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Human dental pulp cells (hDPCs) have shown their plasticity when treated with the hydroxamate-based histone deacetylase (HDAC) inhibitor members, Trichostatin A (TSA), and suberoylanilide hydroxamic acid (SAHA). However, a comparison of their potency to stimulate odontoblast-like differentiation and mineralization has not been reported. The aim of our study was to confirm and compare these TSA and SAHA effects. Primary hDPCs cultured with/without various TSA or SAHA concentrations were evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), ALP activity, alizarin red staining, and scratch wound healing assays. The inhibitory effect of TSA and SAHA on inhibiting the activity of HDAC was evaluated by HDAC activity assay. Odontoblast-related gene expression was determined using RT-qPCR. The MTT assay indicated that TSA or SAHA did not affect hDPC viability. TSA or SAHA treatment-induced odontoblast-like differentiation as evidenced by a significant increase in alkaline phosphatase activity and mineral deposition after 400 nM TSA or 1 μM SAHA treatment. A significant increase in nuclear factor I C, kruppel like factor 4, dentin matrix acidic phosphoprotein 1, dentin sialophosphoprotein, collagen type I alpha 1 chain, alkaline phosphatase (ALPL), integrin-binding sialoprotein, bone gamma-carboxyglutamate protein, vascular endothelial growth factor A, and cyclin-dependent kinase inhibitor 1A gene expression analyzed by RT-qPCR, at 24, 72 h, 7, and 10 days of treatment. The activity of HDAC in hDPCs culture was significantly inhibited after 72 h TSA and SAHA treatment. The scratch wound healing assay displayed enhanced cell migration at 72 h after TSA or SAHA treatment. Our findings demonstrated that TSA and SAHA have similar stimulatory effects in inducing HDPC odontogenic differentiation and mineralization and propose another potential use of TSA and SAHA to promote dentin regeneration.
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INTRODUCTION

The breakdown of the dentine layer triggered by a deep dental cavity commonly leads to dental pulp inflammation (pulpitis) (1), and a pulp-capping material may be required to stimulate reparative dentine formation and protect the pulp tissue from further inflammation. Importantly, the reparative dentine structure quality is highly influenced by the signaling molecules contained in the material applied (2, 3). The discontinuities and absence of tubular structure in reparative dentine induced by the conventional pulp-capping material (4–13) reduces dentine permeability and does not provide long-term protection of the pulp tissue (2, 3).

Dental pulp cells can differentiate into odontoblast-like cells and generate reparative dentine formation in response to damaged dentine. This ability indicates that pulp tissue contains odontogenic progenitor or stem cells that can differentiate into multiple cell lineages, including odontoblasts, osteoblasts, and adipocytes (14, 15). However, every cell in an individual carries the same genetic information encoded in their chromosomes (16). Thus, their exposure to specific signaling molecules are essential to control the cell fate decision, proliferation, and differentiation involved in reparative dentin formation (3, 15, 17, 18).

Epigenetic regulation, such as histone modification (19), is one of the ways to turn gene expression on or off by modifying the chromosome structure without changing the DNA sequence (20). This regulation directs the cells into specific lineages (15, 18) and involves two enzyme types, histone acetyltransferases (HATs) and histone deacetylases (HDACs), generating histone acetylation and deacetylation, respectively (19, 20). Acetylation by HATs is associated with gene activation through nucleosome relaxation. In contrast, deacetylation by HDACs is associated with gene repression through nucleosome compaction (19–21). Eighteen HDACs have been found in humans and are divided into four classes depending on their structural similarities (21–23) with class I (HDAC1, 2, and 3) and class II (HDAC4, 5, and 9) HDACs expressed in dental pulp tissue (24).

Currently, trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA or Vorinostat), hydroxamate acid HDAC inhibitors (HDACis) (20, 23, 25), are the most studied HDACis in the field of odontogenic-induction; however, only SAHA is approved by the United States Food and Drug Administration (FDA) for clinical use in treating cutaneous t-cell lymphoma (20, 25). Both are involved in changing the balance between HATs and HDACs by blocking the HDAC active site. This blockade promotes the relaxation of nucleosome structure and facilitates the binding of transcriptional proteins to target genes, resulting in gene transcription (23, 26).

Huang et al. (27) reported the direct involvement of TSA in the TGF-β pathway that is important in inducing odontogenesis at the early stage of odontoblast-like cell differentiation by upregulating the expression of odontoblast differentiation-related genes, including nuclear factor I C (NFIC), dentin sialophosphoprotein (DSPP), dentin matrix acidic phosphoprotein 1 (DMP1), integrin-binding sialoprotein (IBSP), and bone gamma-carboxyglutamate protein (BGLAP). TSA also enhances alkaline phosphatase (ALP) activity and mineralization in a dose-dependent manner (28). Moreover, SAHA treatment in an MDPC23 odontoblast-like cell line enhanced their odontoblast differentiation through increased DSPP expression mediated by an increased NFIC expression at the mRNA and protein level, which subsequently induced mineralization in a dose-dependent manner (26). These findings indicated that TSA and SAHA might induce odontoblast differentiation and promote mineralization through increased dentin extracellular matrix production in pulp-derived stem cells (28) and transformed cell lines (26, 27, 29). However, a comparison of the stimulatory effects on the odontogenic-induction of dental pulp primary cells between TSA and SAHA has not been reported.

