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            Abstract
          
        

        
          Angelica tenuissima Nakai (ATN) is an herbal medicine used to treat toothache, headaches, and cold symptoms. However, the therapeutic effects of ATN have not been thoroughly identified. The purpose of this research was to explore the effect of ATN in osteo/odontoblastic differentiation of human periodontal ligament stem cells (hPDLSCs). The influences of ATN on the differentiation and proliferation of hPDLSCs were evaluated using alizarin red S staining, real-time PCR, western blot and MTT assay. ATN promoted osteo/odontoblastic differentiation of hPDLSCs, accelerated mineral nodule formation in vitro, and displayed no toxicity at higher concentrations. The mRNA expression levels of alkaline phosphatase (ALP), type I collagen (COL1), osteopontin (OPN), dentin matrix acidic phosphoprotein 1 (DMP-1), and dentin sialophosphoprotein (DSPP) in hPDLSCs and the protein levels of osteocalcin (OCN), DSPP, DMP-1, and Runx2 were significantly higher after ATN treatment. HEK293 cells overexpressing the osterix (OSX) gene and treated with ATN (100 μg/mL) showed an increase in BSP promoter activity.	Those results suggest that ATN enhances the osteo/odontoblastic differentiation of hPDLSCs. These therapeutic properties of ATN can serve as a theoretical basis for further research on the applicability of ATN in periodontal tissue regeneration.

        

        
          
            초록
          
        

        
          Angelica tenuissima Nakai (ATN)는 치통, 두통, 감기 증상을 치료하는 데 사용되는 천연물로 약리학적 기전 및 질환에 대한 다양한 치료효과가 완전히 규명되지 않았다. 본 연구의 목적은 ATN이 사람 치주인대줄기세포의 조골/상아질모세포 분화에 미치는 영향을 탐색하는 것이었다. 치주인대줄기세포의 분화 및 증식에 대한 ATN의 영향은 Alzarin red S 염색, 실시간 PCR, 웨스턴 블랏 및 MTT 분석을 사용하여 평가되었다. ATN은 치주인대줄기세포의 조골/상아질모세포 분화를 촉진하고, 미네랄 결절 형성을 가속화하였으며, 고농도에서 독성을 보이지 않았다. 또한 ATN은 치주인대줄기세포에서 알칼리 포스파타아제(ALP), 콜라겐 타입 I(COL1), 오스테오폰틴(OPN), 덴틴 매트릭스 산성 인단백질 1(DMP-1), 덴틴시알로포스포단백질(DSPP)의 mRNA 발현 및 오스테오칼신(OCN), DSPP, DMP-1, Runx2의 단백질 수준을 유의하게 증가시켰다. 추가로, osterix유전자를 과발현하고 ATN (100 µg/mL)으로 처리한 HEK293 세포는 BSP 프로모터 활성이 증가하는 것을 보였다. 이러한 결과는 ATN이 치주인대줄기세포의 조골/상아질모세포 분화를 향상시킨다는 것을 의미한다. ATN의 이러한 치료적 특성은 치주 조직 재생에서 ATN의 적용 가능성에 대한 추가 연구를 위한 이론적 근거로 작용할 수 있다.
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      Introduction
      Angelica tenuissima Nakai (ATN), belonging to the Apiaceae family, is a traditional medicine used to treat headaches, toothaches, and diarrhea in East Asian (1, 2).	The hepatoprotective and antioxidative activities of ATN have been well studied (3, 4), and its anti-inflammatory role as a cyclooxygenase-2 inhibitor has also been reported (1). The anti-inflammatory properties of ATN are attributed to its components, including ferulic acid and various essential oil compounds, such as limonene, 3-butylidenephthalide, γ-terpinene, ligustilide, senkyunolide, and neocnidilide (5, 6). Ferulic acid functions to neutralize lipopolysaccharide-induced inflammatory response (7), whereas ligustilide prevents osteoarthritis by suppressing NF-κB activation via the PI3K/AKT pathway (8).

