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Abstract

:

The present study evaluated the protective effects of melatonin in ethanol (EtOH)-induced senescence and osteoclastic differentiation in human periodontal ligament cells (HPDLCs) and cementoblasts and the underlying mechanism. EtOH increased senescence activity, levels of reactive oxygen species (ROS) and the expression of cell cycle regulators (p53, p21 and p16) and senescence-associated secretory phenotype (SASP) genes (interleukin [IL]-1β, IL-6, IL-8 and tumor necrosis factor-α) in HPDLCs and cementoblasts. Melatonin inhibited EtOH-induced senescence and the production of ROS as well as the increased expression of cell cycle regulators and SASP genes. However, it recovered EtOH-suppressed osteoblastic/cementoblastic differentiation, as evidenced by alkaline phosphatase activity, alizarin staining and mRNA expression levels of Runt-related transcription factor 2 (Runx2) and osteoblastic and cementoblastic markers (glucose transporter 1 and cementum-derived protein-32) in HPDLCs and cementoblasts. Moreover, it inhibited EtOH-induced osteoclastic differentiation in mouse bone marrow–derived macrophages (BMMs). Inhibition of protein never in mitosis gene A interacting-1 (PIN1) by juglone or small interfering RNA reversed the effects of melatonin on EtOH-mediated senescence as well as osteoblastic and osteoclastic differentiation. Melatonin blocked EtOH-induced activation of mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK), mitogen-activated protein kinase (MAPK) and Nuclear factor of activated T-cells (NFAT) c-1 pathways, which was reversed by inhibition of PIN1. This is the first study to show the protective effects of melatonin on senescence-like phenotypes and osteoclastic differentiation induced by oxidative stress in HPDLCs and cementoblasts through the PIN1 pathway.
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1. Introduction


Tooth loss increases with age and this is primarily thought to be due to the breakdown of periodontal tissue around natural teeth as a result of periodontitis [1]. Periodontal disease is characterized by an inflammatory reaction of periodontal tissue that leads to the progressive destruction of tooth-associated structures including alveolar bone, periodontal ligament (PDL) and cementum [2]. PDL cells (PDLCs) located between the tooth cementum and bone play a major role in alveolar bone metabolism in periodontal health and disease because of their ability to secrete factors that regulate the homeostasis of connective and osseous tissue, including inflammatory cytokines and major osteoblast or osteoclast regulators [3,4,5,6]. Cementoblasts are responsible for the production of cementum, which is the gold standard in periodontal regeneration [7]. Therefore, the local microenvironment must be conducive to the recruitment and function of cementoblasts or PDLCs for periodontal regeneration.



Changes in the dynamics of the periodontium occur with age in human tissue and in vitro [8,9]. With increasing age, PDLCs become less proliferative and exhibit decreased mitotic capacity [10], decreased organic matrix production [11] and increased expression of proinflammatory mediators under mechanical stimuli [12,13]. Increased resorption and apposition of cementum occurs with age and may also be responsible for increased irregularity of the cemental surface [14]. PDLCs become senescent following serial subculturing in vitro or following exposure to ionizing radiation and exhibit reduced levels of transcription factors and a decreased ability for osteoblastic differentiation compared to young PDLCs [15,16]. However, the role of cellular senescence in the pathology of age-related periodontal disease is not completely understood.



Melatonin (N-acetyl-5-methoxytryptamine) is an endogenous chemical mediator produced primarily by the pineal gland [17]. A free radical scavenger, it exhibits anti-inflammatory and antioxidant activity in vivo and in vitro [18,19,20]. Previously we reported that melatonin had cytoprotective and anti-inflammatory effects on H2O2-induced cytotoxicity and inflammatory mediators in a model of human chondrocytes and rabbit osteoarthritis via the sirtuin 1 (SIRT1) pathway [21]. Moreover, we demonstrated that it promotes hepatic differentiation of human dental pulp stem cells, which have been clinically implicated in the prevention of liver fibrosis [22].



The decline in melatonin production in aged individuals may be a primary factor contributing to the development of age-related diseases [23]. Melatonin decreases the expression of inflammatory and apoptotic markers [24] and improves age-related insulin resistance [25] and neurodegenerative disease in a senescence-accelerated mouse model [26]. Furthermore, it efficiently inhibits anticancer drug-induced premature senescence in A549 lung cancer cells [27]. It also promotes osteoblastic differentiation via p38 mitogen-activated protein kinase (MAPK) and protein kinase D1 [28] or bone morphogenetic protein/extracellular signal-regulated kinase (ERK)/Wnt signaling pathways [29]. Although its cytoprotective effects have been reported in a model of H2O2-induced premature senescence in mesenchymal stem cells (MSCs) derived from human bone marrow via the SIRT1-dependent pathway [30], its effects against premature senescence and osteoclastic differentiation induced by oxidative stress in adult differentiated somatic cells such as human PDLCs and cementoblasts remain poorly understood. We investigated the effects and underlying mechanism of action of melatonin in ethanol (EtOH)-stimulated premature senescence and osteoclastic differentiation in human PDLCs and cementoblasts.




2. Results


2.1. EtOH Treatment Induces Cell Death and Features of Premature Senescence in PDLCs and Cementoblasts


To determine the conditions of subcytotoxic stress, we measured cytotoxicity induced by EtOH following 3 days of exposure to doses of EtOH ranging from 10 to 50 mM, based on previous studies performed in osteoblasts [31] and fibroblasts [32]. Cytotoxicity appeared at doses greater than 25 mM EtOH in both PDLCs and cementoblasts (Figure 1A). Therefore, the subcytotoxic doses used in this study were 10–50 mM. To determine whether EtOH inhibits cell survival by inducing apoptosis, we investigated the effects of EtOH on apoptosis. EtOH did not induce early or late apoptosis but induced cell death in PDLCs and cementoblasts (Figure 1B).



To determine the effects of EtOH on cellular senescence, we examined senescence-associated β-galactosidase staining and activity in cells treated with EtOH. Following treatment with noncytotoxic concentrations of EtOH, PDLCs and cementoblasts exhibited enlarged nuclei and an expanded cytoplasm, which are morphological changes characteristic of premature senescence (Figure 2A). In addition, β-gal staining and activity increased significantly in a dose-dependent manner following EtOH treatment in both cell types (Figure 2B). To understand cell cycle arrest induced by EtOH treatment, we examined cell cycle profiles by flow cytometry. The proportion of cells treated with EtOH in the G0/G1 phase increased markedly compared to controls in PDLCs and cementoblasts (Figure 2C,D). To verify whether EtOH induces premature senescence in normal cells, we monitored intracellular levels of reactive oxygen species (ROS) and senescence-associated molecular markers. ROS levels increased in a dose-dependent manner in PDLCs and cementoblasts treated with EtOH (Figure 3A,B). Moreover, treatment with EtOH upregulated mRNA expression of major senescence-associated proteins (p53, 16 and p21; Figure 3C) as well as senescence-associated secretory phenotype (SASP) factors (interleukin [IL]-6, IL-8 and tumor necrosis factor [TNF]-α) in PDLCs and cementoblasts (Figure 3D). Together, these results suggest that a sub lethal concentration of 50 mMEtOH causes premature senescence in PDLCs and cementoblasts.




2.2. Melatonin Reduces EtOH-Induced Cellular Senescence in PDLCs and Cementoblasts


Next, we investigated whether melatonin modulates EtOH-induced premature senescence-like phenotypes in PDLCs and cementoblasts. Treatment with melatonin blocked EtOH-induced senescence-like morphological changes, β-gal activity, ROS production and the expression of senescence-associated proteins (p53, 16 and p21) and mRNAs (IL-6, IL-8 and TNF-α) in PDLCs and cementoblasts in a dose-dependent manner (Figure 4A–E).




2.3. Involvement of the PIN1 Pathway in the Anti-Senescence Effects of Melatonin


Because protein never in mitosis gene A interacting-1 (PIN1) may be a molecular target for differentiation and senescence [21,22,33], we investigated whether melatonin affects mRNA or protein expression of PIN1. Melatonin treatment enhanced EtOH-induced PIN1 mRNA and protein expression in PDLCs and cementoblasts in a dose-dependent manner (Figure 5A). To determine whether the anti-senescence effects of melatonin are mediated via a PIN1-dependent pathway, PIN1 expression was knocked down with a small interfering RNA (siRNA) targeting PIN1 (siPIN1) or pretreated with the PIN1 inhibitor juglone. siPIN1 knockdown significantly reversed the inhibitory effects of melatonin on EtOH-induced β-gal activity, ROS production and senescence-associated mRNA or protein expression, whereas the control siRNA showed no effect in PDLCs and cementoblasts. Moreover, pretreatment with juglone showed similar effects as siPIN1 (Figure 5C–F).




