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Abstract. Periapical lesions are characterized by the destruction 
of periapical bone, and occur as a result of local inflamma-
tory responses to root canal infection by microorganisms 
including Porphyromonas endodontalis (P. endodontalis).  
P. endodontalis and its primary virulence factor, lipopoly-
saccharide (LPS), are associated with the development of 
periapical lesions and alveolar bone loss. Interleukin‑23 (IL‑23) 
is critical in the initiation and progression of periodontal 
disease via effects on peripheral bone metabolism. The present 
study investigated the expression of IL‑23 in tissue where a 
periapical lesion was present, and the effect of P. endodontalis 
LPS on the expression of IL‑23 in periodontal ligament (PDL) 
cells. Reverse transcription‑ quantitative polymerase chain 
reaction and immunohistochemistry revealed increased levels 
of IL‑23 expression in tissue with periapical lesions compared 
with healthy PDL tissue. Treatment with P. endodontalis LPS 
increased the expression of IL‑23 in the SH‑9 human PDL cell 
line. BAY11‑7082, a nuclear factor κB inhibitor, suppressed 
P. endodontalis LPS‑induced IL‑23 expression in SH‑9 cells. 
Treatment of RAW264.7 cells with conditioned medium from 
P. endodontalis LPS‑treated SH‑9 cells promoted osteoclasto-
genesis. By contrast, RAW264.7 cells treated with conditioned 

medium from IL‑23‑knockdown SH‑9 cells underwent 
reduced levels of osteoclastogenesis. The results of the present 
study indicated that the expression of IL‑23 in PDL cells 
induced by P. endodontalis LPS treatment may be involved 
in the progression of periapical lesions via stimulation of the 
osteoclastogenesis process.

Introduction

Certain studies have indicated that Gram‑negative anaerobic 
microorganisms contribute to periapical infections  (1,2). 
Porphyromonas endodontalis (P.  endodontalis) is the 
Gram‑negative anaerobic microorganism that is most commonly 
isolated from infected root canals and periapical lesions (3,4). 
An epidemiological study revealed that high levels of  
P. endodontalis were detected at periapical regions in patients 
with apical lesions  (5‑7). A primary virulence factor of  
P.  endodontalis is lipopolysaccharide (LPS), which induces 
the secretion of inflammatory cytokines from various cells 
and promotes bone destruction  (5,8). Nuclear factor κB 
(NF‑κB), a transcription factor, is activated and translocated 
to the nucleus in response to LPS in numerous cell types. Our 
previous study demonstrated that P. endodontalis LPS affects 
viability and cytokine production of osteoblasts and promotes 
osteoclastogenesis via the NF‑κB signaling pathway (8,9).

Periapical lesions are considered to be a result of local 
inflammatory responses to infections within root canals, caused 
by microorganisms. Lesions are initiated by the disruption of 
the integrity of the periodontal ligament (PDL) and progress 
with alveolar bone destruction (10,11). PDL cells are critical 
for the bone remodeling process in periapical lesions, due to 
their ability to secrete inflammatory cytokines that regulate 
the homeostasis of connective and osseous tissues (12,13).

The inflammatory cytokine, interleukin (IL)‑23 belongs to 
the IL‑12 family, and is secreted as a heterodimer composed 
of the common p40 subunit and a unique p19 subunit (14). 
IL‑23 affects memory T cells and inflammatory macrophages, 
functioning via binding to its specific receptor, IL‑23R, which 
is expressed by these cells  (15,16). Previous studies have 
suggested that IL‑23 serves a pivotal role in the pathogenesis 
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of periodontitis. Increased protein levels of IL‑23 have been 
observed in gingival tissue and were associated with attachment 
loss in periodontitis (17‑19). Human PDL cells are an important 
source of IL‑23 via the NF‑κB signaling pathway (20). LPS 
from P. gingivalis, which is the primary microorganism asso-
ciated with periodontitis, has been suggested to induce IL‑23 
secretion by PDL cells (21). In addition, IL‑23 promotes osteo-
clastogenesis in osteoblast‑osteoclast co‑culture systems (22). 
However, to the best of our knowledge, no studies have been 
performed to date regarding the involvement of IL‑23 in peri-
apical lesions and the effect of P. endodontalis LPS on IL‑23 
secretion by PDL cells and osteoclastogenesis.

In the present study, the expression of IL‑23 in clinical 
samples of periapical lesions and the P. endodontalis‑induced 
expression of IL‑23 by immortalized human PDL cells in vitro, 
was investigated. In addition, the role of IL‑23 produced from 
P. endodontalis LPS‑treated PDL cells in osteoclastogenesis 
was examined via knockdown of IL‑23.

Materials and methods

Materials. α‑modified minimal essential medium (α‑MEM) 
was purchased from Invitrogen; Thermo Fisher Scientific, 
Inc. (Waltham, MA, USA) and fetal bovine serum (FBS) 
from Sigma‑Aldrich; Merck Millipore (Darmstadt, Germany). 
Recombinant mouse receptor activator of nuclear factor 
kappa‑B ligand (RANKL) was purchased from PeproTech EC 
Ltd. (London, UK). Anti‑IL‑23 antibody (cat. no. wl01655) 
was purchased from Wanlei Bio (Shenyang, China). The 
anti‑β‑actin antibody (cat. no.  A1978), anti‑GAPDH (cat. 
no.  G9545) antibody, NF‑κB inhibitor (BAY11‑7082) and 
an inhibitor of phosphoinositide 3‑kinase (LY294002) were 
purchased from Sigma‑Aldrich; Merck Millipore. Anti‑NF‑κB 
p65 (C‑20; cat. no. sc‑372) and the anti‑nuclear factor of acti-
vated T cells, cytoplasmic 1 (NFATc1; 7A6) antibody (cat. 
no. sc7294) were purchased from Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA). Antibodies against inhibitor of κB α 
(IκBα; cat. no. 9242s), phospho‑IκB (cat. no. 9240s), and c‑Fos 
(cat. no. 4384s) were obtained from Cell Signaling Technology, 
Inc., (Danvers, MA, USA). Other materials used were of the 
highest grade commercially available.

Patients and sample collection. A total of 22 adult patients 
with a diagnosis of apical periodontitis and indication for 
tooth extraction and 22 periodontal healthy subjects requiring 
tooth extraction for orthodontic reasons were recruited 
from the Surgery Clinic, School of Stomatology, China 
Medical University (Shenyang, China). Exclusion criteria 
included a history of systemic disorders, including diabetes 
and osteoporosis, and patients who had received antibiotic, 
anti‑inflammatory or hormonal drugs within 3 months prior 
to the present study. Ethical approval was received from the 
ethical committee of China Medical University and written 
informed consent was provided by all participants. Samples of 
apical lesions and healthy PDLs were stored at ‑80˚C for RNA 
extraction or fixed in 10% buffered formalin for immunohis-
tochemical analysis.

RNA isolation and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR) analysis. Total RNA 

was extracted using TRIzol® (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
cDNA synthesis from 1,000 ng of RNA was performed using 
a reverse transcription kit (Takara Bio, Inc., Otsu, Japan). 
qPCR analysis was performed using a 7300 Real‑time PCR 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.) 
using SYBR Premix Ex Taq™ (Takara Bio, Inc.). The qPCR 
thermocycling parameters were as follows: 95˚C for 10 min 
and 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. RT‑qPCR 
analysis of each gene was performed in triplicate for at least 
3 independent experiments. The sequences of the primers 
were as follows: Forward, 5'‑CCG​CTT​CAA​AAT​CCT​TCG​
CA‑3' and reverse, 5'‑TGC​TGC​CTT​TAG​GGA​CTC​AG‑3' for 
human IL‑23; forward, 5'‑GGC​ACC​CAG​CAC​AAT​GAAG‑3' 
and reverse, 5'‑GCC​GAT​CCA​CAC​GGA​GTA​CT‑3' for human 
β‑actin; and forward, 5'‑GCA​CCG​TCA​AGG​CTG​AGA​AC‑3' 
and reverse, 5'‑TGG​TGA​AGA​CGC​CAG​TGGA‑3' for human 
GAPDH. Target gene expression levels were calculated using 
the 2‑∆∆Cq method (23). β‑actin was used as control for the 
analysis of histological sections, whereas GAPDH was used as 
a control for cytology analyses.

Immunohistochemical analysis. Biopsies of apical lesions and 
healthy apical PDLs were fixed in 10% buffered formalin and 
embedded in paraffin. Sections (6‑µm thick) were deparaf-
finized, dehydrated and blocked with normal horse serum, 
followed by incubation with an rabbit anti‑human polyclonal 
antibody against IL‑23 (dilution, 1:200) overnight at 4˚C. 
Following washing in phosphate‑buffered saline (PBS), the 
sections were incubated with a secondary biotinylated 
anti‑rabbit IgG antibody (cat. no. KIT9710; dilution, 1:1,000) 
and avidin‑biotin‑peroxidase complex (Fuzhou Maixin 
Biotech Co., Ltd., Fuzhou, China). Subsequently, the reaction 
was developed using a 3,3'‑diaminobenzidine kit (Fuzhou 
Maixin Biotech Co., Ltd.).

Bacterial culture and LPS extraction. P.  endodontalis 
(ATCC® 35406™) was obtained from the Central Laboratory 
of Capital Medical University (Beijing, China) and cultured 
anaerobically at 37˚C. Bacteria were collected by centrifuga-
tion at 1,000 x g for 15 min at 4˚C. LPS was extracted using 
the hot phenol‑water method as previously described (8). The 
bioactivity of purified P. endodontalis LPS was measured 
using the Limulus Amoebocyte Lysate Endotoxin assay kit 
(GenScript USA Inc., Piscataway, NJ, USA). A concentration 
of 10 µg/ml P. endodontalis LPS was selected for use in the 
present study, based on our previous study (8).

Cell culture. RAW264.7 murine monocyte/macrophage cells 
were obtained from RIKEN BioResource Center (Tsukuba, 
Japan). RAW264.7 cells and SH‑9 human PDL cells (24) were 
cultured in α‑MEM supplemented with 10% FBS at 37˚C in 
a humidified atmosphere of 5% CO2. SH‑9 human PDL cells 
were incubated with P.  endodontalis LPS (10  µg/ml) for  
0, 12, 24, and 36 h. SH‑9 human PDL cells were pre‑incubated 
with 10  µM NF‑κB inhibitor (BAY11‑7082) and 50  µM 
phosphoinositide 3‑kinase (LY294002) for 30 min prior to 
the addition of P. endodontalis LPS to the culture media. 
The conditioned medium from SH‑9 cells was obtained 
by centrifugation at 10,000 x g for 10 min at 4˚C to remove 
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cell debris, and filtered through a 0.45 mm pore membrane 
filter (Advantec Toyo Kaisha, Ltd., Tokyo, Japan). Media was 
stored at ‑80˚C until use. For induction of osteoclastogenesis, 
RAW264.7 cells were cultured in in α‑MEM (20% FBS) with 
the same volume of conditioned medium from SH‑9 cells, in 
the presence of 10 ng/ml RANKL.

Luciferase assay. The NF‑κB luciferase reporter vector (cat. 
no. 219078) was obtained from Agilent Technologies, Inc. (Santa 
Clara, CA, USA). Cells were transfected with NF‑κB reporter 
vector using Lipofectamine® LTX reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.). GL3‑basic vector (Promega Corporation, 
Madison, WI, USA) served as a negative control. Cells were 
treated with P. endodontalis LPS for 1 h. The efficiency of trans-
fection was standardized by co‑transfection with pTK‑Renilla 
(Promega Corporation). Total cell lysates were prepared using 
the Dual‑Glo® Luciferase assay system (Promega Corporation) 
and subsequently assessed for luciferase activity.

Western blotting. Cells were washed twice with PBS and 
scraped into lysate buffer [1 mM dithiothreitol, 1 mM phenyl-
methylsulfonyl, 1 µg/ml leupeptin, 2 µg/ml aprotinin and 5 mM 
ethylene glycol‑bis (β‑aminoethyl ether)‑N,N,N',N'‑tetraacetic 
acid]. Proteins (15 µg) were loaded onto 10% SDS‑PAGE 
gels, electrophoresed and transferred to polyvinylidene 
difluoride membranes (Immobilon‑P; Merck Millipore). 
The membranes were blocked with PBS‑Tween containing 
5% non‑fat skim milk for 2 h. The membranes were subse-
quently incubated with rabbit anti‑human monoclonal 
antibodies against IκB, p‑IκB, c‑Fos, NFATc1, β‑actin and 
GAPDH (dilution, 1:1,000), followed by incubation with the 
secondary horseradish peroxidase‑conjugated anti‑rabbit 
IgG antibody (cat. no. 7074; dilution, 1:5,000; Cell Signaling 
Technology, Inc.). Proteins were visualized with an Enhanced 
Chemiluminescence detection kit (GE Healthcare Life 
Sciences, Uppsala, Sweden) according to the manufacturer's 
protocol.

Immunocytochemical analysis. Cells were fixed with 10% 
buffered formalin for 10 min, permeabilized with methanol 
and blocked with 4% bovine serum albumin (BSA; Wako 
Pure Chemical Industries, Ltd., Osaka, Japan). The cells 
were subsequently incubated with a rabbit anti‑human 
monoclonal antibody against NF‑κB (dilution, 1:500) at 4˚C 
overnight. Following incubation with anti‑rabbit Alexa Fluor 
488‑conjugated goat IgG antibody (cat. no. A24922; diluted 
1:500 in 4% BSA; Invitrogen; Thermo Fisher Scientific, Inc.) 
for 40 min and 10 µg/ml Hoechst 33342 for 20 min for nuclear 
staining, cells were mounted with fluorescent mounting 
medium (Dako North America, Inc., Carpinteria, CA, USA).

Small interfering RNA (siRNA) transfection. For transient 
silencing of IL‑23, SH‑9 cells were transfected with siRNA 
targeting IL‑23 (siIL‑23; Invitrogen; Thermo Fisher Scientific, 
Inc.) using Lipofectamine 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
Non‑specific siRNA (siCont; catalog no. 12935113; Invitrogen; 
Thermo Fisher Scientific, Inc.) served as a negative control. 
The target site of siIL‑23 was: 5'‑AAT​CTG​CTG​AGT​CTC​CCA​
GTG​GTGA‑3'.

Tartrate‑resistant acid phosphatase (TRAP)‑staining. 
RAW264.7 cells cultured with conditioned medium from 
P.  endodontalis LPS‑treated SH‑9 cells were fixed in 
acetone‑citrate‑formaldehyde for 15 min at room temperature. 
TRAP staining was performed with 0.01% naphthol AS‑MX 
phosphate (Sigma‑Aldrich; Merck Millipore) and 0.005% fast 
red violet LB salt (Sigma‑Aldrich; Merck Millipore) in the 
presence of 50 mM sodium tartrate and 90 mM sodium acetate 
(pH 5.0) for 15 min at 37˚C and rinsed twice with distilled water.

Statistical analysis. All statistical analyses were performed 
using the SPSS 17.0 software program (SPSS, Inc., Chicago, 
IL, USA). Data are presented as the mean ± standard error. 
Statistical significance was determined using Student's t‑test 
and one‑way analysis of variance with the Bonferroni post‑hoc 
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

IL‑23 expression is increased in periapical lesions. Expression 
of IL‑23 mRNA was evaluated in periapical lesions and 
healthy PDLs by RT‑PCR. The relative mRNA expression 
levels of IL‑23 were significantly greater in periapical lesions 
compared with healthy control PDLs (P=0.004; Fig.  1A). 
Immunohistochemical analysis revealed that the samples 
from periapical lesions demonstrated increased IL‑23 staining 
compared with healthy PDL tissue (Fig. 1B).

P. endodontalis LPS induces IL‑23 expression in PDL 
cells via NF‑κB. SH‑9 human PDL cells were treated with 
P. endodontalis LPS for 12, 24 or 36 h. As presented in Fig. 2A, 
treatment with P. endodontalis LPS significantly increased 
the mRNA expression levels of IL‑23 in SH‑9 cells at 24 and 
36 h (P=0.004 and P<0.001, respectively). To examine the 
signaling pathway involved in this increase, SH‑9 cells were 
pretreated with 10 µM BAY11‑7082 (an inhibitor of NF‑κB) and 
50 µM LY294002 (an inhibitor of phosphoinositide 3‑kinase) 
for 30 min, and then treated with P. endodontalis LPS for 
24 h. BAY11‑7082 treatment decreased the mRNA expres-
sion levels of IL‑23 in the P. endodontalis LPS‑treated SH‑9 
cells (P=0.006), whereas LY294002 treatment demonstrated 
no significant effect (Fig. 2B). The nuclear translocation of 
NF‑κB was analyzed by immunostaining. In untreated cells, 
NF‑κB localized to the cytoplasm (Fig. 2C, a‑c). Nuclear 
translocation of NF‑κB was observed in cells treated with 
P endodontalis LPS (Fig.  2C, d‑f). The activation of the 
NF‑κB signaling pathway was further confirmed by western 
blot analysis (Fig. 2D). P. endodontalis LPS induced IκB 
phosphorylation. In accordance with these results, a luciferase 
assay indicated that P. endodontalis LPS increased NF‑κB 
transcriptional activity in SH‑9 cells, which was suppressed 
by pretreatment with BAY11‑7082 (P<0.001; Fig. 2E).

Conditioned medium from P. endodontalis LPS‑treated 
SH‑9 cells accelerates osteoclastogenesis. RAW264.7 cells 
were treated with conditioned medium from P. endodontalis 
LPS‑treated SH‑9 cells in the presence of 10 ng/ml RANKL. 
RAW264.7 cells treated with unconditioned medium 
containing the same concentrations of P. endodontalis LPS 
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Figure 1. Expression of IL‑23 in clinical samples. (A) Relative mRNA expression levels of IL‑23 were evaluated in periapical lesions and healthy PDL tissue, 
by reverse transcription‑quantitative polymerase chain reaction. IL‑23 mRNA expression levels were increased in periapical lesions compared with healthy 
tissue. (B) Expression of IL‑23 in healthy periodontal ligament and periapical lesion tissue was determined by immunohistochemistry using an IL‑23‑specific 
antibody. Increased staining was observed in periapical lesions (Scale bar, 50 µm; magnification, x40). The results are presented as the mean ± standard error. 
**P<0.01 vs. healthy PDL group. IL‑23, interleukin‑23; PDL, periodontal ligament.

Figure 2. P. endodontalis LPS stimulates IL‑23 expression in SH‑9 cells via NF‑kB. (A) SH‑9 cells were treated with 10 ml/ml P. endodontalis LPS for the 
indicated times. The expression of IL‑23 was detected by RT‑PCR, and increased following LPS treatment in a time‑dependent manner. **P<0.01 vs. 0 h group. 
(B) SH‑9 cells were pretreated with or without the inhibitors of phosphoinositide 3‑kinase (LY294002; 50 µM) or NF‑kB (BAY11‑7082; 10 µM) for 30 min 
and treated with P. endodontalis LPS for 24 h. The mRNA expression levels of IL‑23 were detected by RT‑PCR. Treatment with BAY11‑7082 decreased 
IL‑23 mRNA expression levels, whereas LY294002 had no effect. **P<0.01 vs. P‑e LPS alone group. (C) SH‑9 cells cultured on coverslips were treated with  
P. endodontalis LPS for 30 min. The cells were subjected to indirect immunofluorescence using an anti‑NF‑κB antibody and Hoechst 33342. NF‑���������k��������B local-
ized to the cytoplasm of untreated cells (a‑c) and the nuclei of treated cells (d‑f; scale bar, 50 µm; magnification, x40). (D) SH‑9 cells were treated with  
P. endodontalis LPS for 30 or 60 min. Western blot analysis revealed phosphorylation of IkB in a time‑dependent manner. (E) SH‑9 cells were transfected with 
a luciferase reporter construct containing the NF‑κB binding site and treated with P. endodontalis LPS for 30 min with or without pretreatment with 10 µM 
BAY11‑7082 for 30 min. Luciferase activity was measured in the collected cell lysates and was reduced following BAY11‑7082 pretreatment. The results are 
presented as the mean ± standard error. **P<0.01 vs. P‑e LPS alone group. LPS, lipopolysaccharide; IL‑23, interleukin 23; P. endodontalis, Porphyromonas 
endodontalis; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; NF‑κB, nuclear factor κB; IkB, inhibitor of kB; p, phosphorylation; LY, 
LY294002; BAY, BAY11‑7082.
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and RANKL served as a control. Western blot analysis and 
TRAP staining were performed to determine the magnitude 
of osteoclastogenesis. Treatment with conditioned medium 
significantly increased the formation of TRAP‑positive multi-
nuclear giant cells, compared with control medium‑treated 
cells (P=0.003; Fig. 3A and B), and this was accompanied by 
the upregulation of the osteoclast marker genes, NFATc1 and 
c‑Fos (Fig. 3C).

Knockdown of IL‑23 in SH‑9 cells inhibits P. endodontalis 
LPS‑induced osteoclastogenesis. To examine the role of IL‑23 
expression in SH‑9 cells in P. endodontalis LPS‑induced 
osteoclastogenesis, gene silencing was performed by siRNA 
transfection. Transfection of siIL‑23 significantly reduced IL‑23 
expression in SH‑9 cells compared with transfection with siCont 
(P=0.009; Fig. 4A). RAW264.7 cells were treated with the condi-
tioned medium from P. endodontalis LPS‑treated siCont or 
siIL‑23 cells in the presence of 10 ng/ml RANKL. Conditioned 
medium from P. endodontalis LPS‑treated siIL‑23 cells exhib-
ited a reduced ability to induce osteoclastogensis compared with 
conditioned medium from siCont cells, as determined by TRAP 
staining (P=0.006; Fig. 4B and C). In addition, the protein 
expression of NFATc1 and c‑Fos was reduced in RAW264.7 
cells treated with conditioned medium from P. endodontalis 
LPS‑treated siIL‑23, compared with siCont cells (Fig. 4D).

Discussion

The present study investigated the expression of IL‑23 in the 
tissue of periapical lesions obtained from clinical samples 

and the effect of P. endodontalis LPS on IL‑23 expression in 
PDL cells. In addition, the present study examined whether 
IL‑23 expression in P. endodontalis LPS‑treated PDL cells 
was involved in osteoclastogenesis. Periapical inflammatory 
responses result in bone resorption in the surrounding roots 
of bacteria‑infected teeth. Diverse inflammatory mediators, 
including IL‑1, IL‑2, IL‑6, IL‑12, tumor necrosis factor‑α and 
interferon‑γ are associated with periapical lesions (25,26). 
In addition to these mediators, IL‑23 has been identified as 
a novel cytokine that belongs to IL‑12 cytokine family. It has 
been reported that IL‑23 is elevated in periodontitis‑affected 
tissue and in gingival crevicular fluid, and was associated 
with disease (27). IL‑23 has previously been suggested to be 
associated with the initiation and progression of periodontal 
disease, leading to speculation that IL‑23 has an additional 
role in apical periodontitis. The results of the present study 
revealed that the mRNA expression levels of IL‑23 were 
increased in human periapical lesions compared with healthy 
tissue, suggesting that IL‑23 is important in the initiation and 
progression of periapical lesions.

PDL cells are fibroblast‑like cells, which maintain peri-
odontal tissue and function as immune‑responsive cells under 
inflammatory conditions (28). The location and role of these 
cells suggest that PDL cells may be important in amplifying 
and modulating inflammatory signals in response to micro-
organism infection in periodontitis and periapical disease. 
PDL cells have been identified as an important source of 
IL‑23 when stimulated with P. gingivalis LPS, a primary 
virulence factor in periodontitis, and IL‑17 or IL‑1β (20,21,29). 
IL‑23 was revealed to be secreted by dendritic cells and 

Figure 3. Conditioned medium from P. endodontalis LPS‑treated SH‑9 cells stimulates osteoclastogenesis. (A) RAW264.7 cells were treated with conditioned 
medium from P. endodontalis LPS‑treated SH‑9 cells, or with unconditioned medium containing the same concentrations of LPS and receptor activator of 
nuclear factor kB ligand, for 48 h. The cells were fixed and subjected to TRAP staining. Representative fields are presented and TRAP‑positive cells are 
indicated by arrows (scale bar, 50 µm; magnification, x20). (B) The number of TRAP‑positive multinuclear cells with >3 nuclei were counted. Treatment with 
conditioned medium increased the levels of TRAP‑positive multinuclear cells compared with treatment with control medium. The results are presented as the 
mean ± standard error. (C) RAW264.7 cells were treated with conditioned medium from P. endodontalis LPS‑treated SH‑9 cells, or unconditioned medium, 
for 24 h. Protein expression was detected by western blot analysis. Treatment with conditioned medium increased expression of c‑Fos and NFATc1 compared 
with treatment with control medium. **P<0.01 vs. cont group. P. endodontalis, Porphyromonas endodontalis; TRAP, tartrate‑resistant acid phosphatase; LPS, 
lipopolysaccharide; NFATc1, nuclear factor of activated T cells, cytoplasmic 1; CM, conditioned medium; Cont, control medium.
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macrophages in response to LPS and other bacterial products, 
and by prickle cells and Langerhans cells in epidermal regions 
of diseased sites (18,30,31). The results from the present study 
suggested that the LPS extracted from P. endodontalis, the 
primary microorganism involved in the development of apical 
periodontitis, contributes to the pathogenesis of periapical 
lesions through the induction of IL‑23 expression in PDL 
cells. Furthermore, it was demonstrated that P. endodontalis 
LPS stimulated NF‑kB translocation and activation in SH‑9 
cells accompanied by IkB phosphorylation and degradation, 
followed by the expression of IL‑23. Our previous studies 
demonstrated that the NF‑kB signaling pathway is important 
in the expression of cluster of differentiation 14, Toll‑like 
receptor (TLR)‑2, TLR‑4, RANKL, IL‑6, IL‑34 and IL‑1β 
in P. endodontalis LPS‑treated osteoblasts (5,32,33). In the 
present study, pretreatment with an NF‑kB inhibitor decreased 
the P. endodontalis LPS‑induced expression of IL‑23 to basal 
levels, indicating that the NF‑kB signaling pathway was closely 
associated with IL‑23 expression in PDL cells in response to 
P. endodontalis LPS. It has been suggested that IL‑23 expres-
sion is regulated by NF‑kB and other signaling pathways, 
including phosphoinositotide 3‑kinase, p38, extracellular 
signal‑regulated kinase (ERK) and Sirtuin1, in P. gingivalis 
LPS‑treated PDL cells (21). These signaling pathways may 

be involved in IL‑23 expression in PDL cells treated with 
P. endodontalis LPS, as P. endodontalis LPS stimulates p38 
and ERK expression (34).

PDL cells are important in the regulation of alveolar bone 
metabolism due to their secretion of inflammatory cytokines, 
including RANKL and osteoprotegrin (12,13). The present 
study indicated that conditioned medium from P. endodontalis 
LPS‑treated SH‑9 cells stimulated osteoclastogenesis by 
increasing protein expression levels of NFATc1 and c‑Fos. The 
number of osteoclasts was markedly increased by treatment 
with conditioned medium from P. endodontalis LPS‑treated 
SH‑9 cells in the presence of RANKL, suggesting that various 
factors produced from P. endodontalis LPS‑treated PDL cells 
may promote osteoclastogenesis. The increased number of 
osteoclasts was associated with the number of IL‑23 positive 
cells in periapical lesions (35). The increased IL‑23 mRNA 
expression levels in periodontal lesions altered the balance 
between bone formation and bone resorption (18). The bone 
resorptive effects of IL‑23 result from its ability to stimulate 
proliferation and TRAP activity in osteoclasts  (36,37). In 
the present study, silencing of IL‑23 in SH‑9 cells inhibited 
osteoclastogenesis induced by conditioned medium from 
P. endodontalis LPS‑treated SH‑9 cells, indicating that IL‑23 
produced from SH‑9 cells was involved in osteoclastogenesis.

Figure 4. Knockdown of IL‑23 in P. endodontalis LPS‑treated SH‑9 cells inhibits osteoclastogenesis. (A) SH‑9 cells were transfected with siCont or siIL‑23 
RNA. The mRNA expression levels of IL‑23 were examined by reverse transcription‑quantitative polymerase chain reaction. IL‑23 mRNA expression levels 
were reduced by siIL‑23, compared with siCont transfection. The results are presented as the mean ± standard error. (B) RAW264.7 cells were treated with con-
ditioned medium from P. endodontalis LPS‑treated siCont or siIL‑23 cells for 48 h. The cells were fixed and subjected to TRAP staining. Representative fields 
are presented and TRAP‑positive cells are indicated by arrows (scale bar, 50 µm; magnification, x20). (C) TRAP‑positive multinuclear cells with >3 nuclei 
were counted. The number of TRAP‑positive multinuclear cells was reduced in cells treated with conditioned medium from siIL‑23, compared with siCont 
cells. The results are presented as the mean ± standard error. (D) RAW264.7 cells were treated with conditioned medium from P. endodontalis LPS‑treated 
siCont and siIL‑23 cells for 24 h. Protein expression was examined by western blot analysis. Treatment with conditioned medium from siIL‑23 cells reduced 
NFATc1 and c‑Fos expression compared with treatment with conditioned medium from siCont cells. **P<0.01 vs. siCont group. LPS, lipopolysaccharide; IL‑23, 
interleukin 23; P. endodontalis, Porphyromonas endodontalis; TRAP, tartrate‑resistant acid phosphatase; siCont, negative control siRNA; siIL‑23, IL‑23 
siRNA; siRNA, small interfering RNA; NFATc1, nuclear factor of activated T cells, cytoplasmic 1.
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In conclusion, the results of the present study demon-
strated that IL‑23 expression in periapical lesions is greater 
compared with healthy tissue. The NF‑kB signaling pathway 
may be involved in P.  endodontalis LPS‑induced IL‑23 
expression in PDL cells. Knockdown of IL‑23 in PDL cells 
impaired P. endodontalis LPS‑induced osteoclastogenesis. 
These findings imply a novel function of PDL cells in the 
progression of periapical lesion production of IL‑23 and the 
promotion of osteoclastogenesis, in response to infection with 
P. endodontalis. Further investigation is required to define 
the pathological implications of IL‑23 in periapical lesions, as 
well as elucidate the precise mechanisms of IL‑23 function in 
osteoclastogenesis.
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