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ABSTRACT

Odontoclastogenesis induced by 25-hydroxycholesterol in 

MDPC-23 mouse odontoblast-like cell line

Lim, HyangI

Advisor : Prof. Kim, Jae-Sung, Ph.D. 

Department of Biodental Engineering

Graduate school of Chosun University

  Aim: To investigate the ability of 25-hydroxycholesterol (25-HC) to induce 

odontoclastogenesis in MDPC-23 odontoblast-like cells and the underlying mechanisms. 

  Methodology: 25-HC-induced odontocalst differentiation was investigated by 

tartrate-resistant acid phosphate (TRAP) staining and activity assay, western blotting 

using specific antibodies, immunocytochemistry, and dentin resorption assay. Furthermore, 

to investigate the effects of ROS production in 25-HC by MDPC-23 cells. 

  Results: Lipopolysaccharide (LPS) promoted inflammation, odontoclast differentiation, 

and cholesterol-25-hydroxylase (CH25H) expression in MDPC-23 cells. This indicated 

that LPS induces odontoclastogenesis by promoting the synthesis of 25-HC through the 

upregulation of CH25H. Treatment with 25-HC upregulated TRAP activity and increased 

the number of multinucleated cells in MDPC-23 cells (a morphological characteristic of 

odontoclast). Additionally, 25-HC upregulated the expression and activity of resorption 

enzymes, such as matrix metalloproteinase (MMP)-9 and MMP-2 in odontoclast 

differentiated from MDPC-23 cells. Furthermore, 25-HC upregulated the production of 

reactive oxygen species in MDPC-23 cells through the Rac1/2/3-NOXO1 axis. In 

addition to upregulating inflammatory mediators, such as iNOS, COX-2 and PGE2, 

25-HC upregulated pro-inflammatory cytokines, such as TNF-α and IL-6 in MDPC-23 
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cells through the nuclear factor erythroid 2-related factor 2 (Nrf2)-heme oxygenase-1 

(HO-1) axis. RANKL-RANK mediated the 25-HC-induced odontoclast differentiation of 

MDPC-23 cells. Odontoclast differentiation markers, such as TRAF6, NFATc1, cathepsin 

K, nuclear factor-κB (NF-κB) and c-fos, were upregulated in 25-HC-treated MDPC-23 

cells. Furthermore, 25-HC promoted the nuclear translocation of NF-κB from the cytosol 

in MDPC-23 cells. Treatment with the NF-κB inhibitor downregulated TRAP activity 

and the expression of odontoclastogenesis factor in 25-HC-treated MDPC-23 cells. 

  Conclusions: Thus, 25-HC induced odontoclast differentiation through the 

odontoclastogenesis factor-mediated activation of NF-κB and upregulated inflammatory 

mediators through the modulation of the nuclear factor Nrf2-HO-1 axis in MDPC-23 

cells.
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Ι. INTRODUCTION

  Teeth, which are the hardest of human tissues with an important role in speech and 

chewing, comprise various hard substances and tissues, such as enamel, dentin, 

cementum, and periodontal ligaments [1]. In particular, the thick dentin layer of tooth is 

a major components of mineralized dental tissues [2]. Dentin, which comprises 

microscopic tubules, is covered by a crown that is composed of highly mineralized 

enamel [3]. Upon loss of the enamel, various stimuli, such as heat or cold are 

transduced to the underlying nerves through the microscopic tubules, which leads to 

sensitivity or pain [4]. Therefore, the maintenance of dentin is critical for the optimal 

functioning of teeth [4]. Odontoblasts synthesize dentin through a process called 

dentinogenesis [4].

  In a mature tooth, odontoblasts are arranged along the interface between the dental 

pulp and dentin from the crown to the cervix and the root apex [2]. In addition, to 

regulating the formation of physiological primary and secondary dentins through the 

synthesis of an organic matrix mainly comprising type I collagen, odontoblasts modulate 

the mineralization of dentins through the secretion of proteoglycans and non-collagenous 

proteins that are involved in the nucleation and the regulation of cell growth during the 

mineral phase [2]. Recent studies have reported that odontoblasts, which function as 

sensor cells, are susceptible to bacterial invasion in dental caries [5-6]. Bacterial 

invasion leads to the elicitation of the pulp immune and inflammatory responses [6]. 

Odontoblasts are reported to possess ion channels and are closely associated with 

mechanotransduction or nociception, which mediates tooth pain sensation response to 

sense external stimuli [7]. Hence, the maintenance of odontoblasts and dentin is critical 

for the preservation of tooth function through the regulation of fundamental 

dentinogenic activities and tooth pain. 

  The resorption of dentin is mediated by odontoclasts, which are multinucleated giant 

cells with morphological structures and biological functions similar to those of 

osteoclasts associated with the absorption of bone tissue [8]. Odontoclasts and 

osteoclasts, characterized by abundant mitochondria and large vacuoles in their 
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cytoplasm, can absorb specific mineralized hard tissues through the production of 

resorption lacunae by secreting hydrogen ions and matrix-degrading enzymes [9]. 

Compared with osteoclasts, odontoclasts exhibit smaller size, fewer nuclei, smaller 

resorption lacunae, and are localized to hard tooth tissues [10]. The specific 

mechanisms underlying cellular differentiation and dental resorption of odontoclasts have 

not been elucidated. Odontoclasts differentiate from tartrate-resistant acid phosphatase

(TRAP)-positive mononuclear cells [11]. Dental pulps with some cytokine-producing 

cells mediate the differentiation of odontoclast from the monocyte-macrophage lineage 

through the receptor activator of nuclear factor-κB ligand (RANKL)-receptor activator of 

nuclear factor-κB (RANK) system, which leads to the activation of nuclear transcription 

factors, including nuclear factor-κB (NF-κB) and nuclear factor of activated T-cells, 

cytoplasmic 1 (NFATc1) [11]. Next, precursor cells, such as monocytes or macrophages, 

differentiate into multinucleated cells with resorption activity [11]. 

  The MDPC-23 cells established from the fetal mouse mandibular first molar papilla 

cells are considered to be odontoblast lineage cells with strong proliferative, odontoblast 

differentiative, and mineralization into dentin abilities [12]. Additionally, RANKL and 

macrophage colony stimulating factor (M-CSF) have been reported to induce 

odontoclastogenesis of odontoblast-like MDPC-23 cells [13]. Therefore, the 

odontoblast-like MDPC-23 cells are appropriate in vitro cell models to investigate the 

cellular mechanisms associated with odontoclastogenesis in dental pulp or papilla cells.

  The oxidoreductase cholesterol-25-hydroxylase (CH25H), which catalyzes the synthesis 

of 25-hydroxycholesterol (25-HC, Figure 1), an oxysterol, from cholesterol, is 

upregulated in peripheral macrophages and dendritic cells under inflammatory conditions 

[14-15]. Recent studies have reported that 25-HC is involved in multiple physiological 

functions, such as innate and adaptive immunity, regulation of inflammation, protection 

against viral infection, formation of macrophage foam cells, production of 

immunoglobulin IgA, and cytokine production [16-19]. However, the physiological 

function of 25-HC in various cell types has not been characterized. Recently, Zhang et 

al. reported that 25-HC promotes RANKL-induced osteoclastogenesis in coordination 

with the NFATc1 and Sp1 complex in mouse bone marrow macrophages [20]. 
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  This study hypothesized that 25-HC is an inflammation-induced cholesterol metabolite 

that induces odontoclastogenesis in odontoblasts. Thus, this study aimed to investigate 

25-HC-induced odontoclastogenesis and the underlying cellular mechanisms in 

odontoblast-like MDPC-23 cells. 
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Ⅱ. MATERIALS AND METHODS

Ⅱ-1. Chemicals

  25-HC was purchased from Sigma-Aldrich (St. Louis, MO, USA) and was dissolved 

in ethyl alcohol at stock concentration 10 mg/mL. RANKL was purchased from 

PeproTech (Cranbury, NJ, USA) and was dissolved in phosphate-buffered saline (PBS, 

Welgene, Republic of Korea) add to 0.1% carrier protein (bovine serum albumin, BSA; 

Bioshop, Republic of Korea) at stock concentration 10 μg/mL. Bardoxolone methyl 

(CDDO-methyl ester; CDDO-Me) was purchased from Sigma-Aldrich and was dissolved 

in dimethyl sulfoxide (DMSO; Sigma-Aldrich) at stock concentration 50 mM. 