2.4. Melatonin Reverses EtOH-Suppressed Cementoblastic/Osteoblastic Differentiation


Because the delicate balance between osteoclast-mediated bone destruction and cementoblast-mediated cementum formation is important for maintaining periodontal tissue, we assessed whether EtOH-induced in vitro cementoblastic or osteoclastic differentiation is affected by melatonin. To investigate the effects of melatonin on EtOH-suppressed cementoblastic differentiation, we assessed alkaline phosphatase (ALP) activity, alizarin red staining and cementoblastic marker mRNA expression. As shown in Figure 6, melatonin restored EtOH-suppressed ALP activity, mineralization of nodule formation and mRNA expression of the osteoblastic transcription marker Runx2 and the differentiation markers osteonectin (ON), osteocalcin (OCN) and cementum-derived protein-23 (CP-23) in a dose-dependent manner. However, treatment with the PIN1 inhibitor juglone or siPIN1 reversed the effects of melatonin on EtOH-suppressed cementoblastic differentiation markers, which suggests that PIN1 mediates the rescue effects of melatonin (Figure 6A–C).




2.5. Melatonin Reverses EtOH-Induced Osteoclastic Differentiation


We investigated the expression of osteoprotegerin (OPG) and receptor activator of nuclear factor (NF)-κB ligand (RANKL) in PDLCs and cementoblasts to determine whether the osteoclastogenic stimulus is affected by melatonin and the inhibition of PIN1. EtOH-induced mRNA expression of RANKL was inhibited by melatonin and this response was reversed following treatment of PDLCs with siPIN1 or juglone. However, OPG mRNA did not change following melatonin and EtOH treatment of PDLCs and cementoblasts (Figure 7A). To examine whether PDLCs and cementoblasts treated with melatonin indirectly regulate osteoclast differentiation, we cultured bone marrow-derived macrophages (BMMs) with CM from PDLCs (Figure 7B–E). Melatonin significantly reduced EtOH-stimulated differentiation of osteoclasts; the number of osteoclasts; actin ring formation; and mRNA expression of osteoclast markers such as dendrocyte-expressed seven transmembrane protein (DC-STAMP), c-fos, NF-κB and nuclear factor of activated T cells (NFAT) c-1. However, treatment with juglone or siPIN1 reversed these effects. Because NFATc1 is a critical transcription factor for the induction of osteoclasts, expression of NFATc1 and F-actin was examined by immunofluorescence. As shown in Figure 7F, NFATc1 and F-actin in the nucleus markedly decreased in cells treated with melatonin compared to cells treated with EtOH. Moreover, PIN1 inhibition reversed the inhibitory effects of melatonin on EtOH-induced NFATc1 translocation (Figure 7F).



To determine the direct effects of melatonin on osteoclast differentiation, we examined RANKL-induced osteoclast formation in mouse BMMs. RANKL and EtOH treatment induced the formation of multinucleated osteoclasts but adding melatonin inhibited actin ring formation and the differentiation of BMMs into multinucleated osteoclasts (Figure 8A–C). In addition, melatonin reduced EtOH-stimulated upregulation of tartrate-resistant acid phosphatase (TRAP), DC-STAMP, c-fos, NF-κB and NFATc1 (Figure 8D). Furthermore, treatment with juglone or siPIN1 partly reversed these inhibitory effects on EtOH-stimulated expression of osteoclastic markers (Figure 8E).




2.6. AMPK, mTOR and MAPK Signaling Cascades Are Involved in the Effects of Melatonin on EtOH-Mediated Differentiation


To elucidate the molecular basis of the response to melatonin, we examined its effects on the EtOH-dependent induction of the mammalian target of rapamycin (mTOR) signaling pathway. As shown in Figure 8A, EtOH-dependent inhibition of phosphorylation of AMP-activated protein kinase (AMPK) and Akt (Ser473), which are upstream effectors of mTOR, increased following treatment with melatonin (Figure 9A). However, juglone and siPIN1 treatment inhibited phosphorylation of AMPK and Akt (Figure 9A). Furthermore, melatonin inhibited EtOH-stimulated phosphorylation of mTOR as well as that of ribosomal protein S6K and 4E-bp1, two well-characterized downstream effector molecules of target of rapamycin complex 1 (mTORC1), in PDLCs and cementoblasts (Figure 9B). Moreover, inhibition by juglone or siPIN1 reversed the effects of melatonin on EtOH-induced mTOR activation (Figure 9B). To determine the downstream effectors of melatonin-mediated inhibition of the mTOR pathway, we examined levels of phosphorylated and total MAPK (Figure 9C). Treatment of PDLCs and cementoblasts with melatonin blocked EtOH-induced phosphorylation of ERK but not c-Jun N-terminal kinase (JNK); it did not affect the total protein levels of JNK or ERK. Furthermore, inhibition by juglone or siPIN1 reversed the inhibitory activity of melatonin on EtOH-induced phosphorylation of ERK and JNK (Figure 9C).





3. Discussion


Melatonin plays an important role in the bone-healing process because of its antioxidant properties, regulation of bone cells and promotion of angiogenesis [34,35]. However, it is unclear whether it has a positive impact on osteoclastogenesis. In a previous study, exogenous administration of melatonin (5 or 50 mg/kg, daily) for 4 weeks in young mice led to a significant decrease in the number of active osteoclasts on the bone surface without significantly affecting the rate of bone formation [36]. In addition, at 1–500 μM, it causes a dose-dependent reduction in bone resorption activity in vitro, induces the expression of OPG and suppresses the expression of RANKL in mouse osteoblast MC3T3-E1 cells [36]. Furthermore, it has a suppressive effect on osteoclastic and osteoblastic activity in goldfish scales [37]. Melatonin supplementation reduces the number of osteoclasts in an in vivo model of osteoporosis [38] as well as a model of fracture healing [39] but does not significantly affect the number of osteoblasts or osteoclasts against osteoporosis following ovariectomy in rats [40]. Moreover, it does not affect osteoclastogenesis or resorption activity in RAW264.7 cells [41]. Although the beneficial effects of melatonin on periodontal regeneration have been demonstrated in gingival fibroblasts and in an in vivo animal model [42,43], its effects have not been reported in senesced HPDLCs and cementoblasts.



Because the amount of circulating melatonin declines with age, we hypothesized that treatment with melatonin may effectively inhibit cellular senescence and osteoclastogenesis. Because oxidative stress [44,45] and EtOH consumption [31,46] are important causative factors of the induction of periodontitis [44,45] we chose to examine EtOH treatment in HPDLCs and cementoblasts. This is the first study to examine the effects of melatonin and the underlying mechanism of EtOH-induced cellular senescence and osteoclastic differentiation, as well as EtOH-suppressed cementoblastic differentiation, in somatic adult HPDLCs and cementoblasts.



MSCs are a more ethical source of multipotent stem cells capable of differentiating into multiple mesodermal cell lineages such as osteoblasts and myoblasts [47]. Induction of intracellular ROS plays a critical role in the onset of premature senescence of cells upon various genotoxic stresses [48]. Treatment with oxidative agents such as H2O2 or EtOH at subcytotoxic concentrations for 72 h results in stress-induced premature senescence in normal human somatic cells such as fibroblasts [49,50]. Our results show that subcytotoxic concentrations (10–50 mM) of EtOH induce immature cellular senescence in HPDLCs and cementoblasts, which was confirmed by growth arrest, altered cell morphology, increased β-gal activity and ROS levels and overexpression of senescence-associated genes. These results are consistent with a previous study performed on human fibroblasts [50].



Administration of melatonin reduces H2O2-induced DNA damage in U-937 cells, which may play an important role in protecting cells from genetic damage due to free radicals [51]. Our results demonstrate that melatonin acts as a potent inhibitor of EtOH-induced cellular senescence, as evidenced by β-gal activity, ROS production and mRNA and protein expression of senescence genes in human PDLCs and cementoblasts. This is consistent with a previous study that showed that melatonin has marked antioxidant and antiaging effects in skeletal muscle in vitro [52].