The present study aimed to investigate and compare the stimulatory effect of TSA and SAHA in inducing human dental pulp cell (hDPC) odontoblast-like differentiation, mineralized nodule formation, and the expression of odontoblast differentiation-related genes. Therefore, this study may provide valuable information for developing a biocompatible material to induce dentine regeneration.



MATERIALS AND METHODS


Human Dental Pulp Tissue Preparation

Four healthy third molars were collected from four patients (18–25 years old) at the Department of Oral Surgery, Faculty of Dentistry, Chulalongkorn University using procedures and informed consent approved by The Human Research Ethics Committee at the Faculty of Dentistry, Chulalongkorn University (HREC-DCU 2020-013). The teeth were immediately rinsed with sterile saline solution and immersed in growth medium (Dulbecco's Modified Eagle Medium (DMEM; #11960, Gibco® Life Technologies) supplemented with 10% FBS, 100 units/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine, and 5 mg/ml amphotericin B). The teeth were maintained at 4°C and transferred to the laboratory, and then cleaned with sterile phosphate-buffered saline (PBS) under sterile conditions. Each tooth was held by dental forceps and a scalpel blade was used to remove the periodontal ligament on the root surface.

The tooth crown was broken using a hammer and the dental pulp tissue was gently separated from the tooth fragments. The tissue was rinsed with sterile PBS to remove any tooth chips and prevent infection. It was then cut off into ~1–2 mm pieces. The human dental pulp cells (hDPCs) were obtained using a tissue outgrowth method.



hDPC Isolation

Each piece of dental pulp tissue was washed twice with sterile PBS and placed in a 25-mm culture dish containing 1 ml growth medium to allow dental pulp tissue and cell attachment. The culture dishes were incubated at 37°C with 5% CO2, and the medium was changed every 2–3 days. hDPCs at the third to sixth passage and 80% confluence were used in the present study.



HDACi Preparation

Master stocks of 5 mM TSA (#58880, Sigma-Aldrich) and SAHA (#149647, Sigma-Aldrich) in dimethyl sulfoxide (DMSO; #D2650, Sigma® Life Science) were diluted in PBS before being diluted to 50, 200, 400, and 800 nM TSA; and 0.5, 1, 3, 5, and 10 μM SAHA in culture medium.



Cell Viability Assay

The cell viability of the hDPCS was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; #M6494, Invitrogen, USA) assay. hDPCs were seeded at 2 × 104 cells/cm2 in 96-well plates containing a growth medium for 24 h at 37°C. The cells were incubated in serum-free medium for 4 h at 37°C before being exposed to 50, 200, 400, or 800 nM TSA, or 0.5, 1, 3, 5, or 10 μM SAHA in osteogenic medium (DMEM 10% FBS supplemented with 50 μg/ml ascorbic acid, 5 mM β-glycerophosphate, and 250 μM dexamethasone). The control groups were cultured in growth medium and osteogenic medium without TSA or SAHA.

The MTT powder was diluted in serum-free DMEM without phenol red to a concentration of 0.5 mg/ml. On an experimental day 3 (72 h), the medium was removed and the cells were rinsed with PBS. Then 100 μl MTT solution was added to each well and incubated at 37°C for 30 min. The MTT solution was removed, and the precipitated formazan crystals were dissolved by adding 100 μl glycine buffer/DMSO solution at a 1:9 ratio. The plates were placed on an orbital shaker for 45 min to dissolve the formazan crystals. The absorbance was read within an hour at 570 nm using a spectrophotometer, and the values were expressed as optical density (OD).



Mineralization Assay

Human dental pulp cells were seeded at 5 × 104 cells/cm2 in 24-well plates containing a growth medium at 37°C. After 24 h (experimental day-0), the cells were washed with sterile PBS and cultured in osteogenic medium supplemented with 50, 200, or 400 nM TSA; or 0.5 or 1 μM SAHA for 21 days. The control groups were treated with growth medium and osteogenic medium without TSA or SAHA. The medium was changed every 2–3 days.

On experimental day-14 and−21, mineralized nodule formation was examined by staining with Alizarin Red. The cells were washed twice with ice-cold PBS and fixed in ice-cold methanol for 10 min at room temperature (RT). After completely removing the methanol, the fixed cells were rinsed twice with deionized water and stained by adding 300 μl 1% alizarin red solution to cover the cell monolayer. The cells were stained for 5 min at RT, and the mineralized nodule formation was observed using an inverted microscope (Nikon Eclipse TS100, Nikon Instruments Inc., Melville, NY) and quantified with ImageJ Software version 1.51.