Ⅱ-2. Cell line and cell culture

  MDPC-23 cells, a mouse dental papilla cell, were grown in dulbecco modified eagle 

medium (DMEM; Welgene) containing 10% fetal bovine serum (FBS; Welgene) and 

antibiotics (50 unit/mL penicillin and 50 μg/mL streptomycin; Welgene) at 37℃ in a 

5% CO2-humidified atmosphere.

Ⅱ-3. Cell counting kit-8 (CCK-8)

  MDPC-23 cells (1 × 103 cells/well) were grown in 48-well plates, and then treated 

with 25-HC. After 2, 4 and 6 days, the CCK-8 solution (Dojindo Molecular 

Technologies, Rockville, MD, USA) in dark condition. The plate were further cultured 

for 2 h. After incubation, the absorbance was read at 450 nm using a spectrometer 

(Epoch microplate spectrophotometer; BioTek, Winooski, VT, USA).
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Ⅱ-4. Cell survival assay

  Cell survival assay was performed to assess the survival of MDPC-23 treated with 

25-HC using a Live and Dead assay kit (Molecular Probes, Eugene, OR, USA), which 

consists of green fluorescent calcein AM for labeling live cells and red flourescent 

ethidium homodimer-1 for labeling dead cells. MDPC-23 cells were cultured on 8-well 

chamber slides (Nunc Lab-Tek II Chamber Slide system; Sigma-Aldrich), and then 

treated with 25-HC for 2, 4, and 6 days. After incubation, cell survival assay was 

performed according to the manufacturer’s instructions. Thereafter, the stained cells were 

imaged using a fluorescence microscope (Eclipse TE200; Nikon Instruments, Melville, 

NY, USA).

Ⅱ-5. TRAP staining and activity assay

  Odontoclast differentiation effect of 25-HC on cells was measured by TRAP assay. 

MDPC-23 cells were cultured at a density of 1 × 103 cells/well in 8-well chamber 

slide and then treated with 50, 100, and 200 nM of 25-HC or 50 ng/mL RANKL for 

6 days. After incubation, TRAP staining was performed. Briefly, the cells were rinsed 

with PBS and fixed with fixation solution [acetone, ethanol and citrate buffer (pH 5.4)]. 

After fixation, the cells were incubated with 0.5 M sodium tartrate buffer (pH 5.2) with 

fast red violet LB salt and naphthol-AS-BI-phosphate for TRAP activity (TaKaRa Bio 

Inc., Kyoto, Japan). TRAP-positive cells with three or more nuclei were considered as 

mature odontoclast. The cells were observed and imaged by Leica DM750 microscope 

(Leica Microsystems, Heerbrugg, Switzerland). Furthermore, TRAP activity assay was 

performed according to the manufacturer’s instructions. Briefly, the cells were washed 

PBS and lysis with extraction solution. After lysis, the cells were incubated in ACP 

buffer (0.5 M sodium acetate, pH 5.2) with 10% sodium tartrate solution at 37℃ for 

15 min. The TRAP activity was assessed by spectrophotometer at 405 nm.
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Ⅱ-6. Hematoxylin & eosin (H&E) staining

  H&E staining was performed to evaluate the morphological alterations of cells. 

MDPC-23 cells were cultured in 8-well chamber slide and treated with 50, 100, and 

200 nM 25-HC or 50 ng/mL RANKL for 6 days. Subsequently, MDPC-23 cells were 

fixed with 4% paraformaldehyde for 15 min. After fixation, the cells were stained with 

hematoxylin (Abcam, Cambridge, UK) for 10 min and then differentiated with 1% 

hydrochloric acid ethanol for 1 min. Finally, the cells were stained with eosin (Abcam) 

for 1 min. The cells were observed and imaged using Leica DM750 microscope. 

Ⅱ-7. Reactive oxygen species (ROS) detection

  MDPC-23 cells were cultured at a density of 2 × 103 cells/well on 48 well plate 

with 50, 100, and 200 nM 25-HC or 50 ng/mL RANKL for 3 days. Three days later, 

the cell were washed with PBS, and detected using 2′,7′-dichlorfluorescein-diacetate 

(H2DCF-DA; Sigma-Aldrich) for 30 min at 37℃ in dark condition. Fluorescence was 

measured using a fluorescent microplate reader (Thermo Fisher Scientific, Waltham, 

MA, USA) and fluorescence microscope. Fluorescent microplate reader was measured at

an excitation wavelength of 485 nm and an emission wavelength of 520 nm. 

Ⅱ-8. Western blotting

  MDPC-23 cells were seeded in a 6-well plate (1 × 105 cells/well) and treated with 

25-HC for 6 days. Thereafter, MDPC-23 cells were lysed in ice-cold cell lysis buffer 

(Cell Signaling Technology, Danvers, MA, USA) containing phosphatase inhibitor 

cocktail (MedchemExpress, Monmouth junction, NJ, USA), according to the 

manufacturer’s instructions. The protein concentrations were determined using a 

bicinchoninic acid protein assay (Thermo Fisher Scientific). Equal amount of each 
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protein sample were electrophoresed on sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and subsequently transferred to polyvinylidene fluoride 

(PVDF) membrane (Millipore, Burlington, MA, USA) at 4℃. Thereafter, the membrane 

was blocked using 5% BSA in Tris buffered saline with Tween 20 (TBS-T; Santa Cruz 

Biotechnology Inc., Dallas, TX, USA) for 1 h and incubated with the primary 

antibodies at 4℃ overnight, followed by incubated with secondary antibody (1 : 5000 

dilution) for 1 h. The immunoreactive bands were visualized using the ECL System 

(Sigma Aldrich), exposed on MicorChemi 4.2 (Dong-Il Shimadzu Corp., Seoul, Korea). 

The antibody conditions used in this study are summarized in Table 1. 

Ⅱ-9. Quantitative polymerase chain reaction (qPCR)

  After 6 days induction with RANKL or 25-HC, total RNA was extracted using 

TRIzol reagent (Invitrogen, Waltham, CA, USA) according to the manufacturer’s 

protocol. The concentration of total RNA was determined by the Nanodrop 2000 

(Thermo Fisher Scientific). qPCR Bio cDNA synthesis kit (PCR Biosystems, London, 

UK) was used to synthesise cDNA according to the manufacturer’s instructions. qPCR 

was performed using PCRBIO Taq DNA Polymerase kit (PCR Biosystems) and specific 

primers on a TaKaRa PCR Thermal Cycler Dice (TaKaRa Bio Inc.). Thereafter, the 

PCR products were electrophoresed on an agarose gel to determine the expression level 

of the target genes. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as 

an internal control. The PCR primer conditions used in this study are summarized in 

Table 2. 

Ⅱ-10. Immunocytochemistry

  MDPC-23 cells were cultured at a density 1 × 103 cells/well on 8-well chamber 

slides, and then treated with 50, 100, and 200 nM of 25-HC or 50 ng/mL RANKL for 
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6 days. Thereafter, the cell were subjected to immunocytochemistry with primary 

antibodies (1 : 250 dilution) at 4℃ overnight and then incubated with Alexa 

488-conjugated secondary antibodies (Thermo fisher Scientific, 1:500 dilution) in 

4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI; Vector Laboratories, Inc., 

Burlingame, CA, USA) for 1 h. The cells were imaged using a laser confocal scanning 

microscope system (Leica Microsystems) and counted to plot the histogram.

Ⅱ-11. Gelatin zymography

  Gelatin zymography was performed to assess the activation of matrix 

metalloproteinases (MMPs) in MDPC-23 cells. Briefly, the cells were treated with 50, 

100, and 200 nM 25-HC or 50 ng/mL RANKL for 6 days. Thereafter, an equal 

volume of conditioned medium was electrophoresed on a 10% polyacrylamide gel 

containing copolymerized 4 mg/mL gelatin (Sigma-Aldrich). After electrophoresis, the 

gel was incubated in zymogram renaturing buffer [50 mM Tris-HCI (pH 7.6), 10 mM 

CaCl2, 50 mM NaCl, and 0.05% Brij-35] at 37℃ for 24 h. After renaturation of 

MMPs, the gel was stained with 0.1% coomassie brilliant blue R250 (Merck, 

Darmstadt, Germany). Gelatinolytic bands were revealed as clear bands on a background 

stained light blue and then imaged using a digital camera.

Ⅱ-12. Dentine resorption assay

  MDPC-23 cells (1 × 103 cells/well) were cultured on dentine discs (Immunodiagnostic 

Systems Inc., Gaithersburg, MD, USA) in a 96-well plate (SPL Life Science, Pocheon, 

Republic of Korea) with 50, 100, and 200 nM 25-HC or 50 ng/mL RANKL. After 6 

days, the dentine discs were rinsed with sodium hypochlorite (NaOCl; Sigma-Aldrich) 

for 5 min. The dentine discs were stained with 1% toluidine blue O (Sigma-Aldrich) in 



- 9 -

0.5% soduim tetraborate (Sigma-Aldrich) for 1 min. Then, the resorption pits were 

observed with microscopy Leica DM750 microscope.

Ⅱ-13. Measurement of prostaglandin E2 (PGE2) Production

  MDPC-23 cells were seed at 1 × 105 cells/well in a 6-well culture plate. The cells 

were treated with 0, 50, 100, and 200 nM 25-HC or 50 ng/mL RANKL. The 

production of PGE2 was measured using a Parameter™ PGE2 assay kit (R&D systems, 

inc., minneapolis, MN, USA), according to manufacturer’s protocol. The supernatant was 

collected on 6 days. The levels of PGE2 were assessed by a spectrophotometer at 450 

nm and normalized with the standard solution.

Ⅱ-14. Statistical analysis

  The experimental data were presented as the mean ± standard deviation and were 

compared using analysis of variance, followed by post-hoc multiple comparison (Tukey's 

test) using SPSS software version 22 (IBM Corp.). p<0.05 was considered to indicate 

statistically significant differences. All the data were obtained from three independent 

experiments.
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Ⅲ. RESULTS

Ⅲ-1. CH25H upregulates the synthesis of 25-HC in lipopolysaccharide 

(LPS)-treated MDPC-23 cells

  To determine the effect of inflammatory conditions on 25-HC synthesis, MDPC-23 

cells were cultured in the presence of 0.1 and 1 μg/mL LPS. Next, total RNA and total 

proteins were extracted from the cells using TRIzol reagent and cell lysis buffer, 

respectively, at day 6 post-treatment. As shown in Figure 2A–B, LPS upregulated the 

mRNA and protein levels of CH25H in MDPC-23 cells. Furthermore, the production of 

25-HC in MDPC-23 cells treated with 0.1 (156.9 ± 8.9 pmol/mL) and 1 μg/mL LPS 

(171.5 ± 6.6 pmol/mL) for 6 days was significantly higher than that in control MDPC-23 

cells (123.2 ± 4.4 pmol/mL; Figure 2C). These findings indicate that LPS promotes the 

synthesis of 25-HC, an oxysterol synthesized from cholesterol, by upregulating CH25H in 

MDPC-23 cells

Ⅲ-2. 25-HC does not affect the viability of MDPC-23 cells

  The CCK-8 assay was performed to investigate the effect of 25-HC on the viability 

of MDPC-23 cells. As shown in Figure 3A, the percentage viabilities of MDPC-23 

cells on day 2 post-treatment with 50, 100, and 200 nM of 25-HC were 101.9 ± 1.5%, 

97.0 ± 1.6%, and 96.3 ± 3.7%, respectively, when compared with those of control 

MDPC-23 cells (100.0 ± 1.8%). At day 4 post-treatment, the percentage viabilities of 

MDPC-23 cells treated with 50, 100, and 200 nM of 25-HC were 193.85 ± 3.9, 200.2 

± 2.8%, and 220.3 ± 4.4%, respectively, when compared with those of control 

MDPC-23 cells (191.3 ± 2.6%; Figure 3A). The percentage viabilities of MDPC-23 

cells treated with 50, 100, and 200 nM of 25-HC were 295.8 ± 7.7%, 287.8 ± 4%, 

and 309.4 ± 4.9%, respectively, when compared with those of control MDPC-23 cells 
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(269.7 ± 5.1%; Figure 3A) on day 6 post-treatment. Viability staining was performed to 

verify the effect of 25-HC on the proliferation of MDPC-23 cells. The live cells were 

stained with green calcein AM (green fluorescence), whereas the dead cells were 

stained with ethidium homodimer-1 (red fluorescence). Consistent with the results of the 

CCK-8 assay, the number of cells exhibiting green fluorescence (live cells) was high in 

the group treated with 50–200 nM of 25-HC for 2, 4, and 6 days. These findings 

indicated that 25-HC did not affect the viability of MDPC-23 cells.

Ⅲ-3. 25-HC induces the odontoclastogenesis of MDPC-23 cells

  H&E staining and TRAP　assay were performed to investigate the ability of 25-HC to 

induce odontoclastogenesis in MDPC-23 cells. MDPC-23 cells were cultured with 

25-HC (50 – 200 nM) or RANKL (50 ng/mL; positive control; induces 

odontoclastogenesis) for 6 days. The morphology of multinucleated cells and 

TRAP-positive odontoclasts was analyzed using H&E staining and TRAP assay, 

respectively. As shown in Figure 4A, the results of H&E staining revealed that 

treatment with RANKL or 50 – 200 nM of 25-HC for 6 days promoted the formation 

of multinucleated MDPC-23 cells (Figure 4A). Moreover, the number of multinucleated 

cells in the groups treated with 50 – 200 nM of 25-HC was significantly higher than 

that in the group treated with 50 ng/mL RANKL (Figure 4A). As shown in Figure 4B, 

treatment with RANKL or 25-HC increased the number of TRAP positive MDPC-23 

cells. However, the intensity of TRAP staining in MDPC-23 cells treated with 50 – 

200 nM of 25-HC was higher than that in MDPC-23 cells treated with RANKL. As 

shown in Figure 4C, the proportion of TRAP positive cells among MDPC-23 cells 

treated with 50, 100, and 200 nM of 25-HC was 5.6 ± 0.9%, 7.2 ± 0.7%, and 15.4 ± 

3.1%, respectively, when compared with that among control MDPC-23 cells (1.3 ± 

0.7%). Additionally, the number of TRAP positive cells in the groups treated with 100 

and 200 nM of 25-HC was significantly higher than that in the group treated with 

RANKL (3.7 ± 0.1%; Figure 4C). Furthermore, the activity of TRAP in MDPC-23 
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cells treated with RANKL or 25-HC was higher than that in control MDPC-23 cells 

(Figure 4D). These findings indicate that 25-HC promotes odontoclastogenesis in 

odontoblast-like MDPC-23 cells.