A number of in vitro and in vivo studies have suggested that melatonin has beneficial effects on bone metabolism, including bone anabolic effects, in which melatonin promotes osteoblastic differentiation [28,29,53]. However, the precise mechanisms and signaling pathways involved in this process, particularly under conditions of EtOH induction, are unknown. To determine its effects on osteoblastic differentiation and mineralization of PDLCs and cementoblasts under EtOH-induced cellular senescence conditions, we evaluated ALP activity as well as the expression of osteogenic or cementogenic genes and mineralization. Melatonin markedly recovered EtOH-suppressed cementoblastic differentiation. Similarly, it recovered H2O2-suppressed osteoblast differentiation in MC3T3-E1 cells [54].



Phosphorylation of Ser/Thr-Pro motifs can modulate protein function through the induction of conformational changes that are regulated by the unique parvulin-like peptidyl-prolyl cis/trans-isomerase (PIN1), which specifically binds to and isomerizes certain phosphorylated Ser/Thr-Pro motifs in a defined subset of proteins, thereby affecting their function [55]. PIN1 is a ubiquitous enzyme that regulates diverse cellular processes, including growth-signal responses, cell cycle progression and cellular stress and immune responses and aberrant PIN1 function has been implicated in several human diseases [56]. Moreover, PIN1 is present in bone tissue, with the highest levels identified in osteoblasts and osteoclasts [57]. In a previous study, H2O2-induced oxidative stress increased PIN1 expression in PC12 cells in vitro [27]. In the present study, melatonin potently enhanced EtOH-induced PIN1 mRNA and protein expression in PDLCs and cementoblasts. Moreover, we found that PIN1 reversed the effects of melatonin on EtOH-suppressed osteoblastic or cementoblastic differentiation, which suggests the potential involvement of PIN1 in melatonin-dependent recovery in osteoblastogenesis.



The key cytokines that regulate osteoclastogenesis are RANKL, a stimulator of osteoclast differentiation, activity and survival and OPG, an inhibitor of osteoclastogenesis. In this study, melatonin inhibited EtOH-induced RANKL mRNA expression in PDLCs, which was reversed by inhibition of PIN1. Moreover, it attenuated EtOH-induced osteoclast formation in indirect cultures of PDLC CM as well as direct cultures of BMMs. In addition, treatment with juglone or siPIN1 reversed the effects of melatonin on EtOH-mediated induction of osteoclasts, actin ring formation and expression of osteoclast marker. These results suggest that the direct and indirect anti-osteoclastic differentiation of melatonin involve the PIN1 pathway. The transcription factor NFATc1 has recently been identified as a key regulatory protein that, together with the AP-1 protein c-fos, controls the terminal differentiation of osteoclasts downstream of RANKL signaling [58,59]. Our results demonstrate that melatonin markedly inhibits nuclear translocation of NFATc1 in EtOH-stimulated BMMs and that this response is reversed by inhibition of PIN1. These results suggest that the PIN1 pathway is critical to the anti-osteoclastic effects of melatonin in BMMs.



Oxidative stress, cytokines and growth factors activate the mTOR pathway [60], which is essential for the senescent phenotype [60]. Furthermore, melatonin regulates aging and neurodegeneration via the AMPK/Akt/mTOR pathway [61,62], which has been linked to osteoblastic differentiation in vascular smooth muscle cells [63,64] and MSCs [65]. In the present study, the inhibitory effects of melatonin on EtOH-induced activation of mTOR, AMPK and MAPK signaling were markedly reversed by treatment with juglone or siPIN1. Taken together, our results suggest that melatonin induces cytoprotection and its osteoblastic differentiation effects against EtOH-induced senescence through the downregulation of mTOR, AMPK and MAPK signaling via the inhibition of PIN1. Therefore, melatonin offers a possible approach for treating senescence-associated periodontitis and osteolytic disease.




4. Materials and Methods


4.1. Cell Culture


Human cementoblasts and periodontal ligament cells (PDLCs) immortalized by transfection with the telomerase catalytic subunit of human telomerase reverse transcriptase (hTERT) were kindly provided by Takashi Takata of Hiroshima University, Japan [66,67]. Cementoblasts and PDLCs were cultured in minimum essential medium alpha (α-MEM) with 10% fetal bovine serum (FBS) plus penicillin G solution (10 U/mL) and streptomycin (10 mg/mL) in a humidified atmosphere of 5% CO2 at 37 °C. FBS andα-MEM were purchased from Gibco (Grand Island, NY, USA). To induce differentiation, cells were cultured with osteogenic media (OM, 50 µg/mL ascorbic acid, 10 mM β-glycerophosphate and 10−7 M dexamethasone) as described previously [68,69].




4.2. Cytotoxicity Assay


Cell viability was evaluated by the 3-(4,5-dimethylthiazolyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, MTT assay solution (1 mg/mL) was added to each 96 well. After a 4 h incubation period (37 °C, 5% CO2) the supernatant was removed and the intracellularly stored MTT formazan was solubilized in 200 μL dimethyl sulfoxide for 5 min at room temperature. Optical densities were then measured at 540 nm in a multi-well spectrophotometer.




4.3. Senescence-Associated β-Galactosidase (SA-β-gal) Staining


SA-β-gal activity was determined using a SA-β-gal staining kit from Cell Signaling Technology (Beverly, MA, USA) according to the manufacturer’s instructions. Senescent cells were identified as green-stained cells by standard light microscopy. A minimum of 1000 cells was counted in 10 random fields to determine the percentage of SA-β-gal-positive cells.




4.4. Reactive Oxygen Species (ROS) Detection


Intracellular ROS generation was measured with the fluorescent probe 5-(and-6)-chloromethyl-2′,7′-dichlorodihydro-fluorescein diacetate, acetyl ester (CM-H2DCFDA; Molecular Probes, Eugene, OR, USA) using a FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA).




4.5. Cell Cycle Analysis


Treated cells were harvested and pelleted by centrifugation (400× g, 4 °C, 5 min). The cells were fixed with cold 70% ethanol and then stained with PI solution, consisting of 25 mg/mL PI, 10 mg/mL RNase A and 0.1% Triton X-100. After incubation in the dark at 4 °C for 20 min, fluorescence-activated cells were sorted using the FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA) and the data were analyzed using BD CellFIT™ software version 2.0.




4.6. FITC-Annexin V/PI Double Staining


After washing twice with PBS, cells (1 × 106) were resuspended in binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl and 2.5 mM CaCl2) and 1 μg/mL of each Fluorescein isothiocyanate (FITC)-annexin V and PI were added. The mixture was incubated for 10 min in the dark at room temperature and the cellular fluorescence was then measured using flow cytometry.




4.7. PIN1 siRNA Transfection


siRNAs were used for gene transient knockdown studies. Cells were incubated in 6-well plates for 24 h and then transfected with control siRNA or PIN1 siRNA (Bioneer, Daejeon, Korea) using Lipofectamine 3000 (Gibco; Invitrogen Ltd., Paisley, UK) according to the manufacturer’s instructions.




4.8. ALP Activity and Alizarin Red Staining


Cells were seeded in 6-well plates at a density of 3 × 105 cells per well and cultured in OM. After 7 days in culture, the cell layer was rinsed with PBS, scraped into 1 mL buffer (10 mM Tris–HCl, 5 mM MgSO4, 0.1% Triton X-100, 0.1% NaNO3), subjected to three freeze (−20 °C) thaw cycles, sonicated for 5 min to disrupt cell membranes and centrifuged (4000× g) at 4 °C for 15 min. ALP activity was measured using p-nitrophenyl phosphate (3 mM final concentration) as the substrate for 2 h in 0.7 M 2-amino-methyl-1-propanol, pH 10.3 and 6.7 mM MgCl2. Absorbance was measured at 410 nm using an enzyme-linked immunosorbent assay reader (Beckman Coulter, Fullerton, CA, USA). Cells were fixed with 70% ethanol and stained with 1% Alizarin red for 2 h, washed with deionized water and observed under a microscope.




4.9. Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)


Total RNA was prepared from cells using TRIzol reagent (Life Technologies, Gaithersburg, MD, USA) according to the manufacturer’s instructions. Reverse transcription of RNA was performed using Accu-Power RT PreMix (Bioneer). cDNA generated by reverse-transcription (2–5 µL) was then amplified using AccuPower PCR PreMix (Bioneer). PCR products were resolved on a 1.5% agarose gel and stained with ethidium bromide.




