mature osteoclast. We further 363 

confirmed this observation by examining the actin cytoskeleton. BMM-derived 364 

osteoclasts were stained with rhodamine-conjugated phalloidin and the actin 365 

cytoskeleton examined under fluorescence microscopy. As shown in Figure 1F and G, 366 

the podosomal actin belt that demarcate individual osteoclasts were significantly 367 

smaller in CSB6B treatment groups than RANKL-only treated controls. Similarly, 368 

control osteoclasts exhibited numerous nuclei (DAPI stained; blue), whereas cells 369 

treated with either 10 or 20 μM of CSB6B remained predominantly as mononuclear 370 

cells. In line with this inhibitory effect on osteoclast formation, the expression of gene 371 

required for osteoclast fusion and differentiation such as DC-STAMP, NFATc1, and c-372 

Fos were markedly downregulated following CSB6B treatment (Figure 1H).   373 

In addition to downregulation of genes involved in osteoclast fusion and differentiation, 374 

CSB6B also downregulated the expression of genes required for osteoclast bone 375 

resorption including TRAP, TCIRG1, and CTSK (Figure 1H). To confirm that the bone 376 

resorptive function was indeed impaired, we carried out bone resorption assays. 377 

Osteoclasts cultured on bovine bone discs and treated with CSB6B indeed showed 378 

markedly reduced ability to perform bone resorptive function (Figure 1I). Compared to 379 

the numerous resorption pits and trails seen in the control osteoclasts, a greater than 50% 380 

reduction in resorption pits were observed in CSB6B treated cells (Figure 1I). 381 

Resorption pits were scarce and randomly scattered around the bone discs (Figure 1J). 382 

Collectively these results provided evidence for the inhibitory effect of CSB6B on 383 

osteoclast formation and bone resorption in vitro. 384 

3.1.2 CSB6B impaired the activation of NF-κB/c-Fos/NFATc1 signaling in response 385 

to RANKL 386 

The transcription factors c-Fos and NFATc1 are crucial for osteoclasts differentiation, 387 

with the latter being the master transcription factor for various osteoclast marker 388 

genes[15-18]. As is shown in the Figure 2A-C, CSB6B treatment time- (Figure 2A) and 389 



 

dose-dependently (Figure 2B) attenuated the protein expression of both c-Fos and 390 

NFATc1. Given that the expression of c-Fos precedes and is required for the subsequent 391 

induction of NFATc1, the attenuation of NFATc1 observed here is likely the outcome of 392 

decreased c-Fos expression. As shown in Figure 1D and E, we found the protein 393 

expression of MIF was increased in M-CSF-dependent BMMs stimulated with RANKL 394 

3days and the MIF expression was decreased after the CSB6B treated. To further 395 

determine MIF protein metabolism following CSB6B treatment, cells were further 396 

treated with cycloheximide (CHX) or MG132 respectively7. Treatment with the 26S 397 

proteasome inhibitor MG132 partially restores MIF protein expression, whereas 398 

treatment with CHX which inhibits new protein biosynthesis further augmented the 399 

effects of CSB6B (Figure 2F and G). Furthermore, by co-IP analysis, we found that 400 

CSB6B treatment significantly increased the ubiquitination of MIF (Figure 2H). 401 

Together, these results suggests that the increased MIF protein degradation is 402 

responsible for the decreased expression of MIF protein following CSB6B treatment 403 

during RANKL-induced osteoclast formation.  404 

The induction of c-Fos and NFATc1 requires the activation of early RANKL-induced 405 

signaling pathways. Of the many pathways that are activated, NF-κB signaling is 406 

rapidly activated following RANKL signaling. RANKL-induced activation of NF-κB 407 

involves rapid degradation of IκBα (within 10 mins), and subsequent phosphorylation 408 

and nuclear translocation of NF-κB p65 subunit (Figure 2I-L). CSB6B treatment on the 409 

other hand, diminished IκBα and p65 phosphorylation, which consequently decreased 410 

the number of nuclear p65 (Figure 2I-L). Collectively these results suggests the anti-411 

osteoclastogneic and anti-resorptive effects of CSB6B can in part be attributed to the 412 

impairment of RANKL-induced activation of NF-κB/c-Fos/NFATc1 signaling cascades. 413 

3.1.3 CSB6B enhanced osteogenesis via suppression of NF-κB and induction of 414 

Runx2  415 

Having now shown that CSB6B exerts inhibitory effects on osteoclast formation and 416 

activity we next examined whether CSB6B similarly affects osteoblasts given that 417 

osteoblast also expresses MIF. The effects of CSB6B on the viability of primary 418 

calvarial osteoblast were examined using CCK-8 assay. As with primary BMMs, 419 



 

CSB6B did not affect the viability of calvarial osteoblasts at concentrations of 25 μM 420 

and below. However a dose- and time-dependent decrease in cell viability at 421 

concentrations of 50 μM and above (Figure 3A). The IC50 for primary calvarial 422 

osteoblasts was calculated to be 61.93 μM (Figure 3B). Once again, sub-lethal 423 

concentrations (5, 10, and 20 μM) of CSB6B was used of osteogenic differentiation 424 

which can last for 7 days for ALP activity of 21 days for bone mineralization nodule 425 

formation. To examine the effects of CSB6B on osteoblast differentiation, calvarial 426 

osteoblast were cultured under osteogenic conditions without or with CSB6B for 7 days 427 

after which cells were fixed and stained for ALP activity. As is shown in Figures 3C 428 

and D, CSB6B significantly enhanced the osteogenic differentiation of calvarial 429 

osteoblasts as compared to untreated cells (Figure 3C). CSB6B more than doubled the 430 

number of ALP+ve cells when compared to untreated cells, but no significant difference 431 

in ALP activity was observed between the different concentrations of CSB6B (Figure 432 

