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ABSTRACTS 

 

Purpose: To analysis daidzein increases the expression of bone morphogenetic protein-2 

(BMP-2) and runt-related transcription factor 2 (Runx2) after experimental tooth 

movement (EXTM). 

Materials and Methods: 36 Wistar rats were randomly divided into the EXTM group 

and EXTM with daidzein group (EXTM+DZ group). After EXTM, the rats in the 

EXTM+DZ group were treated with daidzein (10 mg/kg/day). The bone mineral density 

(BMD), ratio of bone volume to tissue volume (BV/TV), and ratio of relapse were 

analyzed by micro-computed tomography. Histological changes and BMP-2 and Runx2 

expressions were examined by immunohistochemical staining. Human periodontal 

ligament cells were subjected to tension force and treated with 10 μg/mL daidzein in vitro. 

The effects on BMP-2 and Runx2 with daidzein were confirmed by real-time polymerase 

chain reaction and enzyme-linked immunosorbent assay. 

Results: The EXTM+DZ group showed a significantly decreased ratio of relapse and 

increased BMD and BV/TV as compared to the EXTM group. Histological changes 

showed that the osteoblasts were observed in the EXTM+DZ group. The ratios of BMP-

2 and Runx2 positive cells in the EXTM+DZ group were higher than that in the EXTM 

group. Moreover, daidzein upregulated the mRNA and protein expressions of BMP-2 and 

Runx2 in a time-dependent manner. 

Conclusion: daidzein decreased the ratio of relapse and increased BMD, BV/TV and the 

expressions of BMP-2 and Runx2 in PDLCs. These results suggest that daidzein may 

promote the differentiation of PDLCs into osteoblasts and bone formation. 
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INTRODUCTION 

The relapse of teeth after orthodontic treatment is a clinical problem that prevents 

long-term stability of occlusion [1]. It is a physiological reaction of the dental supporting 

tissue, such as the periodontal ligament and alveolar bone, to apply force. Periodontal 

ligament cells (PDLCs) are a mixture of mesenchymal cells that are capable of 

differentiate into osteoblasts or cementoblasts to respond to mechanical stresses [2]. 

PDLCs are exposed to tension and compression forces during orthodontic tooth 

movement (OTM), and these forces are stored in periodontal and transseptal fiber systems. 

After the orthodontic appliance is removed, these forces are released, which causes the 

teeth to move back toward their original positions. The relapse pressure remains until 

alveolar bone resorption is completed [3]. Therefore, treated dentition needs to be 

stabilized with retainers for a long time. Several studies showed that therapeutic agents, 

such as simvastatin [4], relaxin [5], and bisphosphonate [6], prevent the relapse of teeth 

in animal models after experimental tooth movement (EXTM). Although the molecular 

mechanisms are different, the extent of relapse is decreased by modifying the remodeling 

process of the dental supporting tissues. These findings indicate the clinical utility of safe 

pharmacotherapy agents to decrease relapse after orthodontic treatment. 

Daidzein is a soy-derived isoflavone and its structure is similar to estrogen. It 

promotes osteoblastic proliferation and differentiation by stimulating the activation of 

bone morphogenic protein (BMP)-2/ Smads signaling [7]. BMP-2 has a strong 

osteoinductive capacity and promotes the differentiation of mesenchymal cells into 

osteoblasts by controlling the expression and function of runt-related transcription factor 

2 (Runx2) [8]. Runx2 is the osteoblast-specific product of the core-binding factor 1 

(Cbfa1) gene and a direct target of mechanical force signaling in osteoblasts and 
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periodontal osteoblastic cells [9, 10]. It has been reported that periodontal ligament 

fibroblasts are different from dermal fibroblasts and express genes for BMP-2 and Runx2 

[11,12]. Under tension force (TF), these gene expressions mark the beginning of the 

osteogenic differentiation of PDLCs in a time-dependent manner [13]. 

Therefore, this study aimed to investigate whether daidzein promotes differentiation 

of PDLCs into osteoblasts and bone formation and to reveal the possibility of inhibiting 

relapse after EXTM. 