4.10. Western Blot Analysis


Cells were lysed in RIPA buffer (150 mM NaCl, 100 mM Tris–HCl, 1% Tween-20, 1% sodium deoxycholate and 0.1% SDS) with 0.5 mM EDTA, 1 mM PMSF, 10 μg/mL leupeptin, 10 μg/mL aprotinin and 1 μg/mL pepstatin. Proteins were resolved in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes and probed with specific antibodies. Antibodies specific for and p53, p21, p16, phosphor-AMPK, AMPK and actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against phospho-mTOR, phospho-S6K, phosphor-4Ebp1, phosphor-Akt, Akt, phospho-ERK (p-ERK), ERK, phospho-p38, p38, phospho-JNK (p-JNK) and JNK were purchased from Cell Signaling Technology (Danvers, MA, USA). The immunoreactive protein complexes were detected by enhanced chemiluminescence (Amersham Bioscience, Boston, MA, USA).




4.11. Preparation of Conditioned Medium


PDLCs and cementoblasts (2 × 106) were seeded on 100-mm culture dishes and cultured for 9 days (pre-treated EtOH for 3 days and then change the media with regents for 6 days). To obtain conditioned medium (CM) from these cells, cultured PDLCs and cementoblasts were incubated with fresh α-MEM (without FBS and regents) for the last 24 h. To normalize the differences between cell densities due to proliferation during the culture period, cells from each plate and determined total DNA content/plate (spectrophotometric absorbance, 260 nm) were collected. The CM was then normalized for DNA content between samples by the addition of α-MEM medium.




4.12. In Vitro Osteoclast Differentiation


Mouse bone marrow-derived macrophage (BMM) obtained from 8-week-old female ICR mice (Charles River Laboratories, Seoul, Korea) were used as osteoclast precursor cells. BMM cells were seeded in culture plates and cultured in the presence of 30 ng/mL macrophage colony stimulating factor (M-CSF) for 2 days. Induction of differentiation to osteoclasts was achieved by culturing the cells either with 100 ng/mL RANKL (Peprotech, Rocky Hill, NJ, USA) and 30 ng/mL M-CSF (Peprotech) for 2~4 days. Osteoclasts were identified by staining for tartrate-resistant acid phosphatase (TRAP) activity using an acid-phosphatase kit (Sigma-Aldrich, St. Louis, MO, USA) as per the manufacturer’s instruction. The percentage of TRAP positive multinuclear cells among the total cells and the number of mononuclear cells containing more than three nuclei were scored.




4.13. Immunocytochemistry


For immunofluorescence analysis, treated cells were fixed and permeabilized with 4% paraformaldehyde for 20 min followed by 0.1% Triton X-100 for 15 min, respectively. After washing in PBS buffer, slides were blocked with 1% normal goat serum for 1 h and then incubated with a mouse monoclonal anti-human NFAcT1 antibody (Biolegend, CA, USA) for overnight at a 1:200 dilution. After rinsing with PBS, the cells were incubated with a fluorescein isothiocyanate (FITC) conjugated goat anti-mouse immunoglobulin (Invitrogen, Carlsbad, CA, USA) for 1 h at a 1:400 dilution and then counterstained with 10 μg/mL 4′,6-diamidino-2-phenylindole (DAPI) and rhodaminephallodidin (Invitrogen) at 1:400 dilution for detection of nuclei and cytosol. Fluorescent images were obtained by laser scanning confocal microscopy (Leica, Wetzlar, Germany).




4.14. Statistical Analysis


Statistical analyses of data were performed by one-way analysis of variance (ANOVA) using SPSS software (v20.0; SPSS, Chicago, IL, USA). Differences between groups were determined by unpaired Student’s t-test. Values of p< 0.05 were accepted as an indication of statistical significance.








Author Contributions


W.-J.B., S.-K.K., I.-K.K. and E.-C.K. designed the experiments; W.-J.B. and J.S.P. conducted the experiments; W.-J.B., J.S.P. and S.-K.K. analyzed data; W.-J.B., J.S.P. and E.-C.K. wrote the manuscript. J.S.P., I.-K.K. and E.-C.K. revise article critically for important intellectual content.




Acknowledgments


This research was supported by the Bio & Medical Technology Development Program of the National Research Foundation (NRF) & funded by the Korean government (MSIP & MOHW); grant number: 2017M3A9E4048170.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pihlstrom, B.L.; Michalowicz, B.S.; Johnson, N.W. Periodontal diseases. Lancet 2005, 366, 1809–1820. [Google Scholar] [CrossRef]

	



Kocher, T.; König, J.; Dzierzon, U.; Sawaf, H.; Plagmann, H.C. Disease progression in periodontally treated and untreated patients: A retrospective study. J. Clin. Periodontol. 2000, 27, 866–872. [Google Scholar] [CrossRef] [PubMed]

	



Choi, S.C.; Seo, Y.H.; Bae, W.J.; Lee, H.S.; Choi, Y.C.; Kim, E.C. Milk activates the expression of cytokines via Nrf2/HO-1 pathway in human periodontal ligament cells. Dent. Traumatol. 2015, 31, 457–464. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.I.; Park, K.H.; Kim, S.J.; Kang, Y.G.; Lee, Y.M.; Kim, E.C. Mechanical stress-activated immune response genes via Sirtuin 1 expression in human periodontal ligament cells. Clin. Exp. Immunol. 2012, 168, 113–124. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.S.; Pi, S.H.; Lee, Y.M.; Lee, S.I.; Kim, E.C. The anti-inflammatory role of heme oxygenase-1 in lipopolysaccharide and cytokine-stimulated inducible nitric oxide synthase and nitric oxide production in human periodontal ligament cells. J. Periodontol. 2009, 80, 2045–2055. [Google Scholar] [CrossRef] [PubMed]

	



Shin, S.Y.; Kim, Y.S.; Lee, S.Y.; Bae, W.J.; Park, Y.D.; Hyun, Y.C.; Kang, K.; Kim, E.C. Expression of phospholipase D in periodontitis and its Role in the Inflammatory and osteoclastic response by nicotine- and Lipopolysaccharide-stimulated human periodontal ligament cells. J. Periodontol. 2015, 86, 1405–1416. [Google Scholar] [CrossRef] [PubMed]

	



Grzesik, W.J.; Narayanan, A.S. Cementum and periodontal wound healing and regeneration. Crit. Rev. Oral Biol. Med. 2002, 13, 474. [Google Scholar] [CrossRef] [PubMed]

	



Abiko, Y.; Shimizu, N.; Yamaguchi, M.; Suzuki, H.; Takiguchi, H. Effect of ageing on functional changes of periodontal tissue cells. Ann. Periodontol. 1998, 3, 350–369. [Google Scholar] [CrossRef] [PubMed]

	



Miura, S.; Yamaguchi, M.; Shimizu, N.; Abiko, Y. Mechanical stress enhances expression and production of plasminogen activatorin ageing human periodontal ligament cells. Mech. Ageing 2000, 112, 217–231. [Google Scholar] [CrossRef]

	



Nishimura, F.; Terranova, V.P.; Braithwaite, M.; Orman, R.; Ohyama, H.; Mineshiba, J.; Chou, H.H.; Takashiba, S.; Murayama, Y. Comparison of in vitro proliferative capacity of human periodontal ligament cells in juvenile and aged donors. Oral Dis. 1997, 3, 162–166. [Google Scholar] [CrossRef] [PubMed]

	



Stahl, S.S.; Tonna, E.A. H3-proline study of aging periodontal ligament matrix formation: Comparison between matrices adjacent to either cemental or bone surfaces. J. Periodontal Res. 1977, 12, 318–322. [Google Scholar] [CrossRef] [PubMed]

	



Shimizu, N.; Goseki, T.; Yamaguchi, M.; Iwasawa, T.; Takiguchi, H.; Abiko, Y. In vitro cellular aging stimulates interleukin-1 beta production in stretched human periodontal-ligament-derived cells. J. Dent. Res. 1997, 76, 1367–1375. [Google Scholar] [CrossRef] [PubMed]

	



Wu, RX.; Bi, CS.; Yu, Y.; Zhang, LL.; Chen, FM. Age-related decline in the matrix contents and functional properties of human periodontal ligament stem cell sheets. Acta Biomater. 2015, 22, 70–82. [Google Scholar] [CrossRef] [PubMed]

	



Van Der Velden, U. Effect of age on the periodontium. J. Clin. Periodontol. 1984, 11, 281–294. [Google Scholar] [CrossRef] [PubMed]

	