      Pulpal tissue inflammation associated with periodontal disease is often the root cause for toothaches (9). Dental caries lead to acute pulpitis, inflammation of the dental pulp and causes critical pulp pain (10). Damaged teeth restore function and appearance relatively well after endodontic and restorative treatment (11). Periodontitis is a common chronic inflammatory disease that results in the degeneration of periodontal tissue (12). Periodontitis treatment involves preventing infection as well as the regeneration of damaged periodontal tissue, including the periodontal ligament, cementum, and alveolar bone.	General treatments for periodontal disease include basic treatment, guided bone regeneration (GBR), and guided tissue regeneration (GTR) (13). However, these methods have poor clinical predictability and the outcomes are limited. Interestingly, stem cell therapy has shown improved clinical outcomes for periodontitis (14, 15).

      Among the most reliable sources of mesenchymal stem cells (MSCs) in the human body, human periodontal ligament stem cells (hPDLSCs) have the ability to differentiate into periodontal ligament (PDL), bone, and cementum-forming lineages (16). These cells display self-renewal and multipotential abilities that are useful in periodontal tissue treatment therapies and regenerative medicine (17, 18). The destruction of periodontal tissue in periodontitis is a consequence of inflammatory reactions stemming from prevalent bacterial infections (19). Thus, ATN and its anti-inflammatory properties, which has been shown to be based on cyclooxygenase-2 suppression, may has significant roles in periodontitis treatment (1).	However, to the present date, no studies have elucidated the roles of ATN on periodontal tissue regeneration. Our study objects to examine the influences of ATN on periodontal tissue regeneration and to understand its potential in the management of periodontal disease.

    

    

  
    
      Materials and Methods
      
        1. Preparation of ATN extract
        ATN was obtained from Kwang Myung Dang (Ulsan, Korea) and was verified for its authenticity in the Department of Herbology, College of Korean Medicine, Wonkwang University. After adding 1L of distilled water to 75 g of ATN, the mixture was decoated at 100 ℃ for 2 h, concentrated and freeze-dried to obtain ATN extract. The dried extract production was 13.7 g.

      

      
        2. Preparation of hPDLSCs
        The experiment was conducted using teeth obtained from healthy young males over the age of 20. The research protocol was approved by the Institutional Review Board (IRB No. WKDIRB-201708-02) of Wonkwang University in Iksan, South Korea. hPDLSCs were isolated from the root surface using a scalpel and the isolated tissue was digested in alpha-modified Eagle’s medium (α-MEM; Gibco BRL, Grand Island, NY, USA) containing 4 mg/mL dispase (Boehringer, Mannheim, Germany) and 3 mg/mL collagenase type I (Worthington Biochem, Freehold, NJ, USA), for 1 h at 37 ℃. The cell suspension was passed through a 70 μm strainer (Falcon BD Labware, Franklin Lakes, NJ, USA) to form a single-cell suspension. Cells were cultured in a 100 mm dish with α-MEM contained 10% fetal bovine serum (Gibco BRL), 100 μM L-ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, MO, USA), 2 mM L-glutamine (Gibco BRL), 100 U/ml penicillin, and 100 μg/mL streptomycin (Biofluids, Rockville, MD, USA), at 37 ℃ in 5% CO2. The fourth or fifth passage of the cells was used for experiments.

      

      
        3. Flow cytometric analysis
        The immunophenotype of the hPDLSCs was characterized by flow cytometry. The expression of surface markers related to mesenchymal stem cells in passage 3 was analyzed. Cells in the fourth passage (1.0×106 cells) were blocked for 30 min in phosphate-buffered saline (PBS) containing 2% fetal bovine serum (Gibco BRL). The cells were then cultured at 4 ℃ for 2 hours with antibodies specific to CD34, CD13, CD90 or CD146. All antibodies were obtained from BD Biosciences (San Jose, CA, USA).	Flow cytometry was performed using a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA). Percentages of CD13+, CD90+, CD146+, and CD34-cells were measured.

      

      
        4. Osteogenic, chondrogenic, and adipogenic differentiation
        To evaluate the ability of osteogenesis, chondrogenesis, and adipogenesis, hPDLSCs were cultured in StemPro Osteogenesis, Chondrogenesis, and Adipogenesis differentiation kit media (Gibco BRL), respectively, with the appropriate supplements. At week 3, the cells were washed with PBS and fixed in 3.7% paraformaldehyde for 10 min. The cells were consequently stained with 2% Alizarin Red S stain (Sigma-Aldrich), 1% Alcian Blue (Sigma-Aldrich), and 0.3% Oil Red O dye (Sigma-Aldrich) to detect osteogenic, chondrogenic, and adipogenic differentiation, respectively. The cells were then visualized with a light microscope.

      

      
        5. Cytotoxicity and migration assay
        The cytotoxicity of ATN was evaluated by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. hPDLSCs were incubated for 24 or 72 h in 96-well plates with various concentrations of ATN.	After adding 20 μL of MTT (5 mg/mL) solution to each well of a 96-well plate, the cells were cultured for 2 h.	The supernatant was removed, then isopropanol (100 μL) was added. Subsequently, the soluble MTT crystals were quantitatively analyzed by measuring absorbance at 490 nm using a SpectraMax 190 (Molecular Devices, San Jose, CA, USA). To evaluate the influnces of ATN on hPDLSC migration and motility, wound healing assays were accessed on hPDLSC monolayers. The cells were grown to 80% confluence in a 6-well plate. Cell monolayers were wounded using a plastic tip (1 mm). Cell debris was removed by washing twice with PBS and then the monolayer was incubated with ATN (100 μg/mL) or without ATN. Cell migration to the wound surface was evaluated by microscope at 0, 12, 18, and 24 h after the wound.

      

      
        6. Alizarin red S staining
        hPDLSCs were cultured in 24-well plates in α-MEM containing 10% FBS at an initial density of 4×104 cells/well, until reaching 95% confluence. For mineralization, the cells were cultured in osteogenic differentiation medium containing 50 μg/mL ascorbic acid, 10 mM β-glycerophosphate, and 100 nM dexamethasone (Sigma-Aldrich). After 3 weeks, the accumulation of mineral nodules was detected by staining with 2% alizarin red S (Sigma Aldrich) at pH 4.2. For measuring calcium content, the cells were destained by adding 3 mL of 10 mM sodium phosphate solution to each stained well, followed by a 30 min incubation at room temperature.	The destained samples were transferred to a 96-well plate and their absorbance was then measured at 405 nm.

      

      
        7. Western blot analysis
        hPDLSCs (1.0×106 cells/dish) were cultured in osteogenic differentiation media with or without ATN (100 μg/mL) for 3 weeks. The concentration of the extracted protein was quantified using DC Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts of protein (30 μg/lane) were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to a polyvinylidene fluoride membrane (GE Healthcare, Buckinghamshire, UK). Primary antibodies against runt-related transcription factor 2 (Runx2), α-tubulin (Cell Signaling Technology, Danvers, MA, USA), bone sialoprotein (BSP), osteopontin (OPN), osteocalcin (OCN), dentin sialophosphoprotein (DSPP), and dentin matrix protein 1 (DMP-1) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used. Blots were developed using horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology) and analyzed by an LAS-4000 (Fujifilm, Tokyo, Japan).

      

      
        8. RNA preparation and real-time poly chain reaction (PCR) analysis
        To evaluate gene expression levels in ATN-treated differentiated hPDLSCs, 1.0×106 cells were seeded in a 60-mm culture dish and cultured for 3 weeks under osteogenic differentiation induction conditions. Total RNA was extracted by the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). cDNA was synthesized using an oligo (dT) primer and reverse transcriptase (Takara, Nojihigashi, Japan). RT-PCR was conducted in a StepOne Real-Time PCR System (Molecular Devices, San Jose, CA, USA) using TOPreal qPCR 2X PreMIX (SYBR Green with low ROX).	Samples were incubated at 95 ℃ for 30 s, followed by 40 cycles of 95 ℃ for 5 s and 60 ℃ for 30 s. The relative expression level of each gene was calculated using the 2-ΔΔCt method. The primer sets used in this assay are listed in Table 1.

        
          Table 1. 
				
          

          
            Primer sequences for reverse transcription-polymerase chain reaction
          
          

        

        
          
            
              	Gene
              	GenBank No.
              	Sequences
            

          
          
            	ALP
            	NM007431
            	5’-CCAACTCTTTTGTGCCAGAGA-3’
5’-GGCTACATTGGTGTTGAGCTTTT-3’
          

          
            	COL1
            	NM007742
            	5’-GCTCCTCTTAGGGGCCACT-3’
5’-CCACGTCTCACCATTGGGG-3’
          

          
            	OPN
            	J04765
            	5’-TGAAACGAGTCAGCTGGATG-3’
5’-TGAAATTCATGGCTGTGGAA-3’’
          

          
            	DSPP
            	NM_014208
            	5’-GTGAGGACAAGGACGAATCTGA-3’
5’-CACTACTGTCACTGCTGTCACT-3’
          

          
            	DMP1
            	U89012
            	5’-ACAGGCAAATGAAGACCC-3’
5’-TTCACTGGCTTGTATGG-3’
          

          
            	GAPDH
            	NM_002046
            	5’-ACCACAGTCCATGCCATCA-3’
5’-TCCACCACCCTGTTGCTGT-3’
          

        

        
          
            Abbreviations: ALP, alkaline phosphatase; Col1, type 1 collagen; OPN, osteopontin; DSPP, dentin sialophosphoprotein; DMP1, dentin matrix protein 1
          

        

        

      

      
        9. Luciferase reporter assays
        A luciferase reporter plasmid, containing a pCMV-β-gal plasmid, the promoter for bone sialoprotein (BSP-Luc), and a combination of osterix (OSX) expression plasmids, were transfected into HEK293 cells. Transfected cells were treated, either with or without ATN (100 μg/mL) for 24 h, and then lysed to assess luciferase activity using a Luciferase Reporter Assay Kit (Promega, Madison, WI).	Transfection efficiency was normalized using β-galactosidase.

      

      
        10. Statistical analysis
        Statistics were analyzed using GraphPad Prism 5.03 software (La Jolla, CA, USA). Experimental results are expressed as mean±standard deviation. Statistical significance was set at p<0.05.

      

    

    

  
    
      Results
      
        1. hPDLSCs have multi-lineage differentiation potential
        To access their multi-lineage differentiation capacity, osteogenic, chondrogenic, and adipogenic differentiation were induced with respective differentiation media as previously described (20). After 3 weeks of induction, hPDLSCs differentiated into alizarin red S-positive mineral deposits, alcian blue-positive nodules, and oil red O-positive lipid droplets throughout the adherent layers (Figure 1A). Additionally, flow cytometric analysis revealed high rates of positive expression of the mesenchymal stem cell markers: CD13 (97.79%), CD90 (99.55%), and CD146 (90.85%), whereas CD34, an MSC-negative marker of primitive hematopoietic progenitors and endothelial cells was confirmed as 0.18% expression of hPDLSCs (Figure 1B).

        
          
          

          Figure 1. 
				
          

          
            Multi-lineage differentiation potential of human periodontal ligament mesenchymal stem cells (hPDLSCs) (A) hPDLSCs were cultured in osteogenic, chondrogenic, and adipogenic differentiation media for 3 weeks, respectively. To assess the pluripotency of hPDLSCs, Alizarin red S staining, Alcian Blue staining, and Oil red O staining were performed. The scale bar is 100 μm. (B) Flow cytometric analysis of hPDLSCs confirmed positively expressed CD13, CD90, and CD146, while negatively expressed CD34. The percentages of cells to the right of the M1 gate were measured for positive expression (n=3).
          
          

          

        

      

      
        2. ATN does not affect the proliferation and migration of hPDLSCs
        To investigate the proliferative effect of ATN on hPDLSCs, cells were treated with the various concentrations of ATN. After 24 or 72 h of culture, the MTT cytotoxicity test was performed. We observed that ATN displayed no toxicity at high concentrations (Figure 2A). Furthermore, wound-healing assay was used to analyze the effect of ANT on migration of hPDLSCs.	Confluent monolayers of hPDLSCs were cultured with or without ATN for 0, 12, 18, or 24 h, and the migration distances were measured. After 24 h, ATN-treated cells showed no differences from the control group (Figure 2B).

        
          
          

          Figure 2. 
				
          

          
            Effect of ATN on the proliferation/migration of human periodontal ligament mesenchymal stem cells (hPDLSCs) (A) To determine the in vitro cytotoxicity of ATN, hPDLSCs were incubated with indicated concentrations of ATN for up to 72 h. (B) Confluent monolayers of hPDLSCs were wounded by scratching and cultured with or without ATN (100 μg/mL) for up to 24 h.
          
          

          

        

      

      
        3. ATN increases mineralized nodule formation of hPDLSCs
        To explore the stimulatory effect of ATN on osteoblast differentiation, we cultured hPDLSCs in osteogenic differentiation medium with or without ATN (25, 50, or 100 μg/mL). The formation of bone mineral nodules was evident in 100 μg/mL of ATN-treated group compared to the untreated cells (Figure 3A). In addition, the highest calcium content was also observed in the 100 μg/mL ATN-treated group after destaining of Alizarin red S (Figure 3B).

        
          
          

          Figure 3. 
				
          

          
            Effect of ATN on mineralized nodule formation of human periodontal ligament mesenchymal stem cells (hPDLSCs) (A) hPDLSCs were cultured for 3 weeks in osteogenic differentiation medium, either in the with or without ATN (100 μg/mL). Mineral nodule formation in hPDLSCs was determined using Alizarin Red S staining. (B) For measuring calcium content, the cells were destained and measured the absorption by spectrophotometry. *p<0.05, compared with the untreated control group (n=3).
          
          

          

        

      

      
        4. ATN enhances the in vitro expression of osteo/odontoblastic differentiation markers in hPDLSCs
        To investigate whether ATN induces osteo/odontoblastic differentiation of hPDLSCs, mRNA expression of related genes was accessed. Real-time PCR results revealed that mRNA expression levels of osteoblast- and odontoblast-associated markers, including ALP, COL1, OPN, DMP-1, and DSPP were significantly increased when hPDLSCs were treated with ATN for 3 weeks (Figure 4A).	ATN-treated cells observed a significantly higher protein abundance of OCN, DSPP, DMP-1, and BSP compared to the control group (Figure 4B). Additionally, protein abundance of Runx2, a master transcriptional factor of osteogenic differentiation was evident in 100 μg/mL of ATN-treated group (Figure 4C). BSP promoter activity showed an increased tendency for over-expression of the OSX gene in HEK293 cells treated with ATN (100 μg/mL), compared with the control group (Figure 4D). These results indicate that ATN increases the osteo/odontoblastic differentiation of hPDLSCs.

        
          
          

          Figure 4. 
				
          

          
            Effect of ATN on the expression of osteo/odontoblastic differentiation markers in human periodontal ligament mesenchymal stem cells (hPDLSCs) in vitro hPDLSCs were cultured for 3 weeks in osteogenic differentiation medium with or without indicated concentration of ATN (A) The mRNA expression of osteoblast- and odontoblast-associated genes were analyzed using real-time PCR. GAPDH was used as the internal control. (B, C). The protein abundances of osteoblast- and odontoblast-associated genes evaluated by western blotting. α-tubulin was used as the internal control. (D) The BSP promoter assay was performed in HEK293 cells (with OSX overexpression), either with or without ATN. *p<0.05, compared with the untreated control group, #p<0.05, compared with the osterix transfected group (n=3).
          
          

          

        

      

    

    

  
    
      Discussion
      The verification and validation of traditionally used natural remedies have led to the development of modern pharmaceuticals, and this validation helps provide the foundation for the design of novel drugs (21). While traditional medicinal substances might have a higher chance of being clinically safer than novel phytochemicals, the identification of their active ingredients remains challenging, owing to their varying composition based on their source of origin and their geographic location (22).

      Dentin regeneration has been mainly studied using dental follicle stem cells (DFSCs), stem cells from human exfoliated deciduous teeth (SHEDs), and dental pulp stem cells (DPSCs) (23-25). While hPDLSCs have been previously studied for cementum and PDL regeneration (26, 27), a few studies have also reported the effects of hPDLSCs in a process of dentin regeneration. In a recent study comparing hPDLSCs with DFSCs, dentin regeneration was observed in a transplantation model with hPDLSCs in a treated dentin matrix (TDM) and examination of the harvested grafts showed that hPDLSCs formed dentin-like tissues, similar to those formed by DFSCs (28). However, the DFSC-generated dentin tissue structure appeared to be more complete than the hPDLSC formed tissue. The microenvironment of TDM appears to play a pivotal role in dentin regeneration in hPDLSCs (23). In this study, dentinogenesis-associated genes were used to evaluate ATN efficacy in dentin biogenesis. We found that the mRNA expression and protein abundance of odontoblastic differentiation-related genes such as DMP-1 and DSPP was upregulated (Figure 4A and B), suggesting the possibility of dentin regeneration using ATN. DMP-1 as a member of the small integrin-binding ligand N-linked glycoprotein (SIBLING) family, is highly expressed in osteocyte and required for bone and dentin mineralization (29). Therefore, deficiency of DMP-1 could cases hypomineralization, owing to elevated FGF-23 production (30). DMP-1 was originally investigated to be specific to dentin, however it was also revealed to be detected and synthesized by osteoblast (31). Additionally, DSPP and its cleaved products, DSP and DPP, which were previously believed to be dentin-specific, have been recently shown to be expressed in bone, cementum, and some non-mineralized tissues (32). Nevertheless, many studies have suggested that these markers play important roles in dentin formation (33, 34).

      In a present study, the influence of ATN on osteoblastic differentiation of hPDLSCs was evaluated. Alizarin red S staining indicated that calcium deposition increased after 3 weeks of incubation in osteogenic induction medium supplemented with ATN (Figure 3A and B). The mRNA expression of osteoblastic differentiation-related genes such as ALP, Col1, and OPN was upregulated, and western blot analysis with ATN showed increased protein abundances of OCN, BSP, and Runx2 (Figure 4A-C).	Furthermore, HEK293 cells, with an OSX overexpression, showed a tendency of increased BSP promoter activity, compared to the control group (Figure 4D). Runx2 is a bone-specific transcription factor that plays a vital role in osteoblast differentiation (35, 36), since Runx-2 phosphorylation triggers the expression of various genes related in osteoblast differentiation (37). Similarly, ATN regulates osteoblast differentiation via phosphorylation.	Additionally, OCN and BSP are osteoblast-specific markers present during the later stage of osteoblast differentiation.	Therefore, upregulation of OCN and BSP expression indicates ATN-induced maturation of osteoblasts. In this study, the changes in osteoblastic differentiations-related gene expression suggested that ATN could promote osteoblastic differentiation of hPDLSCs. In addition, the dentinogenic roles of ATN were accessed in mice by implanting ATN-treated hPDLSCs at a site with no mineralization capacity (Data not shown). An inductive scaffold of TDM was used to achieve dentin regeneration using hPDLSCs in vivo. However, there was no remarkable difference between the control and ATN-treated groups, contradicting a previous study that stated PDLSCs could contribute for dentin tissue regeneration (28). Similar studies with DFSCs have reported that in vivo implantation immediately after seeding DFSCs to the TDM did not have the desired effect (32). In our study, since hPDLSCs were implanted into mice on the day post seeding in the TDM, it is possible that hPDLSCs can be transplanted without sufficient differentiation. Furthermore, multinucleated cells were observed around the TDM, and absorption of some dentin was suspected, which could be attributed to the death of hPDLSCs, owing to initial inflammatory reactions. Further in vivo elucidation is required to confirm the process of differentiation.

    

    

  
    
      Conclusions
      Combined with the results, we could conclude that ATN potentially promotes osteo/odontoblastic differentiation.	It is difficult to assess the two effects separately because of the overlapping expression of genes involved in osteogenesis and odontogenesis.
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