 

MATERIALS AND METHODS 

EXTM and treatment with daidzein in rats 

The experimental protocol was approved by the Animal Experimentation Committee 

of Nihon University (AP17MD008-2). The animals were maintained in separate cages in 

12 hours light and dark environment at a constant temperature of 23 °C. Wistar male rats 

(n=36, 180.0 ± 10.0 g in weight and 6 weeks old) were randomly divided into the 

following two groups: EXTM group (n=18) and EXTM with daidzein (EXTM+DZ) 

group (n=18). The rats were anesthetized using three anesthetic agents, hydrochloric acid 

medetomidine, mitazoramu, and butorphanol tartrate, mixed in an intraperitoneal 

injection (0.15 mg/kg) before each operation. The rats underwent insertion of an 

orthodontic elastic module (Tomy International, Inc., Tokyo, Japan) between the left 

maxillary first (M1) and second molars (M2) for 7 days, according to the method of Waldo 

et al. [14] (Fig. 1A, B). After the EXTM, the tooth was fixed with composite resin to 

maintain the distance between M1 and M2 from day 8 to day 14 (retention period) (Fig. 

1A, C). Following this, the composite resin was removed, and relapse of the tooth was 

observed until day 21 (relapse period). 
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During the retention and relapse periods, the rats were intraperitoneally administered 

daidzein (10 mg/kg/day) dissolved in phosphate-buffered saline (PBS) in the EXTM+DZ 

group and PBS in the EXTM group (Fig. 1A). At the end of this experiment, six rats on 

days 7, 14 and 21 were sacrificed, and the maxillae were dissected for histological and 

immunohistochemical analysis. 

 

Micro-computed tomography scanning 

After being deeply anesthetized, the rats were scanned using a micro-computed 

tomography (micro-CT) system (R_mCT2, Rigaku, Tokyo, Japan) on days 7, 14 and 21. 

Micro-CT scan was performed according to the method of Bae et al. [15]. Three-

dimensional (3D) images were generated for each specimen using TRI/3D-BON (RATOC 

System Engineering, Tokyo, Japan), as recommended by the manufacturer, for 

quantitative analysis. The region of interest (ROI) was defined as the area of alveolar 

bone on the distal side near the mesiobuccal root, with the top surface of the cube (500 

μm) located at the junction of the intermediate and apical two-thirds of the root (Fig. 1D). 

The quantity of new bone was evaluated using the ratio of bone volume to total volume 

(BV/TV) and the bone mineral density (BMD). 

The extent of relapse was measured in pixels using Image J (National Institutes of 

Health, Bethesda, USA) on two-dimensional sagittal sections displaying the least inter-

molar distance between M1 and M2 were selected for this measurement (Fig. 1E). 

The EXTM distance in the rats at 7 days was set to 100%, and the ratio of relapse at 

21 days in both groups was calculated using the following formula: 

Ratio of relapse = (EXTM distance at 7days- EXTM distance at 21 days) / EXTM at 7 

days ×100 
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Histology and Immunohistochemistry 

The rats were sacrificed on days 7,14 and 21 after EXTM. The maxillae were 

dissected and trimmed into small blocks. The blocks were sliced into 4 μm horizontal 

sections and prepared for histological and immunohistochemical staining. Periodontal 

tissues in the same area as the ROI were observed. The right M1 in the EXTM group, 

which showed no movement until day 7, were assigned for histological and 

immunohistochemical analysis on day 0. The de-paraffinized sections were incubated 

with mouse monoclonal antibody against rat BMP-2 (Abcam, Tokyo, Japan, 1:500) and 

rabbit polyclonal antibody against rat Runx2 (Abcam, 1:500) for 18 hours at 4 °C. BMP-

2 and Runx2 were stained using the Histofine Simple Stain MAX-Po kit (Multi; Nichirei, 

Co., Tokyo, Japan) in accordance with the manufacturer’s protocol. Positive staining was 

determined microscopically and counted by three independent observers. 