Konstantonis, D.; Papadopoulou, A.; Makou, M.; Eliades, T.; Basdra, E.K.; Kletsas, D. The role of cellular senescence on the cyclic stretching-mediated activation of MAPK and ALP expression and activity in human periodontal ligament fibroblasts. Exp. Gerontol. 2014, 57, 175–180. [Google Scholar] [CrossRef] [PubMed]

	



Konstantonis, D.; Papadopoulou, A.; Makou, M.; Eliades, T.; Basdra, E.K.; Kletsas, D. Senescent human periodontal ligament fibroblasts after replicative exhaustion or ionizing radiation have a decreased capacity towards osteoblastic differentiation. Biogerontology 2013, 14, 741–751. [Google Scholar] [CrossRef] [PubMed]

	



Reiter, R.J. Pineal melatonin: Cell biology of its synthesis and of its physiological interactions. Endocr. Rev. 1991, 12, 151–180. [Google Scholar] [CrossRef] [PubMed]

	



Fu, J.; Zhao, S.D.; Liu, H.J.; Yuan, Q.H.; Liu, S.M.; Zhang, Y.M.; Ling, E.A.; Hao, A.J. Melatonin promotes proliferation and differentiation of neural stem cells subjected to hypoxia in vitro. J. Pineal Res. 2011, 51, 104–112. [Google Scholar] [CrossRef] [PubMed]

	



Mauriz, J.L.; Collado, P.S.; Veneroso, C.; Reiter, R.J.; González-Gallego, J. A review of the molecular aspects of melatonin’s anti-inflammatory actions: Recent insights and new perspectives. J. Pineal Res. 2013, 54, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



García, J.J.; López-Pingarrón, L.; Almeida-Souza, P.; Tres, A.; Escudero, P.; García-Gil, F.A.; Tan, D.X.; Reiter, R.J.; Ramírez, J.M.; Bernal-Pérez, M. Protective effects of melatonin in reducing oxidative stress and in preserving the fluidity of biological membranes: A review. J. Pineal Res. 2014, 56, 225–237. [Google Scholar] [CrossRef] [PubMed]

	



Lim, H.D.; Kim, Y.S.; Ko, S.H.; Yoon, I.J.; Cho, S.G.; Chun, Y.H.; Choi, B.J.; Kim, E.C. Cytoprotective and anti-inflammatory effects of melatonin in hydrogen peroxide-stimulated CHON-001 human chondrocyte cell line and rabbit model of osteoarthritis via the SIRT1 pathway. J. Pineal Res. 2012, 53, 225–237. [Google Scholar] [CrossRef] [PubMed]

	



Cho, Y.A.; Noh, K.; Jue, S.S.; Lee, S.Y.; Kim, E.C. Melatonin promotes hepatic differentiation of human dental pulp stem cells: Clinical implications for the prevention of liver fibrosis. J. Pineal Res. 2015, 58, 127–135. [Google Scholar] [CrossRef] [PubMed]

	



Reiter, R.J. Aging and oxygen toxicity: Relation to changes in melatonin. Age 1997, 20, 201–213. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Puig, Á.; Rancan, L.; Paredes, S.D.; Carrasco, A.; Escames, G.; Vara, E.; Tresguerres, J.A. Melatonin decreases the expression of inflammation and apoptosis markers in the lung of a senescence-accelerated mice model. Exp. Gerontol. 2016, 75, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Tresguerres, J.A.; Cuesta, S.; Kireev, R.A.; Garcia, C.; Acuña-Castroviejo, D.; Vara, E. Beneficial effect of melatonin treatment on age-related insulin resistance and on the development of type 2 diabetes. Horm. Mol. Biol. Clin. Investig. 2013, 16, 47–54. [Google Scholar] [CrossRef] [PubMed]

	



Caballero, B.; Vega-Naredo, I.; Sierra, V.; Huidobro-Fernández, C.; Soria-Valles, C.; De Gonzalo-Calvo, D.; Tolivia, D.; Gutierrez-Cuesta, J.; Pallas, M.; Camins, A.; et al. Favorable effects of a prolonged treatment with melatonin on the level of oxidative damage and neurodegeneration in senescence-accelerated mice. J. Pineal Res. 2008, 45, 302–311. [Google Scholar] [CrossRef] [PubMed]

	



Song, N.; Kim, A.J.; Kim, H.J.; Jee, H.J.; Kim, M.; Yoo, Y.H.; Yun, J. Melatonin suppressesdoxorubicin-induced premature senescence of A549 lung cancer cells by ameliorating mitochondrial dysfunction. J. Pineal Res. 2012, 53, 335–343. [Google Scholar] [CrossRef] [PubMed]

	



Son, J.H.; Cho, Y.C.; Sung, I.Y.; Kim, I.R.; Park, B.S.; Kim, Y.D. Melatonin promotes osteoblast differentiation and mineralization of MC3T3-E1 cells under hypoxic conditions through activation of PKD/p38 pathways. J. Pineal Res. 2014, 57, 385–392. [Google Scholar] [CrossRef] [PubMed]

	



Park, K.H.; Kang, J.W.; Lee, E.M.; Kim, J.S.; Rhee, Y.H.; Kim, M.; Jeong, S.J.; Park, Y.G.; Kim, S.H. Melatonin promotes osteoblastic differentiation through the BMP/ERK/Wnt signaling pathways. J. Pineal Res. 2011, 51, 187–194. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, L.; Chen, X.; Liu, T.; Gong, Y.; Chen, S.; Pan, G.; Cui, W.; Luo, Z.P.; Pei, M.; Yang, H.; et al. Melatonin reverses H2O2-induced premature senescence in mesenchymal stem cells via the SIRT1-dependent pathway. J. Pineal Res. 2015, 59, 190–205. [Google Scholar] [CrossRef] [PubMed]

	



Amaral Cda, S.; Vettore, M.V.; Leão, A. The relationship of alcohol dependence and alcohol consumption with periodontitis: A systematic review. J. Dent. 2009, 37, 643–651. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.R.; Lazarenko, O.P.; Haley, R.L.; Blackburn, M.L.; Badger, T.M.; Ronis, M.J. Ethanol impairs estrogen receptor signaling resulting in accelerated activation of senescence pathways, whereasestradiol attenuates the effects of ethanol in osteoblasts. J. Bone Miner. Res. 2009, 24, 221–230. [Google Scholar] [CrossRef] [PubMed]

	



Toko, H.; Hariharan, N.; Konstandin, M.H.; Ormachea, L.; McGregor, M.; Gude, N.A.; Sundararaman, B.; Joyo, E.; Joyo, A.Y.; Collins, B.; et al. Differential regulation of cellular senescence and differentiation by prolylisomerase Pin1 in cardiac progenitor cells. J. Biol. Chem. 2014, 289, 5348–5356. [Google Scholar] [CrossRef]

	



Cetinus, E.; Kilinc, M.; Uzel, M.; Inanc, F.; Kurutas, E.B.; Bilgic, E.; Karaoguz, A. Does long-term ischemia affect the oxidant status during fracture healing? Arch. Orthop. Trauma Surg. 2005, 125, 376–380. [Google Scholar] [CrossRef] [PubMed]

	



Yeler, H.; Tahtabas, F.; Candan, F. Investigation of oxidative stress during fracture healing in the rats. Cell Biochem. Funct. 2005, 23, 137–139. [Google Scholar] [CrossRef] [PubMed]

	



Koyama, H.; Nakade, O.; Takada, Y.; Kaku, T.; Lau, K.H. Melatonin at pharmacologic doses increases bone mass by suppressing resorption through down-regulation of the RANKL-mediated osteoclast formation and activation. J. Bone Miner. Res. 2002, 17, 1219–1229. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, N.; Hattori, A. Melatonin suppresses osteoclastic and osteoblastic activities in the scales of goldfish. J. Pineal Res. 2002, 33, 253–258. [Google Scholar] [CrossRef] [PubMed]

	



Oktem, G.; Uslu, S.; Vatansever, S.H.; Aktug, H.; Yurtseven, M.E.; Uysal, A. Evaluation of the relationship between inducible nitric oxide synthase (iNOS) activity and effects of melatonin in experimental osteoporosis in the rat. Surg. Radiol. Anat. 2006, 28, 157–162. [Google Scholar] [CrossRef] [PubMed]

	



Histing, T.; Anton, C.; Scheuer, C.; Garcia, P.; Holstein, J.H.; Klein, M.; Matthys, R.; Pohlemann, T.; Menger, M.D. Melatonin impairs fracture healing by suppressing RANKL-mediated bone remodeling. J. Surg. Res. 2012, 173, 83–90. [Google Scholar] [CrossRef] [PubMed]

