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A B S T R A C T   

Objectives: Few clinical treatments to regenerate periodontal tissue lost due to severe endodontic and periodontal 
disease have yet been developed. Therefore, the development of new treatment methods for the regeneration of 
periodontal tissue is expected. The purpose of this study was to investigate the effects of a c-Jun N-terminal 
kinase (JNK) inhibitor, SP600125, on the osteoblastic differentiation of periodontal ligament stem cells (PDLSCs) 
in vitro, and the function of SP600125 on the regeneration of alveolar bone in vivo. 
Design: Alizarin red S staining, quantitative RT-PCR, and western blotting analysis was performed to determine 
whether SP600125 affects osteoblastic differentiation of human PDLSCs (HPDLSCs) and bone-related intracel
lular signaling. The effect of SP600125 on the regeneration of alveolar bone was assessed by using a rat peri
odontal defect model. The healing of periodontal defects was evaluated using micro-CT scans and histological 
analysis. 
Results: SP600125 promoted the osteoblastic differentiation such as Alizarin red S-positive mineralized nodule 
formation and the expression of osteoblast-related genes in HPDLSCs under osteogenic conditions. In addition, 
this inhibitor upregulated the BMP2 expression and the phosphorylation of Smad1/5/8 in HPDLSCs under the 
same conditions. The inhibition of Smad1/5/8 signaling by LDN193189 suppressed the SP600125-induced 
osteoblastic differentiation of HPDLSCs. Furthermore, the application of SP600125 promoted the regeneration 
of not only alveolar bone but also PDL tissue in periodontal defects. 
Conclusion: This study suggested that inhibition of JNK signaling promotes the osteoblastic differentiation of 
HPDLSCs through BMP2-Smad1/5/8 signaling, leading to the regeneration of periodontal tissues such as alveolar 
bone and PDL tissue.   

1. Introduction 

The destruction of periodontal tissues by severe endodontic and 
periodontal disease leads to loss of the affected teeth. Therefore, 
repairing or regenerating destroyed periodontal tissues is considered to 
be important for preserving teeth. Periodontal tissues comprise 

periodontal ligament (PDL), alveolar bone, cementum, and gingiva. 
Among them, the PDL cell population consists of various cell types, 
including fibroblasts, which are the principal cells in PDL tissue (Beer
tsen, McCulloch, & Sodek, 1997), osteoblasts, cementoblasts, and 
epithelial cell rests of Malassez (Freeman, 1994). Moreover, it has been 
revealed that PDL tissue includes multipotent PDL stem cells (PDLSCs) 

Abbreviations: PDL, periodontal ligament; PDLSCs, PDL stem cells; JNK, c-Jun N-terminal kinase; HPDLSCs, human PDLSCs; α-MEM, alpha minimum essential 
medium; FBS, fetal bovine serum; PFA, paraformaldehyde; SDS, sodium dodecylsulfate; CM, control medium; DM, differentiation medium; RT-PCR, reverse tran
scription polymerase chain reaction; OSX, osterix; BSP, bone sialoprotein; OPN, osteopontin; BMP2, bone morphogenetic protein 2; micro-CT, microcomputed to
mography; PBS, phosphate-buffered saline; H&E, hematoxylin and eosin; BSA, bovine serum albumin; RT, room temperature; DAPI, 4′,6-diamidino-2-phenylindole; 
SD, standard deviation. 
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that can differentiate into both osteoblasts and cementoblasts (Seo et al., 
2004; Fujii et al., 2008). In the process of periodontal tissue regenera
tion, PDLSC was reported to form not only alveolar bone, but also PDL 
tissue owing to the appropriate formation of alveolar bone (Nagata 
et al., 2017; Iwasaki et al., 2019). These findings indicate that PDLSCs 
are responsible for the healing and repair of periodontal tissues through 
bone formation. Therefore, it is important to find factors to promote the 
regeneration of alveolar bone by PDLSCs for the therapeutic develop
ment of more effective periodontal tissue regeneration. 

C-Jun N-terminal kinase (JNK) is a protein kinase activated by cy
tokines, growth factors, and environmental stress, and controls cell 
proliferation, differentiation, apoptosis, survival, and the inflammatory 
response (Chen, Meyer, & Tan, 1996; Guo, Baysal, Kang, Yang, & Wil
liamson, 1998; Davis, 2000; Kyriakis & Avruch, 2001; Weston & Davis, 
2002). A previous report showed that, in PDL tissue, mechanical strains 
caused by occlusion and mastication promote JNK-phosphorylation of 
PDL fibroblasts (Papadopoulou, Iliadi, Eliades, & Kletsas, 2017). JNK is 
known to be associated with cancer and autoimmune diseases, and an
imal studies have already shown that JNK inhibitors have therapeutic 
effects on ovarian cancer and multiple sclerosis (Ichiyama et al., 2011; 
Seino et al., 2016). We recently reported that JNK is involved in 
Wnt5a-induced suppression of the osteoblastic differentiation of 
HPDLSCs (Hasegawa et al., 2018). Other previous reports showed that 
JNK inhibitor induces the osteoblastic differentiation of undifferentiated 
cells (Huang, Lin, Lin, Su, & Hung, 2012; Guo, Wang, Xu, Wang, & Song, 
2015). These findings indicate that JNK inhibition may play an impor
tant role in regulating osteoblastic differentiation or bone formation. 
However, the effect of JNK inhibition on the osteoblastic differentiation 
of PDLSCs or regeneration of damaged periodontal tissues remains 
unclear. 

Therefore, in this study, we examined the effect of JNK inhibition on 
the osteoblastic differentiation of PDLSCs and the involved signaling 
molecules, and the effect of a JNK inhibitor on the regeneration of 
alveolar bone in periodontal defects. 

2. Materials and methods 

2.1. Reagents 

SP600125, a JNK inhibitor, was purchased from Wako Pure Chem
ical Industries Ltd. (Osaka, Japan). LDN193189, Smad1/5/8 inhibitor, 
was purchased from MedChemExpress (Monmouth Junction, NJ). 

2.2. Cell culture 

An immortalized human PDL cell line (2–23 cells), which showed 
high growth capacity, multipotency, and the expression of stem cell- 
related surface markers in our previous study (Hasegawa et al., 2018), 
was used as human PDL stem cells (HPDLSCs). 2–23 cells were cultured 
in alpha minimum essential medium (α-MEM; Gibco-BRL, Grand Island, 
NY) containing 10% fetal bovine serum (FBS; Biosera, Nuaillé, France; 
10% FBS/α-MEM) supplemented with 50 µg/mL streptomycin and 50 
U/mL penicillin (Gibco-BRL) at 37 ◦C in a humidified atmosphere of 5% 
CO2 and 95% air. All procedures were performed in compliance with the 
requirements of Kyushu University Medical District Department Clinical 
Research Ethics Committee. 

2.3. Cell viability assay 

2–23 cells (5 × 103 cells per well) were cultured in 10% FBS/α-MEM 
with 0, 1, 10, 50, 100 μM SP600125, or 0, 1, 10, 50, 100 nM LDN193189 
in 48-well plates (Becton Dickinson Labware, Lincoln Park, NJ) in 250 μl 
of culture medium per well for 1, 2, or 3 days. SP600125 or LDN193189 
were added at 24 h after cell seeding. At 0, 1, 2, and 3 days, viable cells 
were measured using a Cell Proliferation Assay kit (Merck Millipore, 
Darmstadt, Germany), as described previously (Hasegawa et al., 2020). 

Briefly, at the indicated time points, 25 μl of kit reagent, WST-1, was 
added to the culture medium of each well. After 1 h, 100 μl of super
natant was collected from each well, and the density was measured at 
absorbance of 450 nm using a microplate reader (ImmunoMini NJ-2300; 
System Instruments Co., Ltd., Tokyo, Japan). 

2.4. Osteoblastic differentiation assay 

2–23 cells were seeded at 1 × 104 cells per well in 24-well plates 
(Becton Dickinson Labware) in 10% FBS/α-MEM as control medium 
(CM), CM containing 2 mM β-glycerophosphate (Sigma Aldrich, St. 
Louis, MO), 50 mg/mL ascorbic acid (Nacalai Tesque, Kyoto, Japan), 
and 10–7 M dexamethasone (Merck Millipore) as osteoblastic differen
tiation medium (DM) (Maeda, Wada, Nakamuta, & Akamine, 2004). 
SP600125 and/or LDN193189 were added at the same time as the start 
of stimulation with DM (when the cells are subconfluent after seeding). 
Half of the medium in each well was exchanged every 2 days. After 2 
weeks of culture, the cells were fixed with 4% paraformaldehyde (PFA; 
Merck Millipore) and then washed with distilled water and exposed to 
Alizarin red S (Sigma Aldrich) stain as described previously (Hasegawa 
et al., 2015). The area of each Alizarin red S-positive region was imaged 
and measured using a Biozero digital microscope (Keyence Corporation, 
Osaka, Japan). 

2.5. Western blotting analysis 

The cells were lysed in a buffer containing 50 mM Tris-HCl, pH 6.9 
(Sigma Aldrich), 2% sodium dodecylsulfate (SDS; Nacalai Tesque), 6% 
2-mercaptoethanol (Sigma Aldrich), and 10% glycerol. Aliquots con
taining 20 μg of protein per lane were subjected to 4–20% SDS poly
acrylamide gel electrophoresis and subsequently transferred onto an 
Immuno-Blot PVDF membrane (Bio-Rad Laboratories, Hercules, CA). 
This membrane was reacted with rabbit polyclonal anti-p-JNK (Cell 
Signaling Technology, Beverly, MA) at a dilution of 1:500, rabbit poly
clonal anti-JNK (Cell Signaling Technology) at a dilution of 1:500, rabbit 
polyclonal anti-p-Smad1/5/8 (Abcam, Cambridge, UK) at a dilution of 
1:500, rabbit polyclonal anti-Smad1/5/8 (Santa Cruz Biotechnology, 
CA) at a dilution of 1:500, rabbit monoclonal anti-p-ERK1/2 (Cell 
Signaling Technology) at a dilution of 1:1000, rabbit polyclonal anti- 
ERK1/2 (Cell Signaling Technology) at a dilution of 1:1000, rabbit 
polyclonal anti-BMP2 (ProteinTech Group, Chicago, IL) at a dilution of 
1:1000, or mouse monoclonal anti-β-actin (Santa Cruz Biotechnology) at 
a dilution of 1:1000. The reactions were followed using biotinylated 
anti-mouse IgG (Nichirei Biosciences, Inc., Tokyo, Japan) or anti-rabbit 
IgG (Nichirei Biosciences). The reactive bands were visualized using ECL 
Prime Western blotting detection system (GE Healthcare, Little Chal
font, UK). As the standard protein ladder, Full-Range Rainbow Molec
ular Weight Markers (GE Healthcare) and BLUeye Prestained Protein 
Ladder (GeneDireX Inc., Las Vegas, NV) were used. Relative expression 
levels of each protein were quantified using ImageJ software (National 
Institutes of Health). 

2.6. Quantitative reverse transcription polymerase chain reaction (RT- 
PCR) 

Total cellular RNA was isolated with TRIzol Reagent (Invitrogen, 
Carlsbad, CA), in accordance with the manufacturer’s instructions. First- 
strand cDNA was synthesized from 1 μg of total RNA using an ExScript 
RT Reagent kit (Takara Bio Inc., Kusatsu, Japan). Total RNA was 
reverse-transcribed with random 6-mers and ExScript RTase for 15 min 
at 42 ◦C, and the reaction was stopped by incubation for 2 min at 99 ◦C, 
followed by 5 min at 5 ◦C. PCR was performed using KAPA Express 
Extract (Kapa Biosystems, Woburn, MA) in a Thermal Cycler Dice Real 
Time System (Takara Bio Inc.) under the following conditions: 95 ◦C for 
10 s, then 40 cycles at 95 ◦C for 5 s and 60 ◦C for 30 s, followed by a 
dissociation protocol at 95 ◦C for 15 s, 60 ◦C for 30 s, and 95 ◦C for 15 s. 
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Primer sequences, annealing temperatures, cycle numbers, and product 
sizes for osterix (OSX), bone sialoprotein (BSP), osteopontin (OPN), bone 
morphogenetic protein 2 (BMP2), and β-actin are shown in Table 1. β-actin 
primers were used as internal standards. Expression levels of the target 
genes were calculated using the 2^(-ΔΔCt) values. 

2.7. Application of JNK inhibitor in a rat periodontal defect model 

Eight-week-old male Wistar rats (Kyudo, Saga, Japan) were used to 
develop a rat periodontal defect model. After the rats had been anes
thetized by the injection of 2.5 mg/kg butorphanol tartrate (Meiji Seika 
Pharma, Tokyo, Japan), 0.15 mg/kg medetomidine hydrochloride 
(Kyoritsu Seiyaku, Tokyo, Japan), and 2 mg/kg midazolam (Fuji Seiyaku 
Kogyo, Tokyo, Japan), the periodontal defect was surgically created by a 
modified version of the method reported by King, King, Cruchley, 
Wozney, & Hughes (1997). Briefly, an extraoral incision was made at the 
buccal side of the mandible and the buccal plate was exposed. Then, the 
buccal alveolar bone, PDL, and part of the cementum and dentin cor
responding to the distal root of the mandible first molar to the mesial 
root of the second molar were removed to create a periodontal defect 
using dental round burs #6 (MANI, Tochigi, Japan). Each periodontal 
defect in the buccal area was 1.5 mm in height and 2.0 mm in width. 
After creation of the defect, 10 mM (17.6 µg) of SP600125 or DMSO (as 
controls) was applied into the defect with an atelocollagen honeycomb 
sponge (Koken, Tokyo, Japan). The masseter and skin were sutured with 
5–0 nylon and 3–0 silk (MANI). This experiment was performed using 8 
rats (N = 8). In each rat, one side is set as the experimental group and the 
other side as the control group. For 4 of the 8 rats, the right side was set 
as the experimental group and the left side as the control group, and the 
other 4 rats had the opposite. Rats were allowed free access to food and 
water throughout the experimental period. All procedures were per
formed with approval from the Animal Ethics Committee and followed 
the regulations of Kyushu University. 

2.8. Microcomputed tomography (micro-CT) analysis 

Two weeks after application, the healing of periodontal defects was 
evaluated using micro-CT scans (SkyScans 1076; Bruker Micro-CT, 
Kontich, Belgium). Three-dimensional image construction was per
formed using NRecon (Bruker, Billerica, MA). 

2.9. Histological analysis 

Two or four weeks after application, rats were transcardially 
perfused with 4% PFA (Merck Millipore) in phosphate-buffered saline 
(PBS) under anesthesia, as mentioned above. Mandibular specimens 
were extracted and immersed in 4% PFA for an additional 24 h. These 
were then washed with PBS and decalcified in 10% ethyl
enediaminetetraacetic acid (Nacalai Tesque) at 4 ◦C for 4 weeks before 
dehydration and embedding in paraffin. The embedded samples were 
then sectioned (5 µm in thickness). The sections were observed 

microscopically using a BZ800 apparatus (Keyence Corporation) after 
hematoxylin and eosin, Masson’s trichrome, or immunofluorescence/ 
histochemical staining. 

2.10. Immunofluorescence staining 

The sections were deparaffinized and nonspecific antigens were 
blocked with 2% bovine serum albumin (BSA; Nacalai Tesque) in PBS for 
1 h at room temperature (RT). A rabbit polyclonal anti-osterix antibody 
(1:1000 dilution; Abcam), a mouse monoclonal anti-scleraxis antibody 
(1:25 dilution; Santa Cruz Biotechnology), a normal rabbit IgG antibody 
(1:1000 dilution; Cell Signaling Technology), or a normal mouse IgG 
antibody (1:25 dilution; Cell Signaling Technology) were applied as the 
primary antibody overnight at 4 ◦C. Sections were then incubated with 
an Alexa 568-conjugated goat anti-rabbit IgG secondary antibody (1:200 
dilution; Invitrogen) or an Alexa 488-conjugated chicken anti-rabbit IgG 
secondary antibody (1:200 dilution; Invitrogen) for 30 min at RT. Sub
sequently, sections were counterstained with 4′,6-diamidino-2-phenyl
indole (DAPI; Vector Laboratories, Burlingame, CA). The tissue was 
imaged and analyzed using a Biozero digital microscope (Keyence 
Corporation). 

2.11. Immunohistochemical staining 

The sections were deparaffinized and nonspecific antigens were 
blocked with 2% BSA in PBS for 1 h at RT. A rabbit polyclonal anti- 
periostin antibody (1:1000 dilution; Santa Cruz Biotechnology) was 
applied as the primary antibody overnight at 4 ◦C. Sections were then 
incubated with biotinylated anti-rabbit IgG (Nichirei Biosciences) as the 
secondary antibody at RT for 30 min, followed by an avidin-peroxidase 
conjugate (Nichirei Biosciences) for 30 min at RT. Positive staining was 
visualized using Simple Stain DAB solution (Nichirei Biosciences). 
Staining of nuclei was performed using Mayer’s hematoxylin solution 
(Wako Pure Chemical Industries Ltd.). 

2.12. Statistical analysis 

All data was analyzed at least three times and expressed as the mean 
± standard deviation. Statistical analysis was performed by one-way 
ANOVA followed by the Benjamini–Hochberg method for multiple 
comparisons. Student’s paired t-test was performed for comparisons of 
two mean values. Differences were considered significant at P < 0.05. In 
all experiments, the normality of the data distribution is first validated 
by the Shapiro-Wilk normality test before performing one-way ANOVA 
or t-test. 

Table 1 
Primer sequences, annealing temperatures, cycle numbers, and product sizes for quantitative RT-PCR.  

Gene 
(abbreviation) 

GenBank ID Primer sequence forward/reverse Annealing 
temperature (◦C) 

Quantitative RT-PCR 
(cycles) 

Size of amplified 
products (bp) 

OSX NM_152860.2 5′-GCCATTCTGGGCTTGGGTATC-3′/5′- 
GAAGCCGGAGTGCAGGTATCA-3′

60  40  129 

BSP NM_004967.4 5′-CTGGCACAGGGTATACAGGGTTAG-3′/5′- 
ACTGGTGCCGTTTATGCCTTG-3′

60  40  182 

OPN NM_001040058.2 5′-ACACATATGATGGCCGAGGTGA-3′/5′- 
TGTGAGGTGATGTCCTCGTCTGT-3′

60  40  115 

BMP2 NM_001200.4 5′-TCCACTAATCATGCCATTGTTCAGA-3′/5′- 
GGGACACAGCATGCCTTAGGA-3′

60  40  74 

β-actin NM_001101.5 5′-ATTGCCGACAGGATGCAGA-3′/5′- 
GAGTACTTGCGCTCAGGAGGA-3′

60  40  89  
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3. Results 

3.1. Endogenous JNK and phosphorylated JNK are expressed in 
HPDLSCs 

In this study, 2–23 cells were initially examined for the expression of 
JNK by western blotting analysis. The results showed that this cell line 
clearly expressed endogenous JNK and phosphorylated JNK (Supple
mentary Fig. 1A). Next, the effect of SP600125 on the cell viability of 
2–23 cells was examined. Cell viability assay demonstrated that 
SP600125 did not adversely affect the cell viability at concentrations 
below 10 μM (Supplementary Fig. 1B). 

3.2. JNK inhibition promotes osteoblastic differentiation of HPDLSCs 

Western blotting analysis confirmed that the phosphorylation of JNK 
was decreased in 2–23 cells cultured in DM with SP600125 (Supple
mentary Fig. 1C, D). Based on these preliminary experiments, the effect 
of SP600125 on the osteoblastic differentiation of 2–23 cells was 
investigated. The results showed that this inhibitor increased Alizarin 
red S-positive areas compared with that with the SP600125-free culture, 
especially at a concentration of 10 μM (Fig. 1A, B). In addition, quan
titative RT-PCR also demonstrated that the expression levels of 
osteoblast-related genes such as OSX, BSP, and OPN were significantly 
increased in 2–23 cells cultured in DM with SP600125 (Fig. 1C–E). These 
results indicated that JNK inhibition promoted the osteoblastic differ
entiation of HPDLSCs. 

3.3. JNK inhibition activates Smad1/5/8 signaling in HPDLSCs 

To clarify the intracellular signaling molecules that are involved in 
mediating the promotive effect of JNK inhibition on the osteoblastic 
differentiation of HPDLSCs, we examined the effects of JNK inhibition 
on the phosphorylation of bone-related intracellular signaling molecules 
such as Smad1/5/8 (Rath et al., 2011) and ERK1/2 (Ge, Xiao, Jiang, & 
Franceschi, 2007) in HPDLSCs. Western blotting analysis showed that 
the phosphorylation of Smad1/5/8 was upregulated in 2–23 cells 
cultured in DM with SP600125 (Fig. 2A, B). In contrast, SP600125 
treatment did not affect the phosphorylation of ERK1/2 in 2–23 cells 
(Fig. 2A, C). Furthermore, we examined the effect of SP600125 on the 
gene expression of BMP2, which is known to activate Smad1/5/8 
signaling (Miyazono, Maeda, & Imamura, 2005), in HPDLSCs. It was 
found that the expression of BMP2 gene (Fig. 2D) and protein (Fig. 2E, F) 
in 2–23 cells was increased by SP600125 treatment, similar to upregu
lation of the Smad1/5/8 phosphorylation. These results indicated that 
JNK inhibition activated Smad1/5/8 signaling in HPDLSCs under oste
ogenic conditions. 

3.4. Smad1/5/8 signaling is involved in JNK inhibition-induced 
promotion of osteoblastic differentiation of HPDLSCs 

We next examined whether Smad1/5/8 signaling is involved in JNK 
inhibition-induced promotion of osteoblastic differentiation of HPDLSCs 
using a Smad1/5/8 inhibitor, LDN193189. Cell viability assay demon
strated that LDN193189 did not adversely affect the cell viability at 
concentrations below 100 nM (Supplementary Fig. 1E). Western 

Fig. 1. Effects of JNK inhibition on osteoblastic differentiation of HPDLSCs. (A, B) Alizarin red S staining of 2–23 cells cultured in control medium (CM), osteoblastic 
induction medium (differentiation medium [DM]), and DM with 1 or 10 μM SP600125 (DM+SP600125 (1 μM) or DM+SP600125 (10 μM)) for 2 weeks 
(bars = 5 mm) (A). The graph shows quantitative analysis of the area of each Alizarin red S-positive region, which was imaged and measured using a Biozero digital 
microscope (B). (C–E) Quantitative RT-PCR was performed to analyze the gene expression of OSX (C), BSP (D), and OPN (E) in 2–23 cells cultured in CM, DM, and DM 
with 10 μM SP600125 (DM+SP600125) for 7 days. Data were all presented as mean ± standard deviation (error bars) for four individual experiments. **P < 0.01, 
*P < 0.05. n.s.: not significant. 
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blotting analysis confirmed that the phosphorylation of Smad1/5/8 was 
downregulated in 2–23 cells cultured in DM containing SP600125 with 
LDN193189 (Supplementary Fig. 1F, G). LDN193189 treatment sup
pressed SP600125-induced promotion of Alizarin red S-positive reaction 
(Fig. 3A, B) and upregulation of osteoblast-related genes expression in 
2–23 cells (Fig. 3C-E). These results indicated that Smad1/5/8 signaling 
was involved in JNK inhibition-induced promotion of osteoblastic dif
ferentiation of HPDLSCs. 

3.5. Application of JNK inhibitor promotes regeneration of alveolar bone 
in periodontal defects 

We assessed the effects of JNK inhibition on the regeneration of bone 
tissue by using a rat periodontal defect model. The periodontal defects 
were surgically created by a modified version of the procedure described 
in a previous report (King et al., 1997). The buccal alveolar bone, PDL, 
and part of the cementum and dentin corresponding to the distal root of 
the mandibular first molar to the mesial root of the second molar were 
carefully removed to create periodontal defects (Fig. 4A, B). An atelo
collagen sponge as a scaffold with or without SP600125 was placed into 
the defect (Fig. 4C). Two weeks after the operation, micro-CT images 
showed that, in the group with the application of SP600125, bone 
regeneration increased in the defect site compared with that in the 
control (Fig. 5A–D). We also investigated the structures of the regener
ated alveolar bone in histological sections. The results demonstrated 
that, upon the application of SP600125, the bone volume was signifi
cantly higher than that in the control group (Fig. 5E–I). In addition, 
immunohistochemical staining demonstrated that the expression of 

osterix, which is one of the osteoblast-related markers, was stronger in 
the newly formed alveolar bone in the SP600125 group than in the 
control group (Fig. 5J-M, and Supplementary Fig. 2A-D). These results 
indicated that the JNK inhibitor promoted the regeneration of alveolar 
bone in periodontal defects. 

3.6. Application of JNK inhibitor induces regeneration of PDL tissue in 
periodontal defects 

Furthermore, we assessed whether JNK inhibition also affects the 
regeneration of PDL tissue. At 2 weeks after the SP600125 application, 
narrow spaces of connective tissue similar to PDL were formed adjacent 
to the newly formed bone in both groups, and these new tissues showed 
periodontal tissue-like structures (Fig. 5E-H). Masson’s trichrome 
staining demonstrated that, at 2 weeks after the operation, the fibers in 
the control group were sparsely formed, irregular in orientation, and 
almost not attached to the root surface (Fig. 6A, C). On the other hand, 
the fibers in the SP600125 group were abundant and oriented generally 
perpendicularly on the root surface, although there were some gaps 
between the fibers and the root (Fig. 6B, D). Even at 4 weeks after the 
operation, the fibers in the control group remained parallel to the root 
and irregularly oriented (Fig. 6E, G), whereas the fibers in the SP600125 
group were embedded into a thin layer on the root surface and oriented 
perpendicularly on the root surface, and exhibited the structure of 
“Sharpey’s fibers” (Fig. 6F, H). In addition, the newly formed PDL tissue 
in the SP600125 group showed higher expression of PDL-related marker 
such as periostin (Fig. 6I, J) and scleraxis (Supplementary Fig. 2E-H), 
compared to that in the control group. These results indicated that the 

Fig. 2. Effects of JNK inhibition on intracellular signaling molecules in HPDLSCs. (A–C) 2–23 cells were cultured in CM, DM, or DM with 10 μM SP600125 
(DM+SP600125) for 4 h. Western blotting analysis was performed to determine the expression of phosphorylated-Smad1/5/8 (p-Smad1/5/8), total-Smad1/5/8 (t- 
Smad1/5/8), phosphorylated-ERK (p-ERK), total-ERK (t-ERK), and β-actin was used as loading controls (A). The graphs show quantification of the expression of p- 
Smad1/5/8 (B), p-ERK (C). (D) Quantitative RT-PCR was performed to analyze the gene expression of BMP2 in 2–23 cells cultured in CM, DM, and DM+SP600125 for 
3 h. (E, F) Western blotting analysis was performed to analyze the protein expression of BMP2 in 2–23 cells cultured in CM, DM, and DM+SP600125 for 4 h, and 
β-actin was used as loading controls (E). The graphs show quantification of the protein expression of BMP2 (F). Data were all presented as mean ± standard deviation 
(error bars) for three individual experiments. *P < 0.05. n.s.: not significant. 
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JNK inhibitor promoted the regeneration of not only alveolar bone but 
also PDL tissue. 

4. Discussion 

In the present study, we found that JNK inhibition promoted the 
osteoblastic differentiation of HPDLSCs in vitro and that JNK inhibitor 
induced the regeneration of alveolar bone and PDL tissue in a rat 

periodontal defect model. This is the first report to demonstrate that JNK 
inhibition can be a therapeutic target for the regeneration of periodontal 
tissues. 

In order to establish a therapeutic method for the regeneration of lost 
periodontal tissues, the development of periodontal tissue regeneration 
methods using several bioactive molecules has been attempted so far. In 
addition to fibroblast growth factor (FGF), which has already been 
clinically applied (Takayama, Murakami, Shimabukuro, Kitamura, & 

Fig. 3. The Role of Smad1/5/8 signaling on JNK inhibition-induced promotion of osteoblastic differentiation of HPDLSCs. (A-B) Alizarin red S staining of 2–23 cells 
cultured in CM, DM, and DM+SP600125 containing DMSO (DM+SP) or 100 nM LDN193189 (DM+SP+LDN) for 2 weeks (Bars = 5 mm) (A). The graph shows the 
quantitative analysis of the area of each Alizarin red S-positive region, which was imaged and measured using a Biozero digital microscope (B). (C-E) Quantitative 
RT-PCR was performed to analyze the gene expression of OSX (C), BSP (D), and OPN (E) in 2–23 cells cultured in CM, DM, DM+SP, and DM+SP+LDN for 7 days. 
Data were all presented as mean ± standard deviation (error bars) for four individual experiments. *P < 0.05. n.s.: not significant. 

Fig. 4. Rat periodontal defect model. (A–C) Creation of rat periodontal defects and application of SP600125. (A) A micro-CT image of the buccal area of the 
mandibular bone before creating periodontal defects. White box represents the location and range of defects (height: 1.5 mm; width: 2.0 mm). (B) An image of the 
surgically created periodontal defects before the application of SP600125. Black arrow shows the location of defects. (C) An image of the application of SP600125 
into periodontal defects with atelocollagen honeycomb sponges. Black arrowhead shows an atelocollagen honeycomb sponge. This experiment was performed using 
8 rats (N = 8). 
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Fig. 5. Effects of JNK inhibitor on regeneration of alveolar bone in a rat periodontal defect model. (A–D) Representative 3D reconstructed micro-CT images of 
periodontal defects 2 weeks after the operation with the application of DMSO as a vehicle control (Cont.) (A, C) and SP600125 (B, D). Images are shown using long 
axial (A, B) and horizontal (C, D) sections. White dotted lines outline periodontal defects. White arrowhead shows the regenerated bone tissue. Bars = 500 µm. (E–I) 
Histological analyses in a rat periodontal defect model. Hematoxylin-eosin staining was performed to assess the formation of new alveolar bone in periodontal defects 
2 weeks after the operation in the control group (Cont.) (E, G) and the SP600125 group (SP600125) (F, H). Black dotted lines outline periodontal defects. Black 
arrowhead shows the regenerated alveolar bone. Bars = 300 µm (E, F). Higher-magnification images focused on newly formed periodontal tissues near the root (G, H; 
red boxes in E and F). Bars = 100 µm. The graph shows the quantification of areas of eosin-positive regenerated alveolar bone in each group. Data were all presented 
as mean ± standard deviation (error bars) for three individual experiments. *P < 0.05. (I). (J–M) Immunofluorescence staining was performed to assess the 
expression of osterix (OSX; red) in the regenerated alveolar bone in Cont. (J) and SP600125 (K). No positive staining was observed in tissues incubated with rabbit 
control IgG (cIgG; L, M). White dotted lines outline periodontal defects. Cells were counterstained with DAPI (blue). Bars = 100 µm. All images are shown using 
horizontal sections, and are representatives of eight independent experiments. Me, the mesial root of the second molar; Di, the distal root of the first molar; Bu, the 
proximal buccal root of the first molar; AB, alveolar bone; D, dentin; PDL, periodontal ligament. 
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Okada, 2001; Murakami et al., 2003; Murakami, 2011), growth factors 
or proteins including platelet-derived growth factor (PDGF), BMP2, 
insulin-like growth factor (IGF), and transforming growth factor-β 
(TGF-β) also induce osteogenesis and have therapeutic potential in the 
regeneration of periodontal tissues (Wang, 1993; Graves & Cochran, 
1994; McKay, Peckham, & Badura, 2007; Bashutski & Wang, 2009). 
However, it is known that a large amount of growth factor or protein 
must be locally administered for bone regeneration in large tissue de
fects. In fact, clinical results have shown that low concentrations of 
TGF-β and BMP2 do not produce the expected bone-forming effects (Wu, 
Bitzer, Ju, Mundel, & Böttinger, 2005; Gautschi, Frey, & Zellweger, 
2007; Woo, 2012). Taken together, these reports indicate that regener
ative therapies using a large amount of growth factors or recombinant 
proteins show effective biological activity, but it is difficult to apply such 
approaches clinically because they are extremely expensive and may be 
associated with some side effects. Therefore, we have investigated a 
periodontal tissue regeneration therapy using compounds that can act as 
alternatives to growth factors, and have focused on the inhibition of JNK 
phosphorylation. 

In the present study, SP600125 promoted the formation of miner
alized nodules and the expression of bone-related genes in HPDLSCs, 
suggesting the involvement of the inhibition of JNK signaling in regu
lating the osteoblastic differentiation of PDLSCs. Furthermore, 
SP600125 promoted the BMP2 expression and the phosphorylation of 
Smad1/5/8, and by inhibiting these promoting effects, SP600125- 
induced osteoblast differentiation was suppressed. Smad1, Smad5, and 
Smad8, which are regulated by BMP proteins such as BMP2 and BMP4, 
are known to play critical roles as transcriptional regulators in osteo
blastogenesis and bone metabolism (Nishimura et al., 1998; Fujii et al., 
1999; Kawai et al., 2000). In addition, genetic and biochemical studies 
performed to date indicate that Smad1/5/8 signaling regulates the 
expression and functions of several transcription factors that are 
essential for osteoblastic differentiation (Nishimura et al., 2008). Wang 
et al. reported that Smad1/5/8 signaling participates in enhancing the 
osteogenic differentiation of PDLSCs (Wang, Li, Ye, He, & Song, 2020). 
These reports and our findings indicate that SP600125 would promote 
osteoblastic differentiation of HPDLSCs through BMP2-Smad1/5/8 
signaling. 

Fig. 6. Effects of JNK inhibitor on regeneration 
of PDL tissue in a rat periodontal defect model. 
(A–H) Masson’s trichrome staining was per
formed to assess the formation of new PDL tis
sue in periodontal defects 2 weeks (A–D) and 4 
weeks (E–H) after the operation in the control 
group (Cont.) (A, C, E, G) and the SP600125 
group (SP600125) (B, D, F, H). Higher- 
magnification images focused on newly 
formed PDL tissue near the root (C, D, G, H; red 
boxes in A, B, E, F). White arrowhead shows the 
PDL fibers attached to a thin layer on the root 
surface (H). Bars = 100 µm. (I, J) Immunohis
tochemical staining was performed to assess the 
expression of periostin in newly formed PDL- 
like tissues in Cont. (I) and SP600125 (J). 
Black dotted lines outline periodontal defects. 
Black arrowhead shows periostin-positive PDL 
tissue. Nuclei were stained with hematoxylin. 
Bars = 100 µm. All images are shown using 
horizontal sections, and are representatives of 
eight independent experiments. D, dentin; PDL, 
periodontal ligament.   
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Based on the observations in the present study, the effect of 
SP600125 on bone regeneration in vivo was examined using a rat 
periodontal defect model. We demonstrated that SP600125 induced the 
regeneration of alveolar bone 2 weeks after application into periodontal 
defects. In addition, the newly formed bone induced by SP600125 
strongly expressed osterix, which is an osteoprogenitor marker. In a 
previous study, osterix knockout mice showed severe impairment of 
bone formation and osteoblastogenesis (Nakashima et al., 2002), indi
cating that osterix is an essential transcription factor for bone develop
ment. These findings suggest that the alveolar bone regenerated by 
SP600125 is rich in osteoprogenitors and that SP600125 may have high 
potential to regenerate such bone. Furthermore, our current study 
revealed that SP600125 induces the regeneration of PDL tissue that are 
regularly oriented like “Sharpey’s fibers” and express PDL-related 
markers such as periostin and scleraxis in a rat periodontal defect 
model. Periostin was reported to regulate collagen fibrillogenesis, thus 
maintaining correct collagen fibril formation and maturation in heart 
valves, skin, and tendon; it is also known as a PDL-specific marker 
(Horiuchi et al., 1999; Romanos, Asnani, Hingorani, & Deshmukh, 
2013). Scleraxis is expressed in tendon progenitor populations and 
mature tendons (Brent, Schweitzer, & Tabin, 2003), and is also 
commonly used as a marker for periodontal ligament because PDL has 
tendon-like features (Pöschke, Krähling, Failing, & Staszyk, 2018). 
Therefore, SP600125 may contribute to the regeneration of the entire 
periodontal tissue by regenerating not only alveolar bone but also PDL 
tissue. 

In this study, we identified JNK inhibition as a novel method that 
promotes the regeneration of periodontal tissues. Our findings may lead 
to the development of a novel periodontal regeneration therapy. 
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