 

Cell culture 

Six teeth were obtained from healthy volunteers (2 males, 4 females; age, 12-20 years) 

during the orthodontic treatment. All volunteers signed informed consent, and the study 

was approved by the Ethics Committee of Nihon University School of Dentistry at 

Matsudo (EC18-17-020-1). Human PDLCs (hPDLCs) were collected from the premolars 

extracted according to a modification of the method described by Somerman et al. [16]. 

The hPDLC culture was performed according to the method of Takano et al. [17] and 

used for the experiments at passages 6-9. 

 

Application of TF and treatment with daidzein in hPDLCs 
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We performed the following in vitro experiments as described by Takano et al. [15]. 

Briefly, hPDLCs (7×106 cells/well) were seeded into a 10 cm2 STREX-chamber (STREX 

Inc.Osaka, Japan) and subjected to TF for 12 hours in a culture medium containing 1% 

fetal calf serum. The cells were then treated with daidzein (10 μg/mL) after removing TF, 

and incubated for up to 72 hours. The hPDLCs were divided into the following three 

groups: control group, cells after application of (TF) group, and TF with daidzein 

(TF+DZ) group. 

 

Real-time PCR 

Total RNA was extracted from hPDLCs using a RNeasy○R  Mini kit (Qiagen Co., 

Tokyo, Japan). The mRNA was reverse transcribed to cDNA using a Prime ScriptTM RT 

Reagent Kit, and Real-time PCR amplification was performed with a SYBR Premix Ex 

TaqTM by TP-800 Thermal Cycler Dice○R (Takara Co., Shiga, Japan). The primers are 

listed in Table 1. 

 

Enzyme-linked immunosorbent assays (ELISA) 

The protein expressions of BMP-2 and Runx2 were detected using ELISA according 

to the manufacturer’s instructions (R&D Systems, Minneapolis, USA). The absorbance 

was measured at a wavelength of 405 nm using a microplate reader (Tecan Japan Co., Ltd, 

Kanagawa, Japan).  

 

Statistical analysis 

All data are expressed as mean ± standard deviation. Differences among multiple 
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groups were calculated using Kruskal-Wallis test, and differences between two groups 

were determined using the Mann-Whitney U test. The p-values <0.05 and <0.01 were 

considered statistically significant. 

 

RESULTS 

Micro-CT analysis of the ratio of relapse, BMD, and BV/TV in rats 

Micro-CT analysis showed that the distance between M1and M2. The distance in the 

EXTM+DZ group was wider than that in the EXTM group on day 21 (Fig. 2A). The ratio 

of relapse in the EXTM+DZ group was significantly lower than that in the EXTM group 

(Fig. 2B). Micro-CT analysis of the ROI in both groups is shown in Figs. 2C and D. The 

BMD and BV/TV values were significantly higher in the EXTM+DZ group than those in 

the EXTM group on day 21. 

 

Histological and immunohistochemical findings of BMP-2and Runx2 

The histological findings are shown in Fig. 3A. In both the EXTM and EXTM+DZ 

groups, the periodontal ligament specimens consisted of relatively dense connective 

tissue fibers and PDLCs that ran horizontally from the root cement to the alveolar bone 

on day 0. The fibers became coarse and irregular, and the PDLCs were elongated among 

the fibers on day 7. The EXTM+DZ group showed extended the fibers and PDLCs 

compared to the EXTM group on day 14. The arrangement of fibers gradually returned 

to its previous state before the EXTM in both the EXTM and EXTM+DZ groups on day 

21. The PDLCs showed larger nucleus with a rich cytoplasm and osteoblasts were 

observed in the EXTM+DZ group  

Immunohistochemical findings for BMP-2 and Runx2 were shown in Fig. 3B, C. The 
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positive reactions of BMP-2 and Runx2 in the cytoplasm of PDLCs were recognized.  

The ratio of BMP-2 and Runx2 positive cells peaked at day 7 in the EXTM group. In 

contrast, the ratio of BMP-2 positive cells increased in a time-dependent manner in the 

EXTM+DZ group. The ratio of Runx2 positive cells peaked at day 14 in the EXTM+DZ 

group. Quantitative evaluations revealed that the ratios of BMP-2 and Runx2 positive 

cells in the EXTM+DZ group were significantly higher than that in the EXTM group on 

day 14 and 21 (Fig. 3D). 

 

Gene and protein expressions of BMP-2 and Runx2 after application of TF in hPDLCs 

The mRNA expressions of BMP-2 and Runx2 significantly increased in the TF+DZ 

group as compared to the TF and control groups in a time-dependent manner (Fig. 4A, 

B). 

The protein expressions of BMP-2 and Runx2 significantly increased in the TF+DZ 

group in a time-dependent manner (Fig. 4C, D). 

 

DISCUSSION 

In this study, we investigated the effect of daidzein on relapse after EXTM. In the 

ratio of relapse, the EXTM+DZ group showed significantly decreased as compared to the 

EXTM group at 21 days. In addition, there was no significant difference between the 

EXTM and EXTM+DZ groups with respect to BMD and BV/TV from days 0 to 14. 

However, the BMD and BV/TV values in the EXTM+DZ group were significantly higher 

than those in the EXTM group on day 21. Mao et al. [18] showed that BMD and BV/TV 

of the alveolar bone on the tension side significantly increased after orthodontic 

stimulation. These results indicate that the application of TF induces bone formation, and 
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daidzein promote more bone formation on the tension side. Thus, daidzein has an effect 

on decreasing relapse to promote bone formation after the OTM. 

The histological staining suggested that daidzein promoted the proliferation of PDLCs 

and differentiation into osteoblasts in the EXTM+DZ group. The ratio of BMP-2 positive 

cells in the EXTM+DZ group was significantly higher than that in the EXTM group on 

days 14 and 21 after EXTM. Furthermore, in vitro studies showed that daidzein 

significantly enhanced the mRNA and protein expressions of BMP-2 in hPDLCs after the 

application of TF in a time-dependent manner. The expression of BMP-2 in mesenchymal 

stem cells and osteoblasts promotes osteogenic differentiation of these cells and bone 

formation [19]. Nokhbehsaim et al. [20] have indicated that cyclic stretching increases 

the gene expression level of BMP-2 in PDLCs. Furthermore, daidzein stimulates 

osteoblastic differentiation at various stages from osteoprogenitors to terminally 

differentiated osteoblasts [21]. Therefore, the present results suggest that daidzein 

promotes bone formation through BMP-2 expression. 

BMP-2 controls the expression and functions of Runx2 through Smad signaling [22]. 

BMP-2 acts through a complex serine-threonine kinase receptor mechanism to activate 

the downstream transcription factors, Smad1, 5, and 8, which are phosphorylated on 

serine residues [23]. Smad1, 5, and 8 form a complex with Smad4, and the complex is 

subsequently translocated into the nucleus to activate the transcription of Cbfa1/Runx2, 

which regulates bone formation [8]. Runx2 controls bone development and maturation 

by regulating osteoblastic differentiation and function. The expression of Runx2 is 

upregulated in preosteoblasts and immature osteoblasts, but is downregulated in mature 

osteoblasts [24]. In vivo studies showed that the ratio of Runx2 positive cells in the 

EXTM+DZ group was significantly higher than that in the EXTM group on days 14 and 
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21. However, the ratio of Runx2 positive cells in the EXTM+DZ group peaked at 14 day 

and decreased on day 21. The results of this study indicated that the differentiation of 

preosteoblasts and immature osteoblasts into mature osteoblasts were promoted by 

downregulation of Runx2 expression. 

In vitro studies demonstrated that daidzein significantly enhanced the mRNA and 

protein expressions of Runx2 in hPDLCs after the application of TF in a time-dependent 

manner. Shen et al. [25] reported that increased Runx2 expression in a time-dependent 

manner under mechanical tension marked the beginning of osteogenic differentiation of 

PDLCs. The results of this study indicated that daidzein enhanced the early stage of the 

osteogenic lineage of PDLCs through the expression of Runx2. 

In conclusion, daidzein decreased the ratio of relapse and increased BMD, BV/TV 

and the expressions of BMP-2 and Runx2 in PDLCs. These results suggest that daidzein 

may promote the differentiation of PDLCs into osteoblasts and bone formation. 
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Table 1.  DNA primers applied in Real-time PCR analysis 

Gene Primer sequences 

BMP-2 Forward: 5 - GTGGTGGAAGTGGCCCACTT-3  

Reverse: 5’- CTGTTTGTGTTTGGCTTGACG-3  

RUNX2 

 

Forward: 5’- CAGATGGGACTGTGGTTACTGT-3’ 

Reverse: 5 - GTGAAGACGGTTATGGTCAAGG-3  

GAPDH  

 

Forward: 5 - GCACCGTCAAGGCTGAGAAC-3  

Reverse: 5 - TGGTGAAGACGCCAGTGGA-3  
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A. 

 

 

 

 

 

 

 

B.                                C. 

       

D.                                E. 

               

FIGURE 1. Experimental tooth movement (EXTM) in rats. 

(A) Experimental timings for each group. (B) Insertion of an orthodontic elastic module 

between the left maxillary first (M1) and second molars (M2) of rats. (C) After the EXTM, 

M1 and M2 were fixed with composite resin to maintain the distance. (D) BMD and 

BV/TV were calculated in the ROI by micro- CT analysis (bar, 1 mm). 

(E) Distance of relapse after EXTM was measured as the least intermolar distance 

between M1 and M2 (bar, 1 mm). 
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A. 

 
B.           C.                        D.     

 
 

FIGURE 2. Micro-CT analysis. 

(A) Micro-CT images showing the maxillary left first (M1) and second molars (M2) in 

the experimental tooth movement (EXTM) group and EXTM+daidzein (DZ) group (bar, 

1 mm). (B) Ratio of relapse in the EXTM+DZ group was significantly lower than that of 

the EXTM group on day 21. (C) BMD and (D) BV/TV were significantly higher in the 

EXTM+DZ group as compared to the EXTM group on day 21. Data were represented as 

mean ± standard deviation (n = 6), and *p < 0.05; **p < 0.01 indicated the levels of 

statistical significance. 
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FIGURE 3. Histological staining and immunohistochemical staining for BMP-2 and 

Runx2. 

(A) histological staining (B side, bone side; R side, root side; original magnification, 

×200; bar, 50 μm). (B) Immunohistochemical staining for BMP-2 (B side, bone side; R 

side, root side; original magnification, ×200; bar, 50 μm; Red arrow heads indicate BMP-

2-positive cells). (C) Immunohistochemical staining for Runx2 (B side, bone side; R side, 

root side; original magnification, ×200; bar, 50 μm; Red arrow heads indicate Runx-2-

positive cells). (D) Ratios of BMP-2 and Runx2 positive cells in the experimental tooth 

movement (EXTM)+daidzein (DZ) group were significantly higher than that of the 

EXTM group on day 14 and 21. Data were represented as mean ± standard deviation (n 

= 6), and the levels of statistical significance were indicated as *p < 0.05 and **p < 0.01.  
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A.                                  B. 

 
C.                                  D. 

 

 

FIGURE 4. Enhanced expression of osteogenic markers in human periodontal ligament 

cells by daidzein (DZ). 

The mRNA expressions of BMP-2 (A) and Runx2 (B) were detected using real-time PCR. 

Protein expressions of BMP-2 (C) and Runx2 (D) were detected using ELISA. The 

relative expressions of each protein were compared with that of the control (CTL). Data 

were represented as mean ± standard deviation (n = 6), and the levels of statistical 

significance were indicated as †p < 0.05 vs. CTL group and *p < 0.05 vs. tension force 

(TF) group. 

 