	



Uslu, S.; Uysal, A.; Oktem, G.; Yurtseven, M.; Tanyalçin, T.; Başdemir, G. Constructive effect of exogenous melatonin against osteoporosis after ovariectomy in rats. Anal. Quant. Cytol. Histol. 2007, 29, 317–325. [Google Scholar] [PubMed]

	



Satué, M.; Ramis, J.M.; del Mar Arriero, M.; Monjo, M. A new role for 5-methoxytryptophol on bone cells function in vitro. J. Cell. Biochem. 2015, 116, 551–558. [Google Scholar] [CrossRef] [PubMed]

	



Cutando, A.; Arana, C.; Gómez-Moreno, G.; Escames, G.; López, A.; Ferrera, M.J.; Reiter, R.J.; Acuña-Castroviejo, D. Local application of melatonin into alveolar sockets of beagle dogs reduces tooth removal–induced oxidative stress. J. Periodontol. 2007, 78, 576–583. [Google Scholar] [CrossRef] [PubMed]

	



Gómez-Florit, M.; Ramis, J.M.; Monjo, M. Anti-fibrotic and anti- inflammatory properties of melatonin on human gingival fibroblasts in vitro. Biochem. Pharmacol. 2013, 86, 1784–1790. [Google Scholar] [CrossRef] [PubMed]

	



Kimura, S.; Yonemura, T.; Kaya, H. Increased oxidative product formation by peripheral blood polymorphonuclear leukocytes in human periodontal diseases. J. Periodontal Res. 1993, 28, 197–203. [Google Scholar] [CrossRef] [PubMed]

	



Guarnieri, C.; Zucchelli, G.; Bernardi, F.; Scheda, M.; Valentini, A.F.; Calandriello, M. Enhanced superoxide production with no change of the antioxidant activity in gingival fluid of patients with chronic adult periodontitis. Free Radic. Res. Commun. 1991, 15, 11–16. [Google Scholar] [CrossRef] [PubMed]

	



Shepherd, S. Alcohol consumption a risk factor for periodontal disease. Evid. Based Dent. 2011, 12, 76. [Google Scholar] [CrossRef] [PubMed]

	



Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, J.D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.; Marshak, D.R. Multilineage potential of adult human mesenchymal stem cells. Science 1999, 284, 143–147. [Google Scholar] [CrossRef] [PubMed]

	



Giorgio, M.; Trinei, M.; Migliaccio, E.; Pelicci, P.G. Hydrogen peroxide: A metabolic by-product or a common mediator of ageing signals? Nat. Rev. Mol. Cell Biol. 2007, 8, 722–728. [Google Scholar] [CrossRef] [PubMed]

	



Kiyoshima, T.; Enoki, N.; Kobayashi, I.; Sakai, T.; Nagata, K.; Wada, H.; Fujiwara, H.; Ookuma, Y.; Sakai, H. Oxidative stress caused by a low concentration of hydrogen peroxide induces senescence-like changes in mouse gingival fibroblasts. Int. J. Mol. Med. 2012, 30, 1007–1012. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Matos, L.; Gouveia, A.; Almeida, H. Copper ability to induce premature senescence in human fibroblasts. Age (Dordr.) 2012, 34, 783–794. [Google Scholar] [CrossRef] [PubMed]

	



Romero, M.P.; Osuna, C.; García-Pergañeda, A.; Carrillo-Vico, A.; Guerrero, J.M. The pineal secretory product melatonin reduces hydrogen peroxide-induced DNA damage in U-937 cells. J. Pineal Res. 1999, 26, 227–235. [Google Scholar] [CrossRef] [PubMed]

	



Favero, G.; Rodella, L.F.; Nardo, L.; Giugno, L.; Cocchi, M.A.; Borsani, E.; Reiter, R.J.; Rezzani, R. A comparison of melatonin and α-lipoic acid in the induction of antioxidant defences in L6 rat skeletal muscle cells. Age (Dordr.) 2015, 37, 9824. [Google Scholar] [CrossRef] [PubMed]

	



Satomura, K.; Tobiume, S.; Tokuyama, R.; Yamasaki, Y.; Kudoh, K.; Maeda, E.; Nagayama, M. Melatonin at pharmacological doses enhances human osteoblastic differentiation in vitro and promotes mouse cortical bone formation in vivo. J. Pineal Res. 2007, 42, 231–239. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.; Kim, Y.M.; Kim, H.S.; Lee, K.Y. Melatonin promotes osteoblast differentiation by regulating Osterix protein stability and expression. Sci. Rep. 2017, 7, 5716. [Google Scholar] [CrossRef] [PubMed]

	



Lu, K.P.; Liou, Y.C.; Zhou, X.Z. Pinning down proline-directed phosphorylation signaling. Trends Cell Biol. 2002, 12, 164–172. [Google Scholar] [CrossRef]

	



Lu, K.P.; Zhou, X.Z. The prolylisomerasePIN1: A pivotal new twist in phosphorylation signalling and disease. Nat. Rev. Mol. Cell Biol. 2007, 8, 904–916. [Google Scholar] [CrossRef] [PubMed]

	



Bae, W.J.; Shin, M.R.; Kang, S.K.; Kim, J.Y.; Lee, S.C.; Kim, E.C. HIF-2 inhibition supresses inflammatory responses and osteoclastic differentiation in human periodontal ligament cells. J. Cell. Biochem. 2015, 116, 1241–1255. [Google Scholar] [CrossRef] [PubMed]

	



Takayanagi, H.; Kim, S.; Koga, T.; Nishina, H.; Isshiki, M.; Yoshida, H.; Saiura, A.; Isobe, M.; Yokochi, T.; Inoue, J.; et al. Induction and activation of the transcription factor NFATc1 (NFAT2) integrate RANKL signaling in terminal differentiation of osteoclasts. Dev. Cell 2002, 3, 889–901. [Google Scholar] [CrossRef]

	



Kwak, H.B.; Lee, B.K.; Oh, J.; Yeon, J.T.; Choi, S.W.; Cho, H.J.; Lee, M.S.; Kim, J.J.; Bae, J.M.; Kim, S.H.; et al. Inhibition of osteoclast differentiation and bone resorption by rotenone, through down-regulation of RANKL-induced c-Fos and NFATc1 expression. Bone 2010, 46, 724–731. [Google Scholar] [CrossRef] [PubMed]

	



Leontieva, O.V.; Natarajan, V.; Demidenko, Z.N.; Burdelya, L.G.; Gudkov, A.V.; Blagosklonny, M.V. Hypoxia suppresses conversion from proliferative arrest to cellular senescence. Proc. Natl. Acad. Sci. USA 2012, 109, 13314–13318. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Jenwitheesuk, A.; Nopparat, C.; Mukda, S.; Wongchitrat, P.; Govitrapong, P. Melatonin regulates aging and neurodegeneration through energy metabolism, epigenetics, autophagy and circadian rhythm pathways. Int. J. Mol. Sci. 2014, 15, 16848–16884. [Google Scholar] [CrossRef] [PubMed]

	



Sarlak, G.; Jenwitheesuk, A.; Chetsawang, B.; Govitrapong, P. Effects of melatonin on nervous system aging: Neurogenesis and neurodegeneration. J. Pharmacol. Sci. 2013, 123, 9–24. [Google Scholar] [CrossRef] [PubMed]

	



Zhan, J.K.; Wang, Y.J.; Wang, Y.; Wang, S.; Tan, P.; Huang, W.; Liu, Y.S. The mammalian target of rapamycin signalling pathway is involved in osteoblastic differentiation of vascular smooth muscle cells. Can. J. Cardiol. 2014, 30, 568–575. [Google Scholar] [CrossRef] [PubMed]

	



Sen, B.; Xie, Z.; Case, N.; Thompson, W.R.; Uzer, G.; Styner, M.; Rubin, J. mTORC2 regulates mechanically induced cytoskeletal reorganization and lineage selection in marrow-derived mesenchymal stem cells. J. Bone Miner. Res. 2014, 29, 78–89. [Google Scholar] [CrossRef] [PubMed]

	



Sun, H.; Kim, J.K.; Mortensen, R.; Mutyaba, L.P.; Hankenson, K.D.; Krebsbach, P.H. Osteoblast-targeted suppression of PPARγ increases osteogenesis through activation of mTOR signaling. Stem Cells 2013, 31, 2183–2192. [Google Scholar] [CrossRef] [PubMed]