HDAC Activity Assay

The HDAC activity during TSA and SAHA treatment was measured and analyzed with the fluorometric HDAC Activity Assay kit purchased from abcam® (Abcam, Cambridge, MA). The sample preparation and assay procedure followed the protocol of the manufacturer. Briefly, hDPC cell lysate was collected after 72 h of 400 nM TSA, 1 μM SAHA treatment, or osteogenic medium without HDACis. Then, the lysate was incubated in HDAC assay buffer containing a substrate peptide for 20 min at 37°C in a 96-well black polystyrene microplate (#27314025, Costar®, USA). The reaction was stopped by adding 20 μl of stop solution. Then, 5 μl of the developer were added to each well of the microtiter plate and incubated for 10 min. The fluorescence intensity was measured with a fluorescence plate reader at Ex/Em = 350/460 nm at 10–40 min and normalized with the blank (i.e., no enzyme control assay containing buffer of the sample). Crude HDAC without HDAC inhibitor was used as a positive control.



Scratch Wound Healing Assay

The hDPC migration was evaluated using a scratch wound-healing assay. hDPCs at 5 × 104 cells/cm2 were seeded into 24-well plates and incubated in a growth medium at 37°C for 24 h. After a 24 h serum starvation (counted as experimental day 0), a scratch wound was made through the confluent cell layer using a 200-μl pipette tip in the middle of each well plate. The cells were washed two times with a serum-free medium to remove cell debris. The hDPCs in the experimental group were incubated with serum-free medium supplemented with 400 nM TSA or 1 μM SAHA for 72 h. The control group was treated with a serum-free medium without TSA or SAHA.

Photomicrographs of the scratch were taken using an inverted microscope at 0, 24, 48, and 72 h after the scratch wounding. The plates were marked to register them at each viewing time point. The scratch-wound closure percentage was determined using ImageJ Software version 1.51. The distance between the cells migrated into the wound area and their respective starting points were determined. The distance of wound closure at 24, 48, and 72 h postscratch wounding was quantified as a percent of closure and compared with the control group.



RNA Extraction and Real-Time Reverse Transcription-Polymerase Chain Reaction

Human dental pulp cells at 5 × 104 cells/cm2 were seeded in six-well plates containing a growth medium for 24 h. After 4 h of serum starvation at 37°C, the cells were cultured for 10 days in osteogenic medium without and with 400 nM TSA or 1 μM SAHA, with medium changes every 2–3 days. Trizol reagent (#K00054-0200, Biotechrabbit) was used to obtain total RNA at 24 h, 72 h, 7 days, and 10 days postinduction. One microgram of RNA samples was converted to cDNA using reverse transcriptase reaction by ImProm-II Reverse Transcription System (#A3800, Promega Corporation, Madison, WI). Real-time reverse transcription-polymerase chain reaction (RT-PCR) was performed using CAPITALTM qPCR Green Mix HRox (#BR0501901, BiotecRabbit) with a reaction volume of 20 μl containing 375 nM primers and 1 μl RT product. Real-time thermal cycle (CFX96 TouchTM Real-Time PCR System, Bio-Rad) was used to perform PCR as follows: initial activation at 95°C for 2–3 min, denaturation at 95°C for 15 s, and extension at 60–65°C for 30 s for 40 cycles. Bio-Rad CFX Maestro 1.1 manager software was used to analyze the relative gene expression. The PCR primers used are presented in Table 1. All gene expressions were analyzed and normalized to the expression of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH).


Table 1. Polymerase chain reaction (PCR) primer sequences of target genes.
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The threshold cycle (CT) from each sample was determined using the real-time cycler software and changed from CT to expression fold change using the Bio-Rad CFX Maestro 1.1 manager software.



ALP Activity

The hDPC ALP activity during odontoblast-like differentiation was measured at day-3,−5,−7, and−10 postinduction. hDPCs at 5 x 104 cells/cm2 were seeded in 24-well-plates containing growth medium. After 24 h (at experimental day-0), the cells were exposed to an osteogenic medium with or without 400 nM TSA or 1 μM SAHA for 10 days, with medium changes every 2–3 days.

Briefly, the cell lysate from each sample was collected by adding ALP lysis buffer (10 mM Tris–HCl pH 10, 2 mM MgCl2, and 0.1% Triton X-100) and incubated in the substrate mixture of 10 μl P-nitrophenyl phosphate (PNPP; N7653, Sigma Life Science) and 100 μl of 0.1 M aminopropanol in 2 mM MgCl2, at 37°C for 30 min until it became yellow. The reaction was stopped by adding 900 μl of 0.1 M NaOH to each well. The absorbance of the mixture was measured at 410 nm wavelength using a microplate reader.

For the total protein assay, the samples were treated in the same manner as in the ALP assay until the samples were frozen. The total protein was analyzed using the BCA protein assay kit (#3380463, EMD Millipore Corp., USA). After thawing, 200 μl bicinchoninic acid solution was added to the samples and incubated at 37°C for 30 min. The absorbance of samples was measured at 562 nm wavelength using a spectrophotometer, and the amount of total protein was quantified using a standard curve. Furthermore, the ALP activity of the samples was obtained by normalizing the ALP activity product with total protein content compared with the control group.



Statistical Analysis

The experiments were repeated three to four times. The mean and SD were calculated for each data set. Statistical analysis was performed using the one-way ANOVA and Tukey's HSD post-hoc test to compare the experimental groups with control or one experimental group to another. Significant differences were considered at p < 0.05.




RESULTS


Effect of TSA and SAHA Treatment on hDPC Viability

To evaluate the effect of TSA and SAHA treatment on hDPC viability, an MTT assay was performed in an osteogenic medium containing 50, 200, 400 nM, or 800 nM TSA; or 0.5, 1, 3, 5, or 10 μM SAHA for 72 h. Growth medium and osteogenic medium without TSA/SAHA were used to treat the control group. At 72 h posttreatment, hDPC viability was not influenced by 50 nM, 200 nM, or 400 nM TSA; or 0.5 and 1 μM SAHA treatment compared with the control. In contrast, 800 nM TSA and 3, 5, and 10 μM SAHA significantly reduced hDPC viability compared with the control group (Figure 1).


[image: Figure 1]
FIGURE 1. Cell viability after culturing hDPCs with and without TSA and SAHA for 72 h was assessed using an MTT assay (one-way ANOVA, Tukey's HSD post hoc test, Asterisks indicate a significant difference compared with the induction control at p < 0.05, n = 4).


Since 50, 200, and 400 nM TSA; and 0.5 and 1 μM SAHA treatment did not impact hDPC viability compared with the control, these concentrations were used in the subsequent experiments.



HDACi Treatment Increased hDPC Mineralized Nodule Formation

To observe the stimulatory effect and determine the best TSA and SAHA concentration for inducing odontoblast-like differentiation and inducing mineralization in vitro, we stained the hDPC cultures with Alizarin Red on experimental day-14 and -21.

On day-14, there was no significant difference in nodule formation in the 50 nM TSA-treated group compared with the osteogenic medium group, indicating that it had a similar effect compared with the osteogenic medium. In contrast, the mineralized nodule formation was significantly elevated in the 200 and 400 nM TSA, and the 0.5 and 1 μM SAHA groups compared with the osteogenic medium only group (Figures 2A,B). No mineralized nodules were formed in the growth medium-treated group up to 21 days of treatment as compared with the osteogenic medium without TSA/SAHA group.


[image: Figure 2]
FIGURE 2. The effect of TSA and SAHA on mineral deposition in hDPCs in non-osteogenic and osteogenic medium with/without TSA or SAHA. (A,C) Quantitative analysis was performed using ImageJ Software representing the percentage of the staining intensity of the mineralized nodule. (B,D) Alizarin Red Staining at day-14 and−21 post-induction (one-way ANOVA, Tukey's HSD post hoc test, Asterisks indicate a significant difference compared with osteogenic medium at p < 0.05, a indicates a significant difference between the TSA-treated groups, compared with 400 nM TSA at p < 0.05, n = 4).


The statistical analysis indicated that 400 nM TSA resulted in higher mineralized nodule formation compared with the osteogenic medium alone. The 1 μM SAHA-treated group demonstrated a comparable mineralized nodule formation (Figure 2B). There was no significant difference between the TSA and SAHA groups at 14 days postinduction. Thus, we observed the mineralization for the next 7 days (experimental day-21) using 400 nM TSA and 1 μM SAHA, which was assumed to be the optimal mineralization-inducing concentration.

On experimental day-21, the mineralized nodule formations in the 400 nM TSA- and 1 μM SAHA-treated group were significantly higher compared with the osteogenic medium-treated group; however, no significant difference was found between the TSA and SAHA-treated groups (Figures 2C,D). This indicated that 400 nM TSA and 1 μM SAHA provide a similar effect in inducing the hDPCs to differentiate into odontoblast-like cells and generate mineralization, as seen in the osteogenic medium-treated group.



Inhibitory Effect of TSA and SAHA in Inhibiting HDAC Activity

Treatment of 400 nM TSA and 1 μM SAHA in hDPCs decreased HDAC activity significantly compared with positive control or osteogenic medium alone after 72 h. In contrast, high fluorescence intensity was found in the osteogenic medium without TSA/SAHA, as seen in positive control (Figure 3). These indicated that TSA and SAHA in samples were active and could inhibit HDAC enzyme activity.


[image: Figure 3]
FIGURE 3. The inhibitory effect of TSA and SAHA in HDAC activity inhibition was evaluated by a HDAC activity assay after 72 h treatment in hDPC culture (one-way ANOVA, Tukey's HSD post hoc test, Asterisks indicate a significant difference compared with positive control at p < 0.05, Hashtags indicate a significant difference compared with osteogenic medium at p < 0.05, n = 3).




Odontoblast-Related Gene Expression in hDPCs Treated With HDACis

To confirm the odontogenic effect of TSA and SAHA, the expression of odontoblast differentiation-related genes in hDPCs treated with osteogenic medium containing 400 nM TSA or/and 1 μM SAHA was evaluated by RT-qPCR and compared with control cells treated with osteogenic medium without TSA/SAHA.

During the onset of differentiation up to 10 days, the TSA and SAHA-treated groups demonstrated the induction of general mineralization-related gene expression comprising collagen type I alpha 1 chain (COL1A1), alkaline phosphatase (ALPL), IBSP, and BGLAP and odontoblast differentiation-related genes; NFIC, kruppel like factor 4 (KLF4), DMP1, DSPP, and Nestin (Figures 4A–K). TSA and SAHA displayed a similar effect on cyclin-dependent kinase inhibitor 1A (CDKN1A) expression, also known as p21 to induce cell cycle arrest and trigger cell differentiation by inducing downstream gene transcription (30). A significant 6- and 14.9-fold increase in CDKN1A gene expression was found in the TSA- and SAHA-treated group, respectively, 72 h posttreatment, compared with dependent kinase inhibitor the control. This expression gradually declined at the later stage (day-7 and−10) to 4- and 1.7-fold in the TSA and 13.4- and 7.5-fold in SAHA groups. We found that SAHA significantly upregulated CDKN1A gene expression compared with TSA.
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FIGURE 4. The relative expression of odontoblast-related genes during odontogenesis was determined by Real Time RT-PCR at 24, 72 h, 7, and 10 d post-induction. (A) CDKN1A: cyclin dependent kinase inhibitor 1A, (B) NFIC: nuclear factor I C, (C) KLF4: kruppel like factor 4, (D) COL1A1: collagen type I alpha 1 chain, (E) ALPL: alkaline phosphatase, (F) DSPP: dentin sialophosphoprotein, (G) IBSP: integrin binding sialoprotein, (H) DMP1: dentin matrix acidic phosphoprotein 1, (I) BGLAP: bone gamma-carboxyglutamate protein, and (J) VEGF: vascular endothelial growth factor A, (K) Nestin (one-way ANOVA, Tukey's HSD post hoc test, Asterisks indicate a significant difference compared with control at p < 0.05, Hashtags indicate a significant difference between the TSA- and SAHA-treated groups at p < 0.05, n = 3).


Nuclear factor I C was expressed to initiate the expression of downstream genes related to odontoblast differentiation (31–33), including KLF4 (31). TSA and SAHA treatment similarly increased NFIC and KLF4 expression at the early stage of differentiation. One micromolar SAHA and 400 nM TSA treatment significantly enhanced NFIC expression from 1.7- to 10.6-fold at 24–72 h and 1.5- to 20.4-fold at 72 h−7 days of treatment, respectively, which then gradually decreased at the later stage. KLF4 expression increased 6-fold at 72 h and 9-fold at 10 days of TSA and SAHA treatment, respectively.

The TSA and SAHA treatments enhanced the hDPC expression of COL1A1, ALPL, DSPP, and IBSP in a similar pattern to that of NFIC and KLF4. The 1 μM SAHA group demonstrated a significant 24-, 20.5-, 4.4-, and 7-fold upregulated expression in COL1A1, ALPL, DSPP, and IBSP, respectively, at experimental day-10. Whereas, after 10 days of 400 nM TSA treatment, the expression of COL1A1, ALPL, DSPP, and IBSP were significantly increased by 5.8-, 9-, 2.7-, and 3-fold, respectively. Furthermore, a different pattern of vascular endothelial growth factor A (VEGFA) expression, a gene marker for new blood vessel formation (34), was found in HDACis treatment. The 1 μM SAHA group significantly increased VEGFA gene expression, upto 36-fold at day-7, 12 times higher when compared with the TSA group. However, its expression was decreased by 7.9-fold after 10 days of SAHA treatment. In contrast, the 400 nM TSA group demonstrated a significant 12.7-fold upregulated expression in VEGFA after 72 h of treatment. However, its expression dropped to 3-fold on day-7 and was not detected on day-10. SAHA demonstrated a significantly better effect on COL1A1, ALPL, DSPP, and VEGFA expression on day 10 compared with TSA.

The Nestin expression pattern in the TSA- and SAHA-treated hDPCs observed by RT-qPCR demonstrated a similar pattern to the other gene markers for odontoblast differentiation and mineralization, except for DMP1 and BGLAP. The SAHA group demonstrated a significant increase in Nestin expression from 2.2- to 2.3-fold at 24–72 h, which was 3-fold higher compared with TSA at the 24 h time-point. In contrast, TSA treatment significantly elevated Nestin expression from 1.5- to 5.5-fold at 72 h−7 days of treatment. In contrast, SAHA maintained the upregulation of Nestin expression up to 4.1-fold after 10 days of treatment compared with the control.

The TSA and SAHA treatments resulted in gradually increased DMP1 gene expression during the onset of differentiation. However, the 400 nM TSA-treated group demonstrated a significantly 8.3-fold increased DMP1 expression on day-10 posttreatment compared with the 1 μM SAHA-treated group that demonstrated a 4.7-fold increase, which was 1.7-fold lower than the TSA-treated group.

The BGLAP gene, also known as osteocalcin, expression increased 9-fold after 7 days of treatment with 400 nM TSA or 1 μM SAHA and increased until 10 days. At this time point, the BGLAP expression in the SAHA-treated group increased 24-fold, which was 1.5-fold higher than the TSA-treated group.



The Change in ALP Activity During Odontoblast-Like Differentiation in HDACi-Treated hDPCs

To demonstrate that TSA and SAHA induced ALP activity in osteogenic medium, ALP activity was measured on experimental day-3,−5,−7, and−10. When treated with 400 nM TSA or 1 μM SAHA, the groups demonstrated different patterns in ALP activity. The ALP activity in the 400 nM TSA-treated group significantly increased starting from the early stage until the intermediate stage (experimental day-3 and day-5, respectively) of odontoblast differentiation, compared with the control group. However, the ALP activity decreased at later time points (at experimental day-7 and−10). In contrast, a significant increase in ALP activity was found in the 1 μM SAHA-treated group starting from the early stage and continued to increase up to day-10 postinduction, compared with the control and TSA-treated groups (Figure 5).


[image: Figure 5]
FIGURE 5. The effect of TSA or SAHA on ALP activity during odontogenesis (one-way ANOVA, Tukey's HSD post hoc test, Asterisks indicate a significant difference compared with control at p < 0.05, Hashtags indicate a significant difference between the TSA- and SAHA-treated groups at p < 0.05, n = 4).




The Stimulatory Effects of TSA and SAHA on Cell Migration

To evaluate the effect of 400 nM TSA or 1 μM SAHA on hDPC migration, a scratch Wound Assay was performed for 72 h in a serum-free medium. Cell migration is shown as the percentage of wound closure, calculated by dividing the scratch width every 24 h by the baseline scratch width multiplied by 100. A significant increase in wound closure was found only at 72 h post-TSA/SAHA treatment compared with control. However, there was no significant difference in scratch closure between the TSA and SAHA groups at that time-point (Figures 6A,B).


[image: Figure 6]
FIGURE 6. Scratch wound healing assay evaluating cell migration during 72 h in serum-free medium with/without TSA or SAHA. (A) Quantitative analysis of the wound closure area expressed as the percentage, (B) hDPCs migration at 0, 24, 48, and 72 h of treatment; scale bar is 200 μm (one-way ANOVA, Tukey's HSD post hoc test, Asterisks indicate a significant difference compared with control at p < 0.05, n = 3).





DISCUSSION

In the present study, we demonstrated that the HDAC inhibitors, TSA and SAHA, induced hDPC odontoblast-like cell differentiation without affecting cell viability through increased expression of odontoblast differentiation-related genes and increased ALP activity and mineralized nodule formation. TSA and SAHA, epigenetic-modifying agents, belonging to the hydroxamic acid inhibitor group (25), remove zinc ions from the HDAC active site to inhibit class I and II HDAC activity (21, 23, 35). This process prevents deacetylation on the lysine residue of the histone core N-terminal tail (36), causing the balance between HATs and HDACs to shift to more acetylated lysine residues (21). Histone acetylation converts the positively-charged histone core into negatively-charged lysine residues on the histone tails, which relaxes the nucleosome structure (23, 31) and provides a binding site for transcriptional proteins to target genes (26) that induce cellular activities, such as proliferation, cell death, differentiation, and cell fate decision (21, 37).

In the present study, we found that a high concentration of TSA (800 nM) and SAHA (3, 5, and 10 μM) significantly reduced cell viability, suggesting that these concentrations might have a cytotoxic effect on hDPCs. Based on these findings, we hypothesized that TSA and SAHA at concentrations of 50, 200, and 400 nM; and 0.5 and 1 μM, respectively, would be the appropriate doses for treating the hDPCs in vitro without affecting cell viability.

Our findings correspond to previous studies reporting that 1 μM SAHA (26) and 50, 100, 200, and 400 nM TSA (28, 38) treatment did not have a cytotoxic effect or cause cell death in either a cell line (MDPC-23) or primary cells (hDPSCs and hPDLCs). However, the high concentration of TSA (800 nM) impacted cell viability (38). In contrast, treating a murine dental pulp-derived cell line (MDPC-23) (26) with 3 and 5 μM SAHA did not affect cell viability after 48 h. The low concentration of TSA (25 nM and 400 nM) was toxic to MDPC-23 cells (29). These disparate results might be caused by differences in cell type, and primary cells vs. transformed cell lines.

After determining which concentrations were not cytotoxic to hDPCs, we evaluated the effect of TSA and SAHA on mineralization in osteogenic medium. On experimental day-14, significantly more mineralized nodules were found in the 400 nM TSA- and 1 μM SAHA-treated groups, compared with control and other TSA or SAHA groups. However, after 21 days posttreatment, the increased mineralization in the 400 nM TSA and 1 μM SAHA groups were not significantly different. These results indicate that both HDACi concentrations had similar odontogenic effects in inducing mineralization, as shown by alizarin red staining quantification, suggesting that HDACi dose selection should be considered to increase odontoblast-like differentiation. Notably, the large mineralized nodules and strong alizarin red staining occurred in the TSA and SAHA concentration range below the concentrations that significantly reduced cell viability. Our results also corresponded with previous studies demonstrating that 400 nM TSA and 1 μM SAHA treatment increased mineralization (26, 38).

Furthermore, 400 nM TSA and 1 μM SAHA treatment in hDPCs culture demonstrated their inhibitory effect in inhibiting HDAC activity after 72 h, which corresponds with HDAC reviews (23, 35) reporting that TSA has an inhibitory effect at nmol/L concentrations; however, SAHA requires μmol/L concentrations to inhibit HDAC activity. The reduction of HDAC activity was in line with the increased gene expression, which regulates odontoblast differentiation and maturation.

The present study found significantly elevated CDKN1A expression at the early stage of differentiation, significantly elevated expression of the odontoblast-related markers NFIC, KLF4, DMP1, DSPP, and Nestin, and general mineralized-related markers COL1A1, ALPL, IBSP, and BGLAP, indicating that TSA and SAHA treatment triggered mineralization by inducing cell cycle arrest and differentiation. TSA (28, 29) and SAHA (26) treatment have been previously demonstrated to dose-dependently reduce cell growth mediated by increased CDKN1A expression and increased odontoblast differentiation and mineralization.

The present study evaluated the differentiation of dental pulp cells into odontoblast-like cells by detecting a combination of gene markers, such as NF1C, KLF4, DSPP, DMP1, and Nestin. Nestin, an intermediate filament, is involved in tooth development and dentin repair (39, 40). Some studies considered Nestin as a marker for differentiated odontoblasts during tooth development and odontoblast-like cells, derived from dental pulp cells, during reparative dentin formation (40, 41). Nestin was expressed in the odontoblast processes adjacent to the injury site after cavity preparation (41). The present study also found an increase in Nestin expression during hDPC odontogenesis after TSA and SAHA treatment.

A distinct pattern in COL1A1 and DSPP expression was found during TSA and SAHA treatment. SAHA time-dependently induced the expression of COL1A1 and DSPP, which demonstrated a significant 24- and 4.4-fold upregulated expression in COL1A1 and DSPP on day-10, respectively. In contrast to the early onset of induction, a decline in COL1A1 and DSPP expression was found on day-10 of TSA treatment. These findings imply the robust onset of the TSA response. However, SAHA treatment triggered a slower onset, with gradually increased expression of COL1A1 and DSPP up to day-10.

Trichostatin A and SAHA exhibited distinct significant differences in each odontogenic-related expression of the gene at a given time point except for IBSP expression, also known as bone sialoprotein, which was not significantly different over time. In the present study, an increase in the relative expression in most of the genes related to odontoblast differentiation and mineralization was found in the SAHA-treated group compared with the TSA-treated group on day-10 of treatment. These results might partly be due to the slower onset of induction induced by SAHA compared with TSA. TSA induced a more robust increase in the expression of these genes earlier and it declined on day-10. Interestingly, TSA and SAHA gradually elevated DMP1 expression over time and induced hDPC odontoblast differentiation, which corresponds with previous studies (26, 28) reporting that TSA treatment in hDPSCs (28) and SAHA treatment in MDPC23 cells (26) increased DMP1 mRNA levels. Further investigation into the possibility that different molecular pathways may be involved for each HDAC inhibitor in inducing cytodifferentiation might be required.

Overall, both HDACis stimulated almost all odontogenic-related expressions of the genes. Taken together, we hypothesize that TSA and SAHA might have similar odontogenic effects by inhibiting the HDAC active site, leading to histone acetylation and nucleosome relaxation. The HDACi-mediated transcriptional activity induced the expression of target genes related to odontoblast differentiation and generated mineralized nodule formation.

The Nfic–Klf4–Dmp1–Dspp cascade regulates odontoblast differentiation as previously reported. NFIC expression initiates the expression of downstream genes. The binding of NFIC protein to the KLF4 promoter induces its expression, and hence DMP1 gene is expressed via KLF4 protein binding to the DMP1 promoter. DMP1 induces DSPP expression (31–33). DMP1 and DSPP expression induce odontoblast maturation, responsible for dentin extracellular matrix production and secretion, including the collagenous and non-collagenous proteins and mineralization (17, 42). In the present study, TSA/SAHA treatment increased NFIC expression, which upregulated KLF4, ALP, DSPP, DMP1, and BSP expression, leading to hDPC mineralization. A previous study (33) reported that NFIC protein binds to the KLF4 promoter and induced KLF4 gene transcription, which mediated DSPP and DMP1 expression because NFIC knockdown in MDPC23 odontoblast cells reduced KLF4, DMP1, and DSP protein levels. In contrast, NFIC and KLF4 overexpression induced mineralization by upregulating DSPP and DMP1 expression. In contrast, Kwon et al. (26) demonstrated that NFIC protein was directly recruited to the DSPP promoter, leading to increased DSPP expression in MDPC23 cells. NFIC gene knockdown by siRNA reduced the NFIC mRNA level and decreased the expression of odontogenic marker genes, such as DSPP, DMP1, and Nestin.

Alkaline phosphate, encoded by the ALPL gene in humans, induces mineralization by providing phosphate to initiate mineralization (43). The activity of ALP is considered a mineralization indicator (44, 45), and high ALP activity has been linked to cells, such as osteoblast and odontoblast cells, forming mineralized tissue (43–45). The present study found differences in ALPL mRNA expression and ALP activity during HDAC inhibitor treatment. At the mRNA level, TSA elevated ALPL expression from the early onset of differentiation (72 h) up to 7 days of treatment, which then decreased on day-10. However, at the enzyme activity level, an increase in ALP activity was found up to 5 days of TSA treatment, and a gradual decline was found at the later stage. In contrast, SAHA time-dependently enhanced ALPL mRNA expression up to day-10, corresponding with the observed ALP activity. These findings imply that the mRNA level change does not result in a change in enzyme activity. We hypothesize that the ALP protein might undergo modification between the posttranslation and functional stages, influencing its enzyme activity. A review by Robinson (46) explained that environmental factors, such as temperature and pH, might impact enzyme activity changes. Furthermore, a previous study (47) also reported that altered gene expression and enzyme activity correlated with the response of the cell to different physiological conditions. These findings are in accordance with the observed discrepancy in the level of ALPL expression and ALP activity of hDPCs during TSA treatment. We hypothesize that TSA might induce the expression of suppressor genes or generate an environmental change that impacts ALP enzyme activity.

Finally, the observed increase in VEGFA expression and wound closure demonstrated that the inhibitory effect of HDACis is to promote histone acetylation, which might mediate new blood vessel growth (34) and cell migration, respectively. The TSA and SAHA effects on promoting cell migration were observed in serum-free medium to avoid inducing cell proliferation due to serum in the cell culture medium. The significant increase in CDKN1A expression observed at 24–72 h during TSA and SAHA treatment might explain their effect on cell migration because CDKN1A is associated with cell cycle arrest (29, 48).

The HDACis induced cell differentiation in adult stem cell populations (28), primary dental pulp/periodontal ligament cells (38, 48), and odontoblast/osteoblast cell lines (26, 29, 49). Under appropriate conditions and concentrations, HDACis trigger the expression of a series of odontogenic-related genes and mineralization in vitro (26, 28, 29, 48) and in vivo (28). These findings may provide valuable information for developing a potentially biocompatible material to induce reparative dentin formation that can be used as a vital pulp treatment. However, more research is required regarding the HDACi effects on other cell types because HDACis also regulate odontogenesis (26, 28, 29, 48), osteogenesis (38, 49), and chondrogenesis (50). The optimal carrier material for HDACis that efficiently delivers an HDACi to the damaged site of dental pulp tissue and releases the HDACi at the appropriate concentration, and also the interaction between an HDACi and the existing restorative material should be considered before clinical use. Moreover, the effect of HDACis on enzyme activity also requires further investigation because TSA and SAHA treatments resulted in different effects on the ALP activity level in the present study.

In conclusion, TSA and SAHA, pan HDAC inhibitors, inhibited HDAC activity and promoted hDPC odontoblast-like cell differentiation and mineralized nodule formation in a dose-dependent manner without interfering with cell viability. The increases in gene expression related to odontoblast differentiation and maturation indicate that these two HDACis epigenetically mediate odontoblast-like differentiation and provided further evidence for the odontogenic effects of HDACis. Since HDACis have been approved by the FDA and are used in several clinical treatments, they provide interesting candidates for regenerative biomaterials for dental treatment.
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