3D). For mineralization activity, calvarial osteoblasts were cultured under osteogenic 433 

conditions without or with CSB6B for 21 days. Cells were then fixed and stained with 434 

Alizarin Red S (ARS) to examine mineralized bone nodule formation. In the same 435 

manner as ALP activity, CSB6B markedly elevated the mineralization function of 436 

calvarial osteoblasts as compared to untreated cells (Figure 3C and D). Quantitative 437 

measurement of mineralized content confirmed the elevated bone formation activity 438 

following CSB6B treatment but not difference was observed between the various 439 

concentrations of CSB6B tested (Figure 3D). The elevated osteoblast formation and 440 

bone formation activity was confirmed by gene expression analyses. At 7 days post-441 

osteogenic differentiation, the expression of ALP and OCN was upregulated following 442 

CSB6B treatment in a dose-dependent matter (Figure 3E). Interestingly no effects on 443 

Runx2 and OPN gene expression was observed. On the other hand, at 21 days post-444 

osteogenic differentiation, the gene expression of Runx2, OCN, and OPN were 445 

markedly upregulated whereas ALP was downregulated (Figure 3F). Consistent with 446 

the upregulation in Runx2 gene expression 21 days post-osteogenic differentiation, the 447 

protein levels of Runx2 was also increased following CSB6B treatment (Figure 3G and 448 

H). 449 



 

It is well established that NF-κB signaling negatively regulates osteoblast 450 

differentiation in part by interfering with Runx2 expression and transcriptional activity 451 

[19-23]. Since NF-κB signaling was inhibited in osteoclasts following CSB6B treatment, 452 

we examined whether similar effects was also true in osteoblasts. As expected treatment 453 

of primary calvarial osteoblasts cultured under osteogenic media with CSB6B 454 

significantly inhibited the activation phosphorylation of p65 which suggests that the 455 

activation of canonical NF-κB was suppressed. Thus the stimulatory effect of CSB6B 456 

on osteoblast differentiation and mineralization can be in part attributed to elevated 457 

Runx2 expression and reduced NF-κB signaling activation. 458 

3.1.4 BMMs from MIF KO mice show decreased osteoclastogenic potential 459 

We have previously established that the genetic knockout of MIF decreased the 460 

osteoclastogenic potential of BMMs [13]. We used this MIF KO mouse line we 461 

examined whether CSB6B can further augment the cellular effects of the genetic loss 462 

of MIF. As is shown in the Figure 4A and B, CSB6B treatment did not further inhibit 463 

the formation of multinucleated TRAP+ osteoclast from KO BMMs. Consistent with 464 

the effects of CSB6B treatment, KO BMMs exhibited impaired p65 phosphorylation 465 

and nuclear localization following RANKL stimulation (Figure 4C and D). Again 466 

treatment with CSB6B did not further enhance the inhibition of p65 phosphorylation 467 

following RANKL stimulation (Figure 4F-G). Similar results were seen with calvarial 468 

osteoblasts. Primary KO calvarial osteoblasts exhibited markedly stronger osteogenic 469 

potential than WT calvarial cells but this was not further enhanced by CSB6B treatment 470 

(Figure 4I and J). These results provides evidence that the in vitro cellular effect seen 471 

in BMMs and calvarial osteoblasts following CSB6B treatment was specifically via the 472 

inhibition of MIF and not off-target effects.  473 

3.1.5 In vivo administration of CSB6B prevents Ti particle–induced inflammatory 474 

osteolysis  475 

With promising in vitro cellular effects, we next investigated the potential protective 476 

effects of CSB6B treatment in pathological inflammatory bone destruction induced by 477 

Ti particles. Sterilized Ti particles were implanted under the calvarial periosteum of 478 

mice to induce localized inflammatory osteolysis. Mice were then either given 479 



 

subcutaneous injections of PBS (vehicle), or low-dose (2 mg/kg) CSB6B, or high-dose 480 

(8 mg/kg) dose CSB6B every 2 days for 4 weeks. As shown in the 3D reconstructions 481 

of μCT scans, CSB6B markedly alleviated inflammatory bone destruction and porosity 482 

induced by the Ti particles (Figure 5A and B). In comparison, mice treated with PBS 483 

vehicle exhibited severe osteolysis, extensive bone erosion, and marked elevated in 484 

bone porosity (Fgiure 5A and B). Histological H&E examination showed extensive 485 

inflammatory response and bone destruction, whilst TRAP-stained sections revealed 486 

marked elevation in osteoclasts on bone surface. Treatment with CSB6B dose-487 

dependently attenuated inflammatory bone loss by reducing the number of TRAP+ 488 

osteoclasts on the bone surface (Figure 5C). Furthermore, by fluorescence 489 

immunostaining we found elevated expression of Runx2 lining the calvarial bone 490 

surface in mice treated with CSB6B suggesting elevation in osteoblast formation and 491 

or activity. Thus together, these data suggests that CSB6B treatment can protect mice 492 

against pathological inflammatory bone destruction induced by Ti particle via the 493 

inhibition of osteoclast formation and activity, and elevation of osteoblast formation. 494 

3.1.6CSB6B protects against post-menopausal bone loss induced by ovariectomy 495 

(OVX)  496 

With the encouraging protective effects against pathological bone destruction, we next 497 

examined whether CSB6B can also protect against post-menopausal bone loss induced 498 

by OVX. Four weeks after bilateral ovariectomy, mice were treated with intraperitoneal 499 

injections of PBS, low-dose, or high-dose CSB6B for further 4 weeks. At the end of the 500 

experimental period, the left tibia were harvested and processed for μCT analysis. As 501 

shown in Figure 6A and B, CSB6B treatment protected mice against OVX-induced 502 

bone loss in a dose-dependent manner improving bone morphometric parameters of 503 

BV/TV, Tb.Th (mm), Tb.N (mm-1), and Tb.Sp (mm) to near sham levels. Histological 504 

H&E analysis further confirmed the protective effects of CSB6B against OVX-induced 505 

bone loss, with TRAP stained sections further revealing marked reduction in the number 506 

of TRAP+ osteoclasts on the trabecular bone surface (Figure 6C and D). Reduction in 507 

osteoclast activity was further confirmed by serum CTX-1 measurements, with low-508 

dose CSB6B treatment reducing bone resorption activity to sham levels and high-dose 509 



 

reducing it further below sham levels (Figure 6E). Gene expression analysis using RNA 510 

extracted from the tibial bone tissues further confirmed the reduction in osteoclast 511 

formation and activity following CSB6B treatment. The gene expression of NFATc1, 512 

CTSK, and TRAP were noticeably downregulated in most cases back down to sham 513 

levels (Figure 6F). Thus these results clearly indicate that in vivo administration of 514 

CSB6B treatment can effectively inhibit the elevated osteoclast formation and bone 515 

resorption induced by OVX. 516 

Next we examined whether similar favourable osteoblastic effects were seen. 517 

Immunofluorescence staining of long bone sections for Runx2 again revealed elevated 518 

expression of Runx2 on the trabecular bone surface in CSB6B treated mice as compared 519 

to vehicle control suggesting increased osteoblast formation (Figure 7A and B). 520 

Furthermore, analysis of serum P1NP levels, a measure of osteoblast bone formation 521 

activity, was evidently increased following CSB6B treatment (Figure 7C). Furthermore 522 

expression of osteoblastic marker genes (Runx2, ALP, OCN, and OPN) were in general 523 

(particularly at high-dose) upregulated following CSB6B treatment further reinforcing 524 

the notion that osteoblast formation and activity were increased (Figure 7D). Thus 525 

collectively, we observed potent protective effect of CSB6B against OVX-induced bone 526 

loss again via the suppression of osteoclast formation and bone resorption, and 527 

elevation in osteoblast bone formation. 528 

4. Discussion 529 

MIF is a unique pleiotropic pro-inflammatory mediator expressed in numerous immune 530 

cell including monocytes/macrophages and plays an important role in the innate 531 

immune response[24]. MIF not only functions as a chemoattractant for inflammatory 532 

cells, it also acts to attract osteoclast precursors to osteolytic lesion enhancing 533 

osteoclast-mediated bone destruction[25]. MIF expression is upregulated during 534 

RANKL-induced osteoclast differentiation and numerous other studies including our 535 

own have shown direct and indirect stimulatory effect of MIF on osteoclast formation 536 

and bone resorption[10,26-29]. Thus inhibition of MIF activity is an attractive therapeutic 537 

option for the mitigation of elevated bone resorption in various bone diseases. In our 538 

study, we showed that Chicago Sky Blue 6B (CSB6B), a unique inhibitor of MIF, exerts 539 



 

potent inhibitory effect on osteoclast formation and bone resorption, as well as 540 

stimulatory effects on osteoblast bone formation in vitro. Administration of CSB6B also 541 

protects mice against pathological inflammatory bone destruction induced by Ti 542 

particles, and estrogen-deficiency induced bone loss due to OVX. This in vivo 543 

therapeutic effect of CSB6B aligned with previous studies which showed that MIF KO 544 

mice were resistant to OVX-induced bone loss and MIF transgenic mice exhibited high 545 

turnover osteoporosis [11,12].   546 

CSB6B is a unique sulfonated azo compound that allosterically binds at the interface 547 

of two MIF trimers to block the cytokine and catalytic activities of MIF [14]. Here in 548 

this study, using primary BMMs we showed that CSB6B treatment can inhibited 549 

RANKL-induced osteoclast formation and function. This inhibitory effect of CSB6B 550 

was consistent with impaired osteoclast formation derived from MIF KO BMMs. 551 

Furthermore, CSB6B treatment of MIF KO BMMs did not further enhance the 552 

inhibitory effect implying that the anti-osteoclastic effect of CSB6B is specifically 553 

through the inhibition of MIF. Additionally, our findings were in line with other studies 554 

using MIF KO BMMs that showed similar defects in osteoclast formation and bone 555 

resorption[26,29]. We have also previously shown that 4-IPP, a suicide substrate for MIF 556 

that inhibits MIF activity, inhibits RANKL-induced osteoclast formation and bone 557 

resorption[13]. Thus our studies and others have provided evidence that MIF positively 558 

involved in osteoclast formation and activity, and pharmacological inhibition of MIF 559 

offers alternative therapeutic option against osteoclast-mediated bone loss.  560 

Corroborating these effects, we further showed that the in vivo treatment of CSB6B 561 

effectively protected mice against inflammatory calvarial bone destruction induced by 562 

Ti particles as well as estrogen-deficiency induced bone loss as a result of OVX. We 563 

showed reduced levels of serum CTX-1, a marker of bone resorption, indicating that 564 

CSB6B treatment reduced osteoclast-mediated bone resorption.  565 

Mechanistically, RANKL-induced osteoclast differentiation requires the early 566 

activation of several key signaling cascades. Among these the NF-κB signaling pathway 567 

is crucial for the downstream induction of various transcription factors that are crucial 568 

for osteoclast differentiation such as c-Fos and NFATc1 [30]. In unstimulated cells, the 569 



 

NF-κB transcription factor consisting of p65 and p50 heterodimeric complex are 570 

retained in the cytoplasm by NF-κB inhibitory proteins, called IκBs [31,32]. Upon 571 

stimulation by RANKL IκBs are phosphorylated by the IKK complex (consisting of 572 

IKKα, IKKβ, and IKKγ) which consequently leads to IκB degradation via the 26S 573 

proteasome. This then allows the free NF-κB p65/p50 dimers to be phosphorylated 574 

resulting in its nuclear translocation where it transcriptional regulated the expression of 575 

downstream target genes necessary for osteoclast differentiation including c-Fos and 576 

NFATc1 [30,33,34]. In our biochemical analyses we found that RANKL-induced p65 577 

phosphorylation was significantly reduced following CSB6B treatment. In our previous 578 

study, we found using co-IP that MIF interacts with TXNIP and p65 and that this 579 

interaction is necessary for p65 phosphorylation and nuclear translocation. Thus the 580 

reduced p65 phosphorylation and nuclear translocation following CSB6B treatment 581 

could in part due to inhibition of MIF/TXNIP/p65 interaction. Further investigation will 582 

need to be carried out to ascertain this effect. 583 

The induction of transcription factors c-Fos and NFATc1 is downstream of NF-κB 584 

signaling activation. c-Fos is component of the AP-1 transcription factor complex that 585 

synergises with NF-κB for initial induction of NFATc1, the key transcriptional regulator 586 

of osteoclast formation. Subsequent sustained induction and activation of NFATc1 is 587 

achieved by NFATc1 auto-amplification triggered by calcium signaling. This sustained 588 

induction of NFATc1 activity is necessary for transcriptional upregulation of numerous 589 

osteoclast marker genes [15,35]. Genetic disruption of c-Fos or NFATc1 leads to severe 590 

osteopetrotic phenotypes in mice highlighting the importance of these transcription 591 

factors in osteoclasts biology [15,36-38]. We showed that MIF neutralization with 592 

CSB6B markedly reduced the induction of both c-Fos and NFATc1 proteins which 593 

consequently downregulated the expression of osteoclast marker genes DC-STAMP, 594 

TRAP, TCIRG1 and CTSK which are under the control of NFATc1.  595 

To some extent the reduced induction of these transcription factors could be explained 596 

by impaired NF-κB signaling activation. However, we demonstrated that additional 597 

mechanism of increased MIF proteasomal degradation induced by CSB6B was 598 

involved in the reduction in MIF protein levels. At the protein level, MIF could  599 



 

ubiquitylated for targeting to proteasome for degradation [39]. Here we used 600 

cycloheximide (CHX) and MG132 to demonstrate that CSB6B the reduced protein 601 

expression of MIF was due to increased MIF ubiquitylation and proteasomal 602 

degradation. Previous studies have shown that the HSP90-associated E3 ubiquitin 603 

ligase CHIP mediates the ensuing proteasome-dependent MIF degradation[39], but 604 

whether the effect of CSB6B on MIF degradation is CHIP-dependent or independent 605 

will require further intricate studies to be conducted.  606 

While MIF is also expressed in osteoblastic cells, the biological effects of MIF on 607 

osteoblasts are not as well-defined. Studies have suggested that MIF do no exert any 608 

biological activities on osteoblast formation or differentiation whilst others suggest pro-609 

osteoblastic effects [12,28,40-42]. Contrary to these studies, we have found that inhibition 610 

of MIF by CSB6B significantly enhanced osteoblast differentiation and mineralized 611 

bone nodule formation in vitro, supported by upregulation of steoblast marker gene 612 

expression such as Runx2, ALP, OCN, and OPN. Importantly Runx2 is a transcription 613 

factor required for osteoblast differentiation and maturation [43]. Interestingly, MIF 614 

have previously been shown to downregulate the gene expression of Runx2 by 615 

indirectly regulating the transcriptional activation of Runx2 promoter [44]. The result 616 

by Yao and colleagues is line with our findings in this paper and previous paper [13] 617 

suggesting that MIF may negatively regulate osteoblast differentiation and bone 618 

formation activity. Additionally inhibition of NF-κB signaling could have also 619 

contributed to the stimulatory effect of CSB6B on osteoblast differentiation and activity. 620 

NF-κB has been shown to target the Runx2 promoter to inhibit its activation [45]. We 621 

showed that p65 phosphorylation was markedly reduced following CSB6B treatment. 622 

Thus the MIF/NF-κB/Runx2 may function as a novel negative regulatory mechanism 623 

for osteoblast differentiation and bone formation. In accordance with our in vitro results, 624 

increased bone formation activity in vivo was also noted histologically and by analysis 625 

of serum levels of P1NP. This positive effect on osteoblast bone formation no doubt 626 

contributed to the protective effect of CSB6B against both Ti-particle induced calvarial 627 

osteolysis and OVX-induced bone loss. 628 



 

In conclusion, our study have provided convincing evidence that CSB6B inhibits 629 

osteoclast formation and bone resorption via the suppression of NF-κB activation and 630 

increased proteasomal degradation of MIF. Additionally, CSB6B exerts pro-631 

osteoblastic effects via the attenuation of MIF/NF-κB inhibitory action on Runx2 632 

expression. By exerting both anti-osteoclastic and pro-osteoblastic effects, the MIF 633 

inhibitor CSB6B effectively protected mice against inflammatory bone destruction and 634 

estrogen-deficiency induced bone loss. Hence, we believe that CSB6B can be used as 635 

candidate inhibitor for the development of novel therapeutic agents against MIF for the 636 

treatment of osteolytic conditions.  637 

 638 

Conclusion:  639 

Together, as an MIF inhibitor, CSB6B can inhibit osteoclast differentiation and 640 

absorption function and enhance the mineralization of osteoblasts through the inhibition 641 

of NF-κB pathway. In vivo, CSB6B can relieve cranial lysis caused by Ti particles and 642 

osteoporosis induced by ovariectomy. Therefore，MIF is a prime target for therapeutic 643 

targeting for the treatment of osteolytic bone disorders and the MIF inhibitor CSB6B 644 

could be a potential anti-osteoporosis drug. 645 

 646 

 647 
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Figures 860 

 861 

         Figure 1 862 



 

Fig 1. CSB6B inhibited osteoclast formation in a dose-dependent in vitro. A) The 863 

structure of CSB6B. B) Cytotoxic effects of CSB6B on BMMs were assessed by CCK-864 

8 cell viability/cytoxicity assay at 48 and 96 h. C) IC50 values obtained for the activity 865 

of CSB6B against BMMs. D) BMMs were treated with RANKL(50 ng/ml), M-CSF(40 866 

ng/ml) without or with different concentrations (Con.) of CSB6B for 5 d, after that 867 

osteoclasts were fixed and stained for TRAP. Scale bars, 500 μm. F) The number and 868 

size (mean area) of TRAP-positive multinucleated osteoclasts with ＞5 nuclei were 869 

quantified. The distribution of TRAP-positive osteoclasts with 3–5, 5–10, or ＞10 870 

nuclei were also determined. E) Following treatment with indicated concentrations of 871 

CSB6B, actin belts were stained with rhodamine-conjugated phalloidin and analyzed 872 

by immunofluorescence microscopy. Nuclei were counterstained with DAPI. Scale bars, 873 

250 μm. G) The number of actin belts in four groups were quantified. H) Expression of 874 

osteoclasts genes in BMMs simulated with RANKL and different concentration of 875 

CSB6B for 5d such as NFATc1, c-Fos, DC-STAMP, TRAP, TCIRG1 and CTSK were 876 

analyzed by qPCR. I) Bone resorptive activity of BMMs cultured on bovine bone discs 877 

were assessed by scanning electron microscopy following treatment with CSB6B 878 

(20μM). Scale bars, 250 μm. J) The mean resorption pit area was quantified. Images 879 

presented are representative of ≥3 independent experiments, and data are expressed as 880 

means±SD. *P≤0.05, **P≤0.01, ***P≤0.005 when compared with control group. 881 



 

 882 

        Figure 2 883 

Fig2. CSB6B inhibits early NF-κB signaling. A, B) TCPs from BMMs stimulated 884 

with RANKL without or with CSB6B (20 μM) for 0, 1, 3, or 5 d (late time course) or 885 

with indicated concentrations of CSB6B (dose dependent) for 5 d were extracted and 886 

subjected to Western blot analysis with specific antibodies against NFATc1 and c-Fos. 887 

Expression of β-actin was used as internal loading control. C) Quantitative analyses of 888 



 

NFATc1 and c-Fos protein expression relative to β-actin by densitometry were 889 

conducted. D) MIF expression in BMMs treated with or without RANKL and CSB6B 890 

was detected. E) Normalized MIF expression was quantified. F) MIF expression in 891 

BMMs treated with or without Rankl, CSB6B and the proteasomal inhibitor MG132 or 892 

protein synthesis Inhibitors Cycloheximide. G) Quantitative analyses of protein 893 

expression of MIF relative to β-actin by densitometry were conducted. H) BMMs were 894 

incubated with RANKL and CSB6B or untreated, and the immunoprecipitation with 895 

MIF antibody was performed. The obtained immunoprecipitates were analyzed using 896 

the indicated antibodies. I) TCPs from BMMs stimulated with RANKL without or with 897 

CSB6B (20 μM) for 0, 10, 20, or 40 min (short time course) were extracted and 898 

subjected to Western blot analysis. The protein expressions of p65, p-p65, IkBα, p-IkBα 899 

involved in early NF-κB signaling were assessed. Expression of β-actin was used as 900 

internal loading control. J) Quantitative analyses of protein expression of p-IkBa, p-901 

p65, p-IKKα/β relative to β-actin by densitometry were conducted. K) NF-κB p65 902 

nuclear translocation following CSB6B treatment was examined by 903 

immunofluorescence microscopy. Cells were stained with specific antibody against p65 904 

and nuclei were counterstained with DAPI. Scale bars, 25 μm. L) The percentage of 905 

nuclear localized NF-κB p65 was quantified 906 



 

 907 

        Figure 3 908 

Fig.3 CSB6B potentiates osteoblast-mediated mineralization and bone nodule 909 

formation. A) Through CCK-8 assay, cytotoxic effects of CSB6B on primary calvarial 910 

osteoblasts were assessed at 48 and 96 h. B) Calculated IC50 value of CSB6B in 911 

primary calvarial osteoblasts at 48 h was 61.93μM. C) Primary calvarial osteoblasts 912 

stimulated with osteogenic medium(OM) with or without CSB6B were cultured. After 913 



 

cells were cultured for 7d, ALP activity were stained and after cultured for 21d, 914 

mineralized bone nodule formation with ARS were stained. D) The number of ALP-915 

positive cells and calcium deposits in bone nodules were quantified. E, F) The 916 

osteogenesis related gene expression of Runx2, ALP, OCN, and OPN were analyzed by 917 

qPCR using RNAs extracted from primary calvarial osteoblasts stimulated with 918 

osteogenic media with or without indicated concentrations of CSB6B for 7 (E) or 21 d 919 

(F), respectively. G) TCPs extracted from primary calvarial osteoblasts treated with 920 

osteogenic media and CSB6B for 21d were immunoblotted using specific antibodies 921 

against Runx2. Expression of β-actin was used as internal loading control. H) Runx2 922 

protein expression at each concentration was normalized to β-actin expression. I) TCPs 923 

extracted from primary calvarial osteoblasts treated with osteogenic media and CSB6B 924 

(20 μM) for 0, 6, 12, or 24 h were subjected to Western blot analysis using specific 925 

antibodies against p65 and p-p65. J) Quantitative analyses of p-p65 protein expression 926 

relative to β-actin by densitometry were conducted. 927 



 

 928 

         Figure 4 929 

Fig.4 BMMs derived from MIF-KO mice exhibit lower osteoclast differentiation 930 

potential as a result of impaired RANKL induced NF-κB signaling. A) BMMs 931 

extracted from MIF KO and age-matched wild-type littermates were stimulated with 932 

RANKL without or with 20 mM CSB6B for 5 d after which multinucleated osteoclasts 933 

were fixed and stained for TRAP activity. Scale bars, 500 μm. B) The number and size 934 



 

(mean area) of TRAP-positive multinucleated osteoclasts ≥3 nuclei were quantified. C) 935 

TCPs from WT or KO BMMs stimulated with RANKL without or with 20 μM CSB6B 936 

for 0, 10, 20, or 40 min (short time course) were extracted and subjected to Western 937 

blot analysis. D) The protein expression of p-p65 were assessed. Expression of β-actin 938 

was used as internal loading control. E) TCPs from WT or KO BMMs stimulated with 939 

RANKL without or with 20 μM CSB6B for 30mins were extracted and subjected to 940 

Western blot analysis. F) Quantitative analyses of p-p65 protein expression relative to 941 

β-actin by densitometry were conducted. G) NF-κB p65 nuclear translocation following 942 

CSB6B treatment in WT and MIF-KO cells was examined by immunofluorescence 943 

microscopy. Cells were stained with specific antibody against p65, and nuclei were 944 

counterstained with DAPI. Scale bars, 25 μm. H) The percentage of nuclear NF-κB p65 945 

was quantified. I) Primary calvarial osteoblasts of MIF KO and WT littermates were 946 

stimulated with osteogenic media. After 7 d of culture, cells were stained for ALP 947 

activity. J) The number of ALP-positive cells were quantified. 948 



 

 949 

        Figure 5 950 

Fig.5 Administration of CSB6B protected against Ti particle–induced calvarial 951 

osteolysis in vivo. A) micro CT reconstructions of whole calvarial tissue from sham-952 

treated, Ti particle–treated mice injected with PBS, Ti particle–treated mice injected 953 

with 2 mg/kg CSB6B (low dose), and Ti particle–treated mice injected with 8 mg/kg 954 

CSB6B (high dose). B) Bone morphometric parameters of the amount of bone 955 



 

resorption volume expressed as a percentage of porosity of the whole calvaria 956 

(%porosity) was measured. C) Histologic assessments of calvarial tissue sections by 957 

hematoxylin-eosin (H&E) and TRAP staining were carried out. Scale bars, 250 μm. D) 958 

Histomorphometry analysis of the total number of TRAP-positive osteoclasts (＞5 959 

nuclei). E) Immunofluorescence analysis of the expression of Runx2 in calvarial tissue 960 

sections from each experimental mouse group. Sections were counterstained with DAPI. 961 

Scale bars, 100 μm. F) Quantitative analysis of the relative fluorescence intensity of 962 

Runx2 in each experimental group. Images presented are representative of ≥3 sections 963 

for each group, and data are expressed as means±SD. *P≤0.05, **P≤0.01, ***P≤0.005 964 

when compared with vehicle control. 965 



 

 966 

        Figure 6 967 

Fig.6. Administration of CSB6B alleviated OVX-induced osteoporosis in vivo. A) 968 

The μCT scaning of the tibial bone from sham-treated, OVX injected with PBS 969 

(vehicle), OVX injected with 2 mg/kg CSB6B (low dose), and OVX injected with 8 970 

mg/kg CSB6B (high dose). B) Bone microstructural parameters analyzed include 971 

percentage BV/TV (%), Tb.N, Tb.Th, and Tb.Sp. C) Histologic assessment of tibial 972 



 

bone sections by H&E and TRAP staining of four groups. Scale bars, 500 μm. D) The 973 

total number of TRAP-positive osteoclasts by TRAP staining were determined . E) To 974 

assess the relative levels of osteoclastic bone resorptive activity in each experimental 975 

mouse group, serum concentrations of CTX-1 (n = 6) were measured by ELISA. F) The 976 

gene expression of NFATc1, CTSK, and TRAP were analyzed by qPCR using RNAs 977 

extracted from bone tissues from each experimental mouse group. N.s., not significant. 978 

Images presented are representative of ≥3 sections for each group, and data are 979 

expressed as means±SD. *P≤0.05, **P≤0.01, ***P≤0.005 when compared with vehicle 980 

control. 981 



 

 982 

         Figure 7 983 

Fig.7 Administration of CSB6B promoted osteoblast activity in OVX-induced 984 

osteoporosis. A) Immunofluorescence analysis of the expression of Runx2 in tibial 985 

tissue sections from each experimental mouse group. Sections were counterstained with 986 

DAPI. Scale bars, 200 μm. B) The relative fluorescence intensity of Runx2 was 987 

quantified. C) To assess the relative levels of osteoblastic bone formation activity in 988 



 

each experimental mouse group, serum concentrations of P1NP (n = 6) were measured 989 

by ELISA. D) Osteoblast marker genes such as Runx2, ALP, OCN, and OPN were 990 

analyzed by qPCR using RNAs extracted from bone tissues from each experimental 991 

mouse group. N.s., not significant. Images presented are representative of ≥3 sections 992 

for each group, and data are expressed as means±SD. *P≤0.05, **P≤0.01, ***P≤0.005 993 

when compared with vehicle control. 994 
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Figures

Figure 1

CSB6B inhibited osteoclast formation in a dose-dependent in vitro. A) The structure of CSB6B. B)
Cytotoxic effects of CSB6B on BMMs were assessed by CCK-8 cell viability/cytoxicity assay at 48 and 96
h. C) IC50 values obtained for the activity of CSB6B against BMMs. D) BMMs were treated with



RANKL(50 ng/ml), M-CSF(40 ng/ml) without or with different concentrations (Con.) of CSB6B for 5 d,
after that osteoclasts were �xed and stained for TRAP. Scale bars, 500 μm. F) The number and size
(mean area) of TRAP-positive multinucleated osteoclasts with 5 nuclei were quanti�ed. The distribution
of TRAP-positive osteoclasts with 3–5, 5–10, or 10 nuclei were also determined. E) Following treatment
with indicated concentrations of CSB6B, actin belts were stained with rhodamine-conjugated phalloidin
and analyzed by immuno�uorescence microscopy. Nuclei were counterstained with DAPI. Scale bars, 250
μm. G) The number of actin belts in four groups were quanti�ed. H) Expression of osteoclasts genes in
BMMs simulated with RANKL and different concentration of CSB6B for 5d such as NFATc1, c-Fos, DC-
STAMP, TRAP, TCIRG1 and CTSK were analyzed by qPCR. I) Bone resorptive activity of BMMs cultured on
bovine bone discs were assessed by scanning electron microscopy following treatment with CSB6B
(20μM). Scale bars, 250 μm. J) The mean resorption pit area was quanti�ed. Images presented are
representative of ≥3 independent experiments, and data are expressed as means±SD. *P≤0.05, **P≤0.01,
***P≤0.005 when compared with control group.



Figure 2

CSB6B inhibits early NF-κB signaling. A, B) TCPs from BMMs stimulated with RANKL without or with
CSB6B (20 μM) for 0, 1, 3, or 5 d (late time course) or with indicated concentrations of CSB6B (dose
dependent) for 5 d were extracted and subjected to Western blot analysis with speci�c antibodies against
NFATc1 and c-Fos. Expression of β-actin was used as internal loading control. C) Quantitative analyses of
NFATc1 and c-Fos protein expression relative to β-actin by densitometry were conducted. D) MIF



expression in BMMs treated with or without RANKL and CSB6B was detected. E) Normalized MIF
expression was quanti�ed. F) MIF expression in BMMs treated with or without Rankl, CSB6B and the
proteasomal inhibitor MG132 or protein synthesis Inhibitors Cycloheximide. G) Quantitative analyses of
protein expression of MIF relative to β-actin by densitometry were conducted. H) BMMs were incubated
with RANKL and CSB6B or untreated, and the immunoprecipitation with MIF antibody was performed.
The obtained immunoprecipitates were analyzed using the indicated antibodies. I) TCPs from BMMs
stimulated with RANKL without or with CSB6B (20 μM) for 0, 10, 20, or 40 min (short time course) were
extracted and subjected to Western blot analysis. The protein expressions of p65, p-p65, IkBα, p-IkBα
involved in early NF-κB signaling were assessed. Expression of β-actin was used as internal loading
control. J) Quantitative analyses of protein expression of p-IkBa, p-p65, p-IKKα/β relative to β-actin by
densitometry were conducted. K) NF-κB p65 nuclear translocation following CSB6B treatment was
examined by immuno�uorescence microscopy. Cells were stained with speci�c antibody against p65 and
nuclei were counterstained with DAPI. Scale bars, 25 μm. L) The percentage of nuclear localized NF-κB
p65 was quanti�ed



Figure 3

CSB6B potentiates osteoblast-mediated mineralization and bone nodule formation. A) Through CCK-8
assay, cytotoxic effects of CSB6B on primary calvarial osteoblasts were assessed at 48 and 96 h. B)
Calculated IC50 value of CSB6B in primary calvarial osteoblasts at 48 h was 61.93μM. C) Primary
calvarial osteoblasts stimulated with osteogenic medium(OM) with or without CSB6B were cultured. After
cells were cultured for 7d, ALP activity were stained and after cultured for 21d, mineralized bone nodule



formation with ARS were stained. D) The number of ALP-positive cells and calcium deposits in bone
nodules were quanti�ed. E, F) The osteogenesis related gene expression of Runx2, ALP, OCN, and OPN
were analyzed by qPCR using RNAs extracted from primary calvarial osteoblasts stimulated with
osteogenic media with or without indicated concentrations of CSB6B for 7 (E) or 21 d (F), respectively. G)
TCPs extracted from primary calvarial osteoblasts treated with osteogenic media and CSB6B for 21d
were immunoblotted using speci�c antibodies against Runx2. Expression of β-actin was used as internal
loading control. H) Runx2 protein expression at each concentration was normalized to β-actin expression.
I) TCPs extracted from primary calvarial osteoblasts treated with osteogenic media and CSB6B (20 μM)
for 0, 6, 12, or 24 h were subjected to Western blot analysis using speci�c antibodies against p65 and p-
p65. J) Quantitative analyses of p-p65 protein expression relative to β-actin by densitometry were
conducted.



Figure 4

BMMs derived from MIF-KO mice exhibit lower osteoclast differentiation potential as a result of impaired
RANKL induced NF-κB signaling. A) BMMs extracted from MIF KO and age-matched wild-type littermates
were stimulated with RANKL without or with 20 mM CSB6B for 5 d after which multinucleated
osteoclasts were �xed and stained for TRAP activity. Scale bars, 500 μm. B) The number and size (mean
area) of TRAP-positive multinucleated osteoclasts ≥3 nuclei were quanti�ed. C) TCPs from WT or KO



BMMs stimulated with RANKL without or with 20 μM CSB6B for 0, 10, 20, or 40 min (short time course)
were extracted and subjected to Western blot analysis. D) The protein expression of p-p65 were assessed.
Expression of β-actin was used as internal loading control. E) TCPs from WT or KO BMMs stimulated
with RANKL without or with 20 μM CSB6B for 30mins were extracted and subjected to Western blot
analysis. F) Quantitative analyses of p-p65 protein expression relative to β-actin by densitometry were
conducted. G) NF-κB p65 nuclear translocation following CSB6B treatment in WT and MIF-KO cells was
examined by immuno�uorescence microscopy. Cells were stained with speci�c antibody against p65, and
nuclei were counterstained with DAPI. Scale bars, 25 μm. H) The percentage of nuclear NF-κB p65 was
quanti�ed. I) Primary calvarial osteoblasts of MIF KO and WT littermates were stimulated with osteogenic
media. After 7 d of culture, cells were stained for ALP activity. J) The number of ALP-positive cells were
quanti�ed.



Figure 5

Administration of CSB6B protected against Ti particle–induced calvarial osteolysis in vivo. A) micro CT
reconstructions of whole calvarial tissue from sham-treated, Ti particle–treated mice injected with PBS, Ti
particle–treated mice injected with 2 mg/kg CSB6B (low dose), and Ti particle–treated mice injected with
8 mg/kg CSB6B (high dose). B) Bone morphometric parameters of the amount of bone resorption volume
expressed as a percentage of porosity of the whole calvaria (%porosity) was measured. C) Histologic



assessments of calvarial tissue sections by hematoxylin-eosin (H&E) and TRAP staining were carried out.
Scale bars, 250 μm. D) Histomorphometry analysis of the total number of TRAP-positive osteoclasts (5
nuclei). E) Immuno�uorescence analysis of the expression of Runx2 in calvarial tissue sections from
each experimental mouse group. Sections were counterstained with DAPI. Scale bars, 100 μm. F)
Quantitative analysis of the relative �uorescence intensity of Runx2 in each experimental group. Images
presented are representative of ≥3 sections for each group, and data are expressed as means±SD.
*P≤0.05, **P≤0.01, ***P≤0.005 when compared with vehicle control.



Figure 6

Administration of CSB6B alleviated OVX-induced osteoporosis in vivo. A) The μCT scaning of the tibial
bone from sham-treated, OVX injected with PBS (vehicle), OVX injected with 2 mg/kg CSB6B (low dose),
and OVX injected with 8 mg/kg CSB6B (high dose). B) Bone microstructural parameters analyzed include
percentage BV/TV (%), Tb.N, Tb.Th, and Tb.Sp. C) Histologic assessment of tibial bone sections by H&E
and TRAP staining of four groups. Scale bars, 500 μm. D) The total number of TRAP-positive osteoclasts
by TRAP staining were determined . E) To assess the relative levels of osteoclastic bone resorptive
activity in each experimental mouse group, serum concentrations of CTX-1 (n = 6) were measured by
ELISA. F) The gene expression of NFATc1, CTSK, and TRAP were analyzed by qPCR using RNAs extracted
from bone tissues from each experimental mouse group. N.s., not signi�cant. Images presented are
representative of ≥3 sections for each group, and data are expressed as means±SD. *P≤0.05, **P≤0.01,
***P≤0.005 when compared with vehicle control.



Figure 7

Administration of CSB6B promoted osteoblast activity in OVX-induced osteoporosis. A)
Immuno�uorescence analysis of the expression of Runx2 in tibial tissue sections from each experimental
mouse group. Sections were counterstained with DAPI. Scale bars, 200 μm. B) The relative �uorescence
intensity of Runx2 was quanti�ed. C) To assess the relative levels of osteoblastic bone formation activity
in each experimental mouse group, serum concentrations of P1NP (n = 6) were measured by ELISA. D)



Osteoblast marker genes such as Runx2, ALP, OCN, and OPN were analyzed by qPCR using RNAs
extracted from bone tissues from each experimental mouse group. N.s., not signi�cant. Images presented
are representative of ≥3 sections for each group, and data are expressed as means±SD. *P≤0.05,
**P≤0.01, ***P≤0.005 when compared with vehicle control.
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