	



Kitagawa, M.; Kudo, Y.; Iizuka, S.; Ogawa, I.; Abiko, Y.; Miyauchi, M.; Takata, T. Effect of F-spondin on cementoblastic differentiation of human periodontal ligament cells. Biochem. Biophys. Res. Commun. 2006, 349, 1050–1056. [Google Scholar] [CrossRef] [PubMed]

	



Kitagawa, M.; Tahara, H.; Kitagawa, S.; Oka, H.; Kudo, Y.; Sato, S.; Ogawa, I.; Miyaichi, M.; Takata, T. Characterization of established cementoblast-like cell lines from human cementum-lining cells in vitro and in vivo. Bone 2006, 39, 1035–1042. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.I.; Lee, D.W.; Yun, H.M.; Cha, H.J.; Bae, C.H.; Cho, E.S.; Kim, E.C. Expression of thymosin beta-4 in human periodontal ligament cells and mouse periodontal tissue and its role in osteoblastic/cementoblastic differentiation. Differentiation 2015, 90, 16–26. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.Y.; Auh, Q.S.; Kang, S.K.; Kim, H.J.; Lee, J.W.; Noh, K.; Jang, J.H.; Kim, E.C. Combined effects of dentin sialoprotein and bone morphogenetic protein-2 on differentiation in human cementoblasts. Cell Tissue Res. 2014, 357, 119–132. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 19 01742 g001 550] 





Figure 1. Effect of ethyl alcohol (EtOH) on cell viability (A) and cell death in human periodontal ligament cells (HPDLCs) and cementoblast. Cells are incubated with indicated concentration of EtOH for indicated times (A) and 3 days (B); Cell viability and death were examined by MTT assay and flow cytometry, respectively. These data are representative of three independent experiments. * statistically significant difference compared to the control groups (p < 0.05). 
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Figure 2. Effect of ethyl alcohol (EtOH) on characterization of cellular senescence by senescence-associated β-galactosidase (β-gal) staining (A), β-gal activity (B), cell cycle analysis (C,D) and expression of senescence-associated proteins (E) in periodontal ligament cells (PDLCs) and cementoblasts. Cells are incubated with indicated concentration of EtOH for 3 days (A–E); (A,B) SA-β-Gal activity was evaluated using a staining kit. Cell cycle and protein analysis were assessed by flow cytometry (C,D) and Western blot (E), respectively. Flow-cytometric frequency histograms of progenitors stained with propidium iodide (PI) for DNA content. These data are representative of three independent experiments. * statistically significant difference compared to the control groups (p < 0.05). Arrows in Figure 2A represent β-gal (+) cells. 
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Figure 3. Effect of ethyl alcohol (EtOH) on characterization of cellular senescence by reactive oxygen species (ROS) production (A,B) and mRNA expression of senescence-associated secretory phenotype (SASP) factors (C) in PDLCs and cementoblasts. Cells are incubated with indicated concentration of EtOH for 3 days (A–C). ROS production and mRNA analysis were assessed by flow cytometry (A,B) and RT-PCR (C), respectively. These data are representative of three independent experiments. * statistically significant difference compared to the control groups (p < 0.05). 
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Figure 4. Effect of melatonin on EtOH-induced cellular senescence in PDLCs and cementoblasts. Cells are incubated with indicated concentration of melatonin (μM) and EtOH (25 mM) for 3 days (A–C). Senescence was examined by β-gal activity (A), ROS production (B,C) and expression of senescence-associated proteins (D) and mRNAs (E). These data are representative of three independent experiments. * statistically significant difference compared to the control groups (p < 0.05). # statistically significant difference in each group. 
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Figure 5. Involvement of PIN1 pathway on effects of melatonin in EtOH-induced cellular senescence of PDLCs and cementoblasts. Cells are pretreated with juglone or PIN1 siRNA and then incubated with melatonin (100 μM) and EtOH (25 mM) for 3 days (A–F). mRNA and protein expression were accessed by Western blot and RT-PCR (A,B,E,F), respectively. Senescence was examined by β-gal activity (C), ROS production (D,E) and expression of senescence-associated proteins (E) and mRNAs (F). These data are representative of three independent experiments. * statistically significant difference compared to the control groups (p < 0.05). # statistically significant difference in each group. 
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Figure 6. Involvement of PIN1 pathway on effects of melatonin in EtOH-suppressed osteoblastic/cementoblastic differentiation in PDLCs and cementoblasts. Cells are pretreated with juglone (50 nM) or PIN1 siRNA (30 nM) and then incubated with melatonin (100 μM) and EtOH (25 mM) for 14 days (A–C). Differentiation was accessed by ALP activity (A), RT-PCR (B) and Alizarin red staining (C). These data are representative of three independent experiments. * statistically significant difference compared to the control groups (p < 0.05). # statistically significant difference in each group. 
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Figure 7. Indirect effects of melatonin on EtOH-induced osteoclastic differentiation in PDLCs and cementoblasts. Cells are pretreated with juglone (50 nM) or PIN1 siRNA (30 nM) and then incubated with melatonin (100 μM) and EtOH (25 mM) for 3 days (A) in PDLCs and cementoblasts and conditioned medium (CM) were prepared. The bone-marrow derived macrophage (BMM) cells were incubated with M-CSF (10 ng/mL) and RANKL (50 ng/mL) or 20% CM collected from PDLCs and cementoblasts. After 48 h of culture, the cells were fixed and osteoclast-like cells were identified by TRAP staining; (B,C) Representative pictures of TRAP staining (B) and actin ring (C); The numbers of osteoclasts per well were counted (D); mRNA expression of osteoclast-specific marker genes was assessed by RT-PCR (A,E). Representative immunofluorescence of NFATc1 and F-actin expression (F) for CM from PDLCs. Similar data were obtained from three independent experiments. Red color is for F-actin. Green color is for NFATc1. Merged color is for F-actin & NFATc1. NFATc1 expression was examined by RT-PCR (E) and immunofluorescence (F). * statistically significant difference compared to the control groups (p < 0.05). # statistically significant difference in each group. 
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Figure 8. Direct effects of melatonin on EtOH-induced osteoclastic differentiation in BMMs. BMMs were stimulated with RANKL in the presence of juglone (50 nM) or PIN1 siRNA (30 nM), EtOH (25 mM) and melatonin (100 μM) for 5 days. In vitro osteoclatogenesis was accessed by TRAP staining (A) and actin ring staining (B), counting of osteoclast (C), mRNA expression of osteoclast-specific marker genes (D). Similar data were obtained from three independent experiments. * statistically significant difference compared to the control groups (p < 0.05). # statistically significant difference in each group. 






Figure 8. Direct effects of melatonin on EtOH-induced osteoclastic differentiation in BMMs. BMMs were stimulated with RANKL in the presence of juglone (50 nM) or PIN1 siRNA (30 nM), EtOH (25 mM) and melatonin (100 μM) for 5 days. In vitro osteoclatogenesis was accessed by TRAP staining (A) and actin ring staining (B), counting of osteoclast (C), mRNA expression of osteoclast-specific marker genes (D). Similar data were obtained from three independent experiments. * statistically significant difference compared to the control groups (p < 0.05). # statistically significant difference in each group.
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Figure 9. Involvement of AMPK, mTOR and MAPK pathway on effects of melatonin in EtOH-induced senescence or differentiation in PDLCs and cementoblasts. Cells are pretreated with juglone (50 nM) or PIN1siRNA (30 nM) and then incubated with melatonin (100 μM) and EtOH (25 mM) for 60 min (A,B) and 45 min (C). Signal pathways was accessed by Western blot analysis. These data are representative of three independent experiments. 
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[image: Ijms 19 01742 g009]








© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
A B & &
Juglone (M) - - - S Ped ¢F - - - S

s 10 s - - 10 s 10 “Howemy 4 0 s n L Lol TYSE

E-cw~'~~-‘~‘o Mola (4h) e T eais

wn~====== | ————

o PDLCs Comentobl

i | S—| e
POLCs Comentoblasts

acontol
oM
EOHsMola
Juglons 10
Suuglona 50
Juglons 100
sersiRNA
PN SiRNA

Bgalatosidaso

on HoW

PDLCs Camansoblset





media/file13.png
>

ALP activity (uM)
O = N W & 0 O ~N O WO

OCon

@mOsS

OEtOH
@Mela+EtOH
Juglone
Scr siRNA
EPIN1 siRNA

BIsW+HO33

PDLCs

Cemento-
blasts

N/

Juglone

OS+EtOH
+ Mela

OS + EtOH + Mela





media/file12.jpg
>

ALP activity (4M)