Ⅲ-4. 25-HC accelerates dentin resorption in MDPC-23 cells through 

the upregulation of MMP-2 and MMP-9

  To examine if the multinucleated cells obtained from 25-HC-mediated differentiation 

of MDPC-23 cells induce dentin resorption, MDPC-23 cells were cultured on dentin 

discs in the presence of 50 ng/mL RANKL or 50, 100, and 200 nM of 25-HC for 6 

days. The dentin discs were rinsed with NaOCl and stained with toluidine blue O in 

0.5% sodium tetraborate. As shown in Figure 5, the dentin resorption pit was not 

significantly different between RANKL (50 ng/mL)-treated, 25-HC (50 mM)-treated, and 

control MDPC-23 cells. In contrast, treatment with 100 or 200 nM of 25-HC markedly 

increased the formation of dentin resorption lacunae (Figure 5). Furthermore, the 

expression and activity of dentin resorption-associated enzymes, such as MMP-2 and 

MMP-9 were examined. MDPC-23 cells were treated with 50 ng/mL RANKL or 50, 

100, and 200 nM of 25-HC for 6 days. The conditioned media were subjected to 

SDS-PAGE and gelatin zymography to investigate the activation and expression of 

MMP-2 and MMP-9, respectively. As shown in Figure 6A–B, the expression and 

activation of MMP-2 and MMP-9 in the 25-HC-treated group were significantly 

upregulated when compared with those in the RANKL treated and control groups. 

These findings indicate that 25-HC promotes dentin resorption in MDPC-23 cells by 

upregulating the expression and activation of MMP-2 and MMP-9 during odontoclast 

differentiation. 
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Ⅲ-5. 25-HC promotes odontoclastogenesis through the nuclear translocation 

of NF-κB-NFATc1 from the cytosol in MDPC-23 cells

  To confirm 25-HC-induced odontoclastogenesis, the effect of 50 ng/mL RANKL or 

50 - 200 nM of 25-HC treatment for 6 days on the odontoclastogenesis-associated 

proteins was investigated using western blotting. The phosphorylation of NF-κB in 

25-HC-treated MDPC-23 cells was significantly higher than that in RANKL-treated and 

control MDPC-23 cells (Figure 7A). The expression levels of NF-κB downstream 

molecules, such as tumor necrosis factor receptor associated factors 6 (TRAF6), 

NFATc1, c-fos and cathepsin K were significantly upregulated in the 25-HC-treated 

MDPC-23 cells (Figure 7A). Phosphorylated NF-κB undergoes nuclear translocation from 

the cytosol and initiates the expression of odontoclastogenesis-associated proteins. Thus, 

the effect of treatment with 50 ng/mL RANKL or 50, 100, and 200 nM of 25-HC for 

6 days on the cytosolic and nuclear proteins was examined in MDPC-23 cells. As 

shown in Figure 7B, the expression levels of NF-κB and its downstream transcription 

factor NFATc1 were significantly downregulated in the cytosolic fraction of 

25-HC-treated MDPC-23 cells during odontoclastogenesis. In contrast, 25-HC upregulated 

the expression levels of NF-κB and NFATc1 in the nuclear fraction of MDPC-23 cells 

(Figure 7B). These findings indicate that 25-HC induces odontoclastogenesis of 

MDPC-23 cells by promoting the nuclear translocation of NF-κB and NFATc1 from the 

cytosol. 

Ⅲ-6. 25-HC induces odontoclastogenesis in MDPC-23 cells by 

upregulating RANKL 

To investigate the cellular mechanism underlying 25-HC-induced odontoclastogenesis 

the effect of treatment with 50 ng/mL RANKL or 50, 100, and 200 nM of 25-HC for 

6 days on the expression levels of RANKL and its receptors RANK and 

osteoprotegerin (OPG) were examined using western blotting and immunocytochemical 
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analyses. As shown in Figure 8A, the expression levels of RANKL and RANK in 

25-HC-treated MDPC-23 cells were upregulated when compared with those in control 

MDPC-23 cells. In contrast, the expression levels of OPG were downregulated in 

25-HC-treated MDPC-23 cells. Immunocytochemical analysis revealed that the expression 

levels of RANKL were significantly upregulated in 25-HC-treated MDPC-23 cells 

during odontoclastogenesis (Figure 8B). These findings suggest that 25-HC induces 

odontoclastogenesis in MDPC-23 cells by upregulating the expression of RANKL-RANK 

and downregulating the expression of OPG.

Ⅲ-7. 25-HC induces the production of ROS in MDPC-23 cells through

the Rac1/2/3-nicotinamide adenine dinucleotide phosphate oxidase 

1 (NOXO1) axis 

  ROS are key odontoclastogenesis-inducing factors [21]. Therefore, the effect of 

treatment with 50 – 200 nM of 25-HC or 50 ng/mL RANKL on the production of 

ROS during odontoclastogenesis in MDPC-23 cells was examined using H2DCF-DA

staining. As shown in Figure 9A–B, treatment with 50 ng/mL RANKL slightly 

increased the ROS levels, whereas treatment with 50, 100, and 200 nM of 25-HC 

markedly increased the ROS levels in MDPC-23 cells. Furthermore, the production of 

intracellular ROS is associated with NOXO1 and Rac1 [22]. Hence, the effects of 

treatment with 50 ng/mL RANKL or 50–200 nM of 25-HC for 6 days on the levels of 

Rac1/2/3 and NOXO1 were examined using western blotting. As shown in Figure 9C, 

the expression levels of NOXO1 and Rac1/2/3 in 25-HC (100 or 200 nM)-treated 

MDPC-23 cells were significantly upregulated when compared with those in 

RANKL-treated and control MDPC-23 cells. These findings suggest that 25-HC induces 

odontoclastogenesis in MDPC-23 cells by upregulating ROS production through the 

NOXO1-Rac1/2/3 axis. 
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Ⅲ-8. 25-HC upregulates the expression of inflammatory mediators and 

pro-inflammatory cytokines in MDPC-23 cells through the modulation

of the nuclear factor erythroid-2-related factor 2 (Nrf2)-heme 

oxygenase-1 (HO-1) axis 

Western blotting was performed to investigate the role of 25-HC-induced ROS 

production in upregulating the expression of inflammatory mediators in MDPC-23 cells. 

As shown in Figure 10A, the expression levels of inducible nitric oxide synthase 

(iNOS) and cyclooxygenase-2 (COX-2) in 25-HC-treated MDPC-23 cells were 

significantly upregulated when compared with those in RANKL-treated and control 

MDPC-23 cells. Furthermore, the levels of PGE2 in cell culture supernatant were 

examined using enzyme-linked immunosorbent assay (ELISA). The levels of PGE2 in 

the culture supernatant of MDPC-23 cells treated with 50 (1187.2 ± 46.4 pg/mL), 100 

(1435.2 ± 56.7 pg/mL), and 200 nM (1493.6 ± 59.1 pg/mL) of 25-HC were 

significantly higher than those in the culture supernatant of control MDPC-23 cells 

(940.5 ± 36.4 pg/mL, Figure 10B). Moreover, the expression levels of pro-inflammatory 

cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), which are 

closely associated with clastogenesis of osteoclasts and odontoclasts, were significantly 

upregulated in 25-HC-treated MDPC-23 cells (Figure 10C). Nrf2 and HO-1 are reported 

to be closely associated with the regulation of inflammation [23]. Western blotting 

analysis revealed that the expression levels of Nrf2 and its downstream regulator HO-1 

were significantly downregulated in 25-HC-treated MDPC-23 cells (Figure 10D). These 

findings indicate that 25-HC upregulates the expression of inflammatory mediators and 

pro-inflammatory cytokines in MDPC-23 cells through the modulation of the Nrf2/HO-1 

axis.
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Ⅲ-9. 25-HC induces odontoclastogenesis in MDPC-23 cells through 

the activation of the NF-κB cellular signaling pathway 

  CDDO-Me is a Nrf2 activator and an NF-κB pathway inhibitor [24-25]. To 

investigate the effects of CDDO-Me on 25-HC-induced odontoclast differentiation, 

MDPC-23 cells were treated with 50 ng/mL RANKL or 200 nM of 25-HC in the 

absence or presence of 50 nM CDDO-Me for 6 days. As shown in Figure 11A, 

RANKL and 25-HC promoted the differentiation of MDPC-23 cells into mature 

TRAP-positive multinucleated cells in the absence of CDDO-Me. In contrast, treatment 

with CDDO-Me decreased the formation and number of TRAP-positive multinucleated 

cells in the RANKL-treated and 25-HC-treated groups (Figure 11A). The number of 

TRAP positive cells in the RANKL (50 ng/mL)-treated and 25-HC (200 nM)-treated 

groups was significantly higher than that in the control group. However, treatment with 

CDDO-Me decreased the number of TRAP positive cells (Figure 11B). Additionally, 

CDDO-Me significantly decreased the number of TRAP positive cells in RANKL-treated 

and 25-HC-treated MDPC-23 cells (Figure 11B). As shown in Figure 11C, TRAP 

activity was significantly upregulated in RANKL-treated and 25-HC-treated MDPC-23 

cells. However, CDDO-Me mitigated the RANKL-induced and 25-HC-induced 

upregulation of TRAP-activity in MDPC-23 cells (Figure 11C). These findings indicate 

that the NF-κB antagonist CDDO-Me inhibits the differentiation of odontoclast from 

25-HC-treated MDPC-23 cells. Next, the effect of CDDO-Me on the expression levels 

of odontoclastogenesis-related factors in RANKL-treated and 25-HC-treated MDPC-23 

cells was examined using western blotting. As shown in Figure 12A, treatment with 

CDDO-Me significantly mitigated the RANKL-induced and 25-HC-induced upregulation 

of odontoclastogenesis-related biomarkers, such as TRAF6, NF-κB, NFATc1, cathepsin 

K, and downregulation of c-fos in MDPC-23 cells. Furthermore, treatment with 

CDDO-Me significantly downregulated the expression levels of odontoclast 

differentiation-related factors, in RANKL-treated and 25-HC-treated MDPC-23 (Figure 

12B). However, the expression levels of OPG were upregulated in RANKL-treated and 

25-HC-treated MDPC-23 cells upon treatment with CDDO-Me (Figure 12B). These 
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findings indicate that the inhibition of NF-κB suppresses the expression of 

odontoclastogenesis-related factors in 25-HC-treated MDPC-23 cells. As shown in Figure 

13A, CDDO-Me suppressed the nuclear translocation of NF-κB in RANKL-treated and 

25-HC-treated MDPC-23 cells. Moreover, nuclear translocation of NF-κB was observed 

in the multinucleated cells differentiated from RANKL-treated and 25-HC-treated

MDPC-23 (Figure 13B). In contrast, multinucleated cells were not observed in 

RANKL-treated and 25-HC-treated MDPC-23 cells upon treatment with CDDO-Me, 

which suppressed NF-κB nuclear translocation (Figure 13B). These findings indicate that 

25-HC induces odontoclastogenesis in MDPC-23 cells by activating the NF-κB cellular 

signaling pathway in MDPC-23 cells.
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Ⅳ. DISCUSSION

  Internal tooth resorption, which is predominantly a lesion within the upper third 

region of the pulp chamber, may affect both the crown and root of the tooth [26]. The 

initiation of internal tooth resorption occurs in the inner wall of the root canal and 

progresses in a centrifugal direction [26]. Internal tooth resorption can sometimes be 

accompanied by resorption of the root surface or alveolar bone [26]. Hence, internal 

tooth resorption can only be diagnosed when external factors, including root caries or 

cervical resorption, can be excluded [26]. Previous studies have reported the radiological 

and histological characteristics of internal tooth resorption. However, the correlation 

between external and internal root resorption is unclear [26]. Additionally, external tooth 

resorption mediated by trauma, ectopic teeth, or orthodontic tooth movement may affect 

approximately 5% of all permanent teeth [27]. Internal tooth resorption, a rare 

condition, is closely associated with an inflammatory condition that induces the 

progressive degeneration of intraradicular dentin and dental tubules along the middle 

and apical canal walls [28]. However, the pathophysiological etiology of internal tooth 

resorption has not been completely elucidated [26]. 

  Odontoclast is a multinucleated dental tissue-localized hard tissue-resorbing cell 

derived from circulating progenitor cells, such as monocytes/macrophages residing in the 

dental pulp and periodontal ligament through the secretion of colony stimulating factor 

1, RANKL and OPG [10]. Similar to osteoclasts, odontoclasts express TRAP, cathepsin 

K, and MMPs, such as MMP-9 [8,29]. Although odontoclasts are generally associated 

with the physiological root resorption of primary dentition before exfoliation, 

odontoclasts induce odontoclastic root resorption of permanent teeth under pathological 

conditions, such as inflammation [8]. Hence, the increase in the number of odontoclast 

with characteristics similar to those of osteoclasts may accelerate the odontoclastic 

internal root resorption. However, the regulation of odontoclastogenesis is not 

completely understood.

  Recent studies have suggested a pathophysiological link between metabolic syndrome 

and periodontal diseases [30-34]. Metabolic syndrome is characterized by dyslipidemia, 
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hypertension, obesity, and dysglycemia, which are closely associated with lipid and 

cholesterol metabolism [32]. Recent studies have reported that metabolic syndromes 

induce chronic low-grade inflammation, which may be a pathophysiological factor for 

periodontal disease [35-36]. Metabolic syndrome-induced chronic low-grade inflammation 

is closely associated with the synthesis of oxysterols, which are cholesterol derivatives 

synthesized through cholesterol oxidation via the enzymatic and non-enzymatic pathways. 

Oxysterols are involved in several physiological functions at very low concentrations. 

However, some oxysterols are involved in the pathogenesis of several human diseases, 

including periodontal diseases. Recent studies have demonstrated that 

27-hydroxycholesterol and 7-ketocholesterol promoted osteoclastogenesis [37-38]. In 

particular, Zhang et al. reported that 25-HC, which is synthesized from cholesterol 

through CH25H activity, promoted RANKL-induced osteoclastogenesis [20]. Hence, these 

studies demonstrate that metabolic syndrome-induced oxysterols may be associated with 

the differentiation of hard tissue-resorbing cells. Additionally, Li et al. have reported 

that LPS promoted odontoclastogenesis in mouse papilla-derived MDPC-23 cells [39]. 

LPS, an outer membrane component of gram-negative bacteria, induces the production 

of pro-inflammatory cytokines [39]. Furthermore, LPS promotes the differentiation of 

osteoclasts through the activation of interleukin-1, TNF-α and RANKL [40-42]. Thus, 

this study hypothesized that inflammation-induced oxysterols are involved in 

odontoclastogenesis. In this study, the expression of CH25H was upregulated in 

LPS-treated MDPC-23 cells (Figure 2A–B). Furthermore, the production of 25-HC was 

significantly upregulated in LPS-treated MDPC-23 cells (Figure 2C). Previous studies 

have reported that the expression of CH25H is significantly upregulated in the adipose 

tissue, articular cartilage, and lung under inflammatory conditions [43-45]. Although the 

biological link between 25-HC and inflammation is unclear, recent studies have reported 

that 25-HC contributes to inflammation [46-47]. Hence, the findings of previous studies 

and this study suggest that the oxysterol 25-HC is upregulated in odontoblast-like 

MDPC-23 cells under inflammatory conditions. 

  Recently, some oxysterols were reported to induce oxiapoptophagy, which is a type 

of cell death characterized by oxidative stress, apoptosis, and autophagy [48]. Hence, 

the effects of 25-HC on the viability and survival of MDPC-23 cells during the 
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differentiation period were examined. As shown in Figure 3, treatment with 50 – 200 

nM of 25-HC for 6 days did not affect the viability of MDPC-23 cells. Next, the 

effect of treatment with 50 – 200 nM of 25-HC for 6 days on odontoclastogenesis in 

MDPC-23 cells was investigated. Similar to osteoclasts, the odontoclasts are 

multinucleated cells [39]. In this study, 25-HC increased the number of multinucleated 

cells and upregulated TRAP expression in MDPC-23 cells (Figure 4). Moreover, the 

odontoclast is a dental tissue-localized hard tissue-resorbing cell with upregulated 

expression of MMPs [10]. Treatment with 25-HC significantly increased dentin 

resorption in MDPC-23 cells cultured on dentin discs by upregulating the expression 

and activation of MMP-2 and MMP-9 (Figures 5&6). During differentiation, the 

expression of TRAF6 was significantly upregulated in 25-HC-treated MDPC-23 cells 

(Figure 7). Treatment with 25-HC promoted the formation of the TRAF6-NF-κ

B-axis-mediated NFATc-1-c-fos complex, which is a cellular signaling pathway 

associated with osteoclast differentiation and resorption gene induction in MDPC-23 

cells. Additionally, MDPC-23 upregulated the expression of cathepsin K, which is an 

osteoclast/odontoclast biomarker (Figure 7). These results indicate that 25-HC induces 

odontoclastogenesis in MDPC-23 cells.

  Osteoclastogenesis is regulated by the RANKL-RANK-OPG axis [49]. RANKL 

initiates osteoclast differentiation by binding to its receptor RANK [50]. 

Osteoclastogenesis is initiated by the upregulation of TRAF6 which leads to the 

phosphorylation of NF-κB, NFATc1, and c-fos [50-52]. Additionally, OPG, a soluble 

receptor for RANKL, inhibits osteoclastogenesis by binding to RANKL [53]. In this 

study, 25-HC significantly upregulated the expression of TRAF6, a downstream target 

of the RANKL-RANK signaling axis, during odontoclastogenesis in MDPC-23 cells 

(Figure 7A). Hence, this study hypothesized that 25-HC-induced odontoclastogenesis 

involves RANKL in MDPC-23 cells. As shown in Figure 8, the expression levels of 

RANKL and RANK were significantly upregulated in 25-HC-treated MDPC-23 cells. In 

contrast, 25-HC downregulated OPG expression (Figure 8). These results indicate that 

25-HC accelerates odontoclastogenesis by increasing the binding of RANKL-RANK. 

  Ha et al. reported that RANKL stimulated the production of ROS, which are cellular 

secondary messengers, in osteoclasts [54]. ROS, including O2
− and H2O2, are associated 
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with bone homeostasis and osteoclast differentiation through the upregulation of 

inflammation [55-56]. Furthermore, ROS promotes osteoclastic bone resorption and 

osteoclastogenesis through the activation of mitogen-activated protein kinases [23,54]. 

Hence, the inhibition of ROS is considered a potential therapeutic strategy for the 

prevention of ROS-mediated osteoclasts diseases [55]. Previous studies have reported 

that 25-HC significantly increased the production of ROS in various types of cells, such 

as human retinal cells [57], human umbilical vascular endothelial cells [58], rat 

pheochromocytoma PC12 [59], and primary porcine retinal pigment epithelial cells [60]. 

This study hypothesized that 25-HC-induced RANKL increases ROS production during 

odontoclastogenesis in MDPC-23 cells. As shown in Figure 9, ROS production was 

significantly upregulated in 25-HC-treated MDCP-23 cells during odontoclastogenesis. 

  Rac1, a Rho GTP enzyme subfamily member and a component of the nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase complex, is expressed in 

monocytes/macrophages and plays a critical role in the production of ROS [39,61]. The 

NADPH oxidase holoenzyme comprises transmembrane catalytic cell type-specific Nox 

subunits 1–5, the transmembrane p22phox protein, and cofactors, including NOX1, 

NOXA1, p67phox, and p47phox. Rac1 binds to NOXA1 of the NADPH oxidase 

complex to initiate ROS production [62-63]. The expression levels of Rac1/2/3 and 

NOXO1 were significantly upregulated in 25-HC-treated MDPC-23 cells (Figure 9). 

These data findings that 25-HC-induced RANKL upregulation is accompanied by 

enhanced ROS production mediated by NAPDH oxidase through the Rac1-NOXO1 

cellular signaling axis during odontoclastogenesis in MDPC-23 cells. 

  Inflammation is accompanied by the enhanced production of ROS [64]. Wong et al. 

reported that 25-HC promotes the production of IL-1β, which is a representative 

pro-inflammatory cytokine, in microglial cells [47]. Hence, 25-HC was hypothesized to 

upregulate the expression of inflammatory mediators and inflammatory cytokines in 

MDPC-23 cells. As shown in Figure 10, inflammatory mediators, such as iNOS, 

COX-2, and PGE2 were significantly upregulated in MDPC-23 cells. Treatment with 

25-HC significantly upregulated the expression of pro-inflammatory cytokines, such as 

TNF-α and IL-6 in MDPC-23 cells. Fujihara et al. reported that TNF-α upregulated the 

expression of RANKL in gingival epithelial cells [65-66]. Zhang et al. reported that 
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TNF-α stimulated RANKL-induced osteoclastogenesis through the TNF type I receptor 

and the RANK signaling pathway [67]. IL-6 is closely associated with 

osteoclastogenesis [68]. Wu et al. reported that IL-6 promoted osteocyte-mediated 

osteoclastogenesis through the upregulation of JAK2 and RANKL activity [69]. Kudo et 

al. reported that IL-6 supported the formation of human osteoclasts through a 

RANKL-independent mechanism [70]. These findings suggest that 25-HC-induced 

odontoclastogenesis is associated with the production of pro-inflammatory cytokines, 

such as TNF-α and IL-6 in MDCP-23 cells. 

  As shown in Figure 10D, 25-HC downregulated the expression of Nrf2 and HO-1 in 

MDPC-23 cells. Previous studies have revealed that the transcription factor Nrf2 exerts 

cytoprotective effects by regulating the expression of phase II detoxifying enzymes, such 

as NADPH, HO-1, and antioxidant genes [71-73]. Kanzaki et al. reported that RANKL 

attenuated Nrf2-mediated antioxidant enzyme expression [74]. Hence, the activation of 

Nrf2 attenuated RANKL-induced osteoclastogenesis by inhibiting NF-κB phosphorylation 

[75-76]. HO-1 plays an important role in inflammation [77]. The expression of HO-1 

mitigates inflammation through the catalytic breakdown of heme, which is an 

iron-containing tetrapyrrole complex with pro-inflammatory effects [77]. Bak et al. 

reported that the upregulation of HO-1 suppressed the RANKL-induced 

osteoclastogenesis by inhibiting NF-κB phosphorylation [78]. These findings demonstrate 

that 25-HC promotes odontoclastogenesis in MDPC-23 cells by upregulating 

inflammation through the Nrf2-HO-1 axis.

  However, RANKL-induced osteoclastogenesis and odontoclastogenesis are initiated by 

the phosphorylation of NF-κB in monocytes/macrophages [79]. Previous studies have 

revealed that the Nrf2-HO-1 axis suppresses RANKL-induced osteoclastogenesis by 

downregulating NF-κB phosphorylation [78,80]. Hence, this study hypothesized that the 

inhibition of the NF-κB cellular signaling pathway suppresses odontoclastogenesis in 

25-HC-treated MDPC-23 cells. As shown in Figures 11–13, CDDO-Me, a Nrf2 activator 

and an inhibitor of the NF-κB pathway, suppressed odontoclastogenesis in 25-HC-treated 

MDPC-23 cells. These findings indicate that 25-HC-mediated odontoclastogenesis in 

MDPC-23 cells is mediated through the upregulation of RANKL which initiates the 

NF-κB cellular signaling pathways, and the modulation of the Nrf2-HO-1 axis.
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  In conclusion, this study demonstrated that 25-HC induces odontoclastogenesis in 

MDPC-23 cells by upregulating RANKL, downregulating OPG, and promoting the 

production of inflammation and ROS. The upregulation of 25-HC may function as a 

pathophysiological risk factor to accelerate internal tooth resorption by promoting 

odontoclastogenesis (Figure 14). Therefore, the findings of this study suggest that 

metabolic syndrome may be a pathophysiological etiological factor for internal tooth 

resorption.
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TABLES

Table 1. Western blot antibody condition used in this study

W : Western blot

C : Immunocytochemistry 
Antibody Company Catalog No. Dilution conditions

2nd 

antibody
Size (kDa)

β-actin Santa Cruz sc-47778 1:5000 mouse 45

Cathepsin K Santa Cruz sc-48353 1:1000 mouse 39

c-fos Santa Cruz sc-8047 1:1000 mouse 62

CH25H Santa Cruz sc-293256 1:2500 mouse 36

COX-2 Cell signaling 12282 1:1000 rabbit 74

HO-1 Santa Cruz sc-3960991 1:1000 mouse 32

iNOS Abcam ab15323 1:1000 rabbit 130

IL-6 Santa Cruz sc-57315 1:1000 mouse 21

Lamin B1 Santa Cruz sc-374015 1:2500 mouse 67

NFATc1 Santa Cruz sc-7294 1:500 mouse 90, 110 and 140

NF-κB Cell signaling 8242 1:1000(W)/1:250(C) rabbit 65

NOXO1 Santa Cruz sc-390927 1:1000 mouse 27 and 39

Nrf2 santa Cruz sc-365949 1:1000 mouse 61

MMP-2 Santa Cruz sc-13595 1:1000 mouse 63

MMP-9 Santa Cruz sc-13520 1:1000 mouse 92

OPG Santa Cruz sc-390518 1:1000 mouse 60

phospho-NF-κB Cell signaling 3036 1:1000 mouse 65

Rac1/2/3 Santa Cruz sc-514583 1:1000 mouse 22

RANK Santa Cruz sc-374360 1:1000 mouse 66

RANKL Santa Cruz sc-377079 1:1000 mouse 25, 35 and 40

TRAF6 Santa Cruz sc-8409 1:1000 mouse 60

TNF-α Santa Cruz sc-52746 1:1000 mouse 26
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Table 2. PCR primer sequences used in this study

PCR Gene Primer sequences NCBI gene no.

ch25h
Forward : 5'-CCATCTTCCCAGTCACCTTT-3'

NM_009890.1
Reverse : 5'-GCTCCCAGAAGCTCATGTATT-3'

gapdh
Forward : 5'-GGGTGTGAACCACGAGAAATA -3'

NM_001289726.1
Reverse : 5'-GTTGAAGTCGCAGGAGACAA-3'
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FIGURES

Figure 1. The chemical structure of 25-HC.
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Figure 2. LPS upregulates the levels of CH25H and 25-HC in MDPC-23 cells. MDPC-23 cells were treated with 0 – 1 μg/mL LPS 

for 6 days. Total RNA and total proteins were extracted using TRIzol and cell lysis buffer, respectively. cDNA was synthesized from 

the extracted RNA and subjected to qPCR (A). Total proteins were subjected to SDS-PAGE using a 12% gel and western blotting 

using the anti-CH25H antibodies (B). GAPDH and β-actin were used as internal controls for qPCR and western blotting analyses, 

respectively. Conditioned media were collected from the MDPC-23 cells treated with LPS for 6 days and subjected to 25-HC ELISA, 

which was performed according to the manufacturer’s instructions (C). A, The expression of CH25H, which encodes an enzyme that 

catalyzes the formation of 25-HC from cholesterol, was upregulated in the LPS-treated MDPC-23 cells. B, The expression of CH25H 

was upregulated in the LPS-induced MDPC-23 cells. C, The production of 25-HC was upregulated in the LPS-treated MDPC-23 cells.
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Figure 3. 25-HC does not affect the viability of MDPC-23 cells. MDPC-23 cells were treated with 50 – 200 nM of 25-HC for 2, 4, 

and 6 days. Cell viability assay was performed using cell counting kit-8 (CCK-8) (A), while the viability staining was performed 

using ethidium homodimer-1 (stains dead cells; red fluorescence) and green calcein AM (stains live cells; green fluorescence) (B). 

25-HC did not affect A, the viability or B, the survival of MDPC-23 cells.
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Figure 4. 25-HC increases the number of odontoclasts differentiated from MDPC-23 cells. MDPC-23 cells cultured in 8-well chamber 

slide were treated with 50 ng/mL RANKL or 50 – 200 nM of 25-HC for 6 days. The morphology of multinucleated cells and 

TRAP-positive odontoclast was investigated using H&E staining (A) and TRAP staining (B), respectively. The number of 

TRAP-positive cells was counted and presented as a histogram (C). TRAP activity assay (D) was performed, following the 

manufacturer’s instructions. A, The number of multinucleated MDPC-23 cells in the 25-HC-treated group was higher than that in the 

RANKL (positive control)-treated group. B&C, The number of TRAP-positive odontoclasts differentiated from MDPC-23 in the 

25-HC-treated group was higher than that in the RANKL. D, The activity of TRAP in the 25-HC-treated MDPC-23 cells was higher 

than that in the RANKL-treated MDPC-23 cells. Black arrows indicate odontoclasts that differentiated from MDPC-23 cells.
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Figure 5. 25-HC promotes dentin resorption in the odontoclasts differentiated from MDPC-23 cells. MDPC-23 cells cultured on the 

dentin disc were treated with 50 ng/mL RANKL and 50 – 200 nM of 25-HC for 6 days. The dentin discs were rinsed with NaOCl 

and stained with toluidine blue O in 0.5% sodium tetraborate. The resorption pits were observed using a Leica DM750 microscope. 

White arrows indicate resorption pits on the dentin disc. Treatment with 25-HC promoted dentin resorption in odontoclasts 

differentiated from 25-HC-treated MDPC-23 cells. Additionally, the number of resorption pits in the 25-HC-treated group was higher 

than that in the RANKL-treated group
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Figure 6. 25-HC promotes dentin resorption in odontoclasts differentiated from MDPC-23 cells through the upregulation and activation 

of MMPs. MDPC-23 cells were treated with 50 ng/mL RANKL or 50 – 200 nM of 25-HC for 6 days. Conditioned media were 

subjected to SDS-PAGE using a 12% gel and western blotting (A) using the anti-MMP-2 and MMP-9 antibodies. To verify the 

activation of MMPs such as MMP-2 and MMP-9, conditioned media were subjected to gelatin zymography (B). A, The expression 

levels of MMP-2 and MMP-9 were upregulated in the odontoclast differentiated from 25-HC-treated MDPC-23 cells. B, Treatment 

with 25-HC dose-dependently promoted the activity of MMPs. 
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Figure 7. 25-HC promotes the expression of odontoclastogenic biomarkers and the nuclear translocation of NF-κB in MDPC-23 cells. 

MDPC-23 cells were treated with 50 ng/mL RANKL or 50 – 100 nM of 25-HC for 6 days. Total proteins were extracted from the 

cells and subjected to western blotting to detect odontoclastogenic specific markers, such as TRAF6, phospho-NF-κB, total NF-κB, 

NFATc1, c-fos, and cathepsin K. To verify the nuclear translocation of NF-κB from the cytosol, the nuclear and cytosolic proteins 

were extracted from the MDPC-23 cells treated with 50 ng/mL RANKL or 50 – 200 nM of 25-HC for 6 days and subjected to 

western blotting using the anti-NF-κB and anti-NFATc1 antibodies. β-actin and Lamin B1 were used for the normalization of cytosolic 

and nuclear proteins, respectively. A, Treatment with 25-HC upregulated the expression of odontoclastogenic biomarkers in MDPC-23 

cells. B, NF-κB and its downstream transcription factor NFATc1 translocated from the cytosol to the nucleus in 25-HC-treated 

MDPC-23 cells.
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Figure 8. 25-HC promotes odontoclastogenesis in MDPC-23 cells through the upregulation of RANKL and RANK and the 

downregulation of OPG. MDPC-23 cells were treated with 50 ng/mL RANKL or 50 – 200 nM of 25-HC for 6 days. Total proteins 

were extracted from the cells and subjected to western blotting (A) using the anti-RANKL, anti-RANK, and anti-OPG specific 

antibodies. β-actin was used as an internal control. To confirm the expression of RANKL in 25-HC-treated MDPC-23 cells, cells 

cultured in an 8-well chamber slide were treated with 50 ng/mL RANKL or 50 – 200 nM of 25-HC for 6 days. The cells were then 

fixed with 4% paraformaldehyde and incubated with the anti-RANKL-specific antibodies for 12 h at 4°C. Next, the cells were 

incubated with DAPI and Alexa 488-conjugated secondary antibodies for 1 h. Finally, images were captured using a laser confocal 

scanning microscope system (B). A, 25-HC-induced odontoclastogenesis was mediated by the upregulation of RANKL and RANK and 

the downregulation of OPG in MDPC-23 cells. B, RANKL was significantly upregulated in 25-HC-treated MDPC-23 cells. 
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Figure 9. 25-HC promotes ROS production in MDPC-23 cells through the Rac1/2/3-NOXO1 axis. MDPC-23 cells were treated with 

50 ng/mL RANKL or 50 – 200 nM of 25-HC for 3 days. The production of ROS was determined using H2DCF-DA staining (A) 

and ROS production assay (B). Total proteins were extracted from the cells and subjected to western blotting using the anti-Rac1/2/3 

and NOXO1 antibodies (C). A&B, The production of ROS was upregulated in 25-HC-treated MDPC-23 cells. C, In MDPC-23 cells, 

25-HC-induced ROS production was mediated by the Rac1/2/3-NOXO1 axis in MDPC-23 cells. 
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Figure 10. 25-HC upregulates the expression of inflammatory mediators and pro-inflammatory cytokines in MDPC-23 cells through the 

modulation of Nrf2-HO-1 axis. MDPC-23 cells were treated with 50 ng/mL RANKL or 50 – 200 nM of 25-HC for 6 days. Total 

proteins were extracted from the cells and subjected to western blotting using the anti-iNOS, anti-COX-2, anti-TNF-α, anti-IL-6, 

anti-Nrf2, and anti-HO-1. Additionally, PGE2 assay was performed to examine the production of PGE2 in MDPC-23 cells treated with 

50 ng/mL RANKL or 50 – 200 nM of 25-HC for 6 days. A, The expression levels of inflammatory mediators, such as iNOS and 

COX-2 were significantly upregulated in 25-HC-treated MDPC-23 cells. B, The production of the inflammatory mediator PGE2 was 

significantly upregulated in 25-HC-treated MDPC-23 cells. C, The levels of pro-inflammatory cytokines, such as TNF-α and IL-6 were 

significantly upregulated in 25-HC-treated MDPC-23 cells. D, The expression levels of Nrf2 and HO-1 were downregulated in 

25-HC-treated MDPC-23 cells.
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Figure 11. NF-κB inhibitor suppresses odontoclastogenesis in 25-HC-treated MDPC-23 cells. MDPC-23 cells were treated with 50 

ng/mL RANKL or 50 – 100 nM of 25-HC in the presence or absence of the CDDO-Me for 6 days. TRAP staining was performed 

to stain the odontoclast. A, CDDO-Me mitigated the 25-HC-induced formation of odontoclasts in MDPC-23 cells. B, Treatment with 

CDDO-Me decreased the number of TRAP positive odontoclasts in 25-HC-treated MDPC-23 cells. C, Treatment with CDDO-Me 

decreased the activity of TRAP in 25-HC-treated MDPC-23 cells. 
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Figure 12. NF-κB inhibitor suppresses the expression of odontoclastogenic factors in 25-HC-treated MDPC-23 cells. MDPC-23 cells 

were treated with 50 ng/mL RANKL or 50 – 100 nM of 25-HC in the presence or absence of the CDDO-Me for 6 days. Total 

proteins were extracted and the expression levels of odontoclastogenic factors, such as TRAF6, phospho-NF-κB, total NF-κB, NFATc1, 

c-fos, cathepsin K, RANKL, and RANK were examined. A, CDDO-Me mitigated the 25-HC-induced upregulation of TRAF6, 

phospho-NF-κB, total NF-κB, NFATc1, c-fos and cathepsin K in MDPC-23 cells. B, CDDO-Me downregulated the expression of 

RANKL and RANK and upregulated the expression of OPG in 25-HC-treated MDPC-23 cells. 
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Figure 13. 25-HC induces odontoclastogenesis through the modulation of the NF-κB signaling pathway in MDPC-23 cells. MDPC-23 

cells were treated with 50 ng/mL RANKL or 200 nM of 25-HC in the presence or absence of the CDDO-Me for 6 days. The 

nuclear and cytosolic proteins were extracted and subjected to western blotting analysis using the anti-NF-κB antibodies (A). After 

culturing under identical culture conditions, the cells were fixed using 4% paraformaldehyde and incubated with the anti-NF-κB 

specific antibodies for 12 h at 4℃. Next, the cells were incubated with DAPI and Alexa 488-conjugated secondary antibodies for 1 h. 

Finally, images were captured using a laser confocal scanning microscope system (B). A, Treatment with CDDO-Me significantly 

mitigated the 25-HC-induced nuclear translocation of NF-κB. B, CDDO-Me mitigated 25-HC-induced NF-κB nuclear translocation in 

the MDPC-23 cells. 
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Figure 14. The schematic diagram of 25-HC-induced odontoclastogenesis in the MDCP-23 cells. 
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국 문 초 록

MDPC-23 상아질모세포에서

25-Hydroxycholesterol에 의한 파치세포화

임 향 이

조선대학교 대학원 치의생명공학과

(지도교수 :김 재 성)

콜레스테롤로부터 합성되는 옥시스테롤 중의 하나인 25-hydroxycholesterol(25-HC)은 염

증을 매개로하여 cholesterol 25-hydroxylase(CH25H)에 의해 합성된다. 본 연구에서는

MDPC-23 상아질모세포에서 25-HC에 의한 파치세포 분화유도와 그 신호전달기전을 분석

하였다.

본 연구의 목적을 위해, MDPC-23 상아질모세포에서 25-HC을 이용하여 파치세포로 분

화를 유도한 후, CCK-8 분석, 세포 live&dead 분석, hematoxylin & eosin 분석,

TRAP 활성 및 발현 분석, 상아질 재흡수 분석, gelatin zymography 분석, western

blot 분석, ROS 생성 분석, prostaglandin E2(PGE2) 생성 분석, immunocytochemistry

분석 등을 시행하였다.

25-HC은 MDPC-23 상아질모세포에서 tartrate-resistant acid phosphatase(TRAP)

활성을 농도 의존적으로 증가시켰다. 25-HC에 의해 분화된 상아질모세포에서 파치세

포의 특징 중 하나인 다핵구의 형성과 matrix metalloproteinase(MMP)-9, -2의 발현

과 활성이 증가함을 관찰할 수 있었으며, 이러한 결과는 25-HC에 의한 상아질모세포

의 파치세포 분화유도를 나타낸다. 또한 25-HC은 RANKL의 발현을 농도 의존적으

로 증가시켰으며, 이와 관련된 염증인자인 iNOS, COX-2, PGE2, TNF-α 및 IL-6의

단백질 발현을 증가시켰다. 25-HC은 상아질모세포에서 파치세포 분화의 신호전달기

전 바이오마커인 TRAF6, nuclear factor-κB(NF-κB), NFATc1, c-fos 및 cathepsin

K의 발현을 증가시켰으며, NFATc1과 NF-κB의 핵으로의 이동 역시 증가시켰다. 뿐

만 아니라 NF-κB 신호전달 억제 시 25-HC에 의한 상아질모세포의 파치세포 분화유
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도 또한 억제되었다.

본 연구의 결과는 25-HC가 MDPC-23 상아질모세포의 염증을 유도할 뿐만 아니라,

파치세포로의 분화를 유도할 수 있음을 시사한다. 또한 본 연구의 결과는 옥시스테롤

25-HC가 상아질 내흡수와 관련되어 있으며, 상아질 내흡수의 새로운 병인 중 하나로

작용할 수 있음을 시사한다.
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