PoLCs

Comonto-
[

PoLCs

acon
aos.

okion
aotsszion
asugone 2
ascrinn 3
ap A

Comentobasts

-

=Y

A
i | ||\
o C+EOH OSIEOH wgow  Sa___ PWT

08 + E1OH + Wele.





media/file18.jpg
A TP saning

DR LI
RanKL RANKLIEOH sugione SersinA

B cinring
e e RANKLOEON o dugors SweRMA  owiemm
o] b RANKL + EXOH + Mola.
2o
Com . , P &
iw ! LoD e
i + o e ELaL
fw ocSTh |
» ey —
. <o
& E R S wenery
ST A
il
capon [E——





media/file14.jpg
Ly
iy
c
i
D ™ !
$'e EOH . - 44
15 ey ————
SEESLSS o I—
4 =———
R e

GAPDH





media/file20.jpg
o LA
Au.h...z““?"ﬁi,.?‘féf‘“
gl iaansy

peaMpK [

S ;
S, AT A

perK(mmmama][f e ama]
LSCETEEOIC——
e C===—C EmmEE
K === EI
= ppLe





media/file10.png
A

Mela - -
EtOH - +

10 50 100

Juglone (nM) - - - & Q
= 10 50 100 EtOH (mM) - + + + +
Mela (uM) - - + + +

e
+
+

Qll\{‘ = - - ﬁﬁ
+ - + o+
+ &+

e e [ —

B-actin [“ H e

O

B-galatosidase
(0.D.420nm)

PDLCs

Cementoblasts

O Control
mEtOH
D EtOH+Mela

BJuglone 10
BJuglone 50
BJuglone 100
EScr siRNA
mPIN1 siRNA

PDLCs

B8 + HO3

Cementoblasts





media/file5.png
A 450 110 - *

400 3 : 0o
= 350 E - [ m
£ 300 g 105 - | @10 (2
S ggg = EtOHOmM ‘3 | 3
@ 150 = EtOH 50 mM < 100 - | B2 =
& 100 S .50
50 o 95 ' : o l
0 10?100 10  10° 0 10 25 50
PDLCs (FITC) PDLCs
350 =
300 £ 0o
250 g m
= 200 —— EtOHOmM m10|2
5 150 —— EtOH 50 mM R e
o 100 7] =
@ 50 9 50
€ 09 42 10° 10¢ 10
Cementoblasts (FITC) Cementoblasts

EtOH(mM) 0 10 25 50 0 10 25 50 EtOH(mM) 0 10 25 50 0 10 25 50
o I ) 5 [ —— ——  ———
o I I 2 [ = e
e ] P] b1 [— ———| [ = — = = |

ol — — — — | — — == e

PDLCs Cementoblasts PDLCs Cementoblasts






media/file19.png
A TRAP stammg

il A,')‘ : - .‘; “n . e
- ‘ 2 e -
;', 9 ~ % Q e . \ o e .
i | Adsy Ny b IR
- ‘g t’»{ ) \/ . 2, "
- g ! - » S R -
- '.‘.;'\ > \' . 7t Sy ’,':‘.... ‘. h—' & \.
‘8 ‘,\ 3 g e (B Lk . L. o
: \-? > "1-‘* O N o et |y
- '~ ’. » ; “‘.‘ ' P .'_..""7 [ L., vd
2 3 & . P .. — 4 of o
RANKL+EtOH Jug|one Scr siRNA PIN1 siRNA

+ Mela RANKL + EtOH + Mela

B Actin ring

10x

PIN1 siRNA

RANKL RANKL+ RANKL+EtOH Juglone Scr siRNA
EtOH + Mela RANKL + EtOH + Mela
C 120, # : R Sl
S100 - /—‘ & &
z I 3 Q\
% 80 - = =R - D Mela - - + +
S 60 - : . EtOH - + + +
2 RANKL + + +
o 40 - DC-STAMP
20 - c-fos
0 T % T T T v. T v 1 NF-KB
\v 2>
‘;Sl' &® ,&f:@ q\o“'b é\“ .g-“ NFAcT1
=)
. Q/@f@" ¥ & TRAP
GAPDH

RANKL + EtOH + Mela

20x%





media/file15.jpg
NFACT-1

Control

RANKL+
EtOH

RANKLs
EtOH+
[

Juglone

SersiRNA

RANKL + EtOH + Mela

PINY SiRNA






media/file2.jpg
: E £ B
L3 i x1000 E) 100 150 200

PIPDLCS) Pl (Comentoblasts) -





nav.xhtml


  ijms-19-01742


  
    		
      ijms-19-01742
    


  




  





media/file11.png
oo
180 -
: L ho
S LU T S +
§ h
O £ 140 -
e |
-5120-|+‘
1100 L] T L] L] L] L] 1
Mela - - + + + + +

'
n
(=]
-
=]
(=]

|

'

Juglone - -
ECOH - + + <+ + o+ &+

eﬂf‘ ﬂ,}??&;
PDLCs
E 5

NN & S

Juglone - - - @\ ¢ QY - - - ¥ DglQh
EtOH - + + + + + + - 4+ + + + + +
Mela - - + + + + + =« « + + + + +
s [fembem - =]
p21 [-4-..-] . - ----ﬁ|
pl6 | =w—emed| =-~~wwe)
B-actin [----—--H--—---|

PDLCs Cementoblast

i
600 - |
— #
= t1
o § 400 - 2 ,.;
°% x
5 200 -
S
= LT
Mela = - + + + + +
Juglone - - - 50 100 - -
EtOH - + + + + _+ ,+
s“rﬂ"‘?rs.
Cementoblasts g
O & S Q &
Juglone - - - ST - - - ST
EtOH-++++++-++++++
Mela - + + + + + - + + +

v o i v [
e - ————

PDLCs Cementoblast






media/file6.jpg





media/file1.png
>

So o
S 2 08 - - * .
e
@
< 5 0.6 - : 01 day
O =
ceo 04 - @2 days
= 0
T = 4
3<E 02
0 T T
EtOH (mM) 0 10 25 50 0 10 25 50
PDLCs Cementoblasts
EtOH OmM EtOH 10mM EtOH 25mM EtOH 50mM
$10%) 10']: 10°, 10°
0.0 % 0.0 % . 0.08 % 0.0 % 0.07 % 0.02 % 8.20 %, 0.45 %
104 10*, 10% 10*
— |10? 10° _ ’ s '.
= 10° 10 B
0 10° YR 103 = 10 bl
.11:r‘;5‘.*7"f % -100’.-W . IJTO s - Dg]’_ it i W i
102 0102 10% 104  10% 0107 10° 10* 10°  _407 010¢ 10° 10° 10° -40%010° 10° 10* 10°
»  Annexin-V /PDLCs
EtOH OmM EtOH 10mM EtOH 25mM EtOH 50mM
10"'. 10%, ."]u' 10°:
A, 00% 0.0% , 007%| 032% 013%| 0.29% 1.72%
3 ]
" 10 10°, 10°, 10°
107, !Ip 9 107 s — 2
0 Tl g o 0- _ 10 B 10°
'10:"2‘ 102 102 _‘0 OD:B oL -'2 -':' y4 2.""? % 109}. bk e 0.93 % E ool 0.01%
4107 0107 10° 10* 1 0102 10° 10* 10 - T T M e e

Annexin-V / Cementoblast





media/file16.png
[ RS ] s F o« T g e L AR T - o A e L
a v e - Y - = w N \ o - ".'. = ., e, - N 1' M T W
. Faff X - e ’ . 3 P

PR . | LR N o | Sy S S | PRSI S B Sy, 1 0 | B V8 \9"2
. ‘ L A\1 - - “_ » b . peciy” " ‘ : -'|- ..-3{: e - "' . '5'&; ! o ; ' b Y e B

" i'ﬂ " . s :"Liﬁ': ! .k"j'l v ‘.\ﬂp.' "\‘-. ; - . %-'.}'"..'.:G "“\: "t: --"- ' -L:'_-:{ . N ,r'l -..'- *-/-"'ﬂt y:
o LT A Ko NP LS ARD S | R 0t S | NS e
e o | > - % B | RO __‘ ‘.:' s *“"/ AR | e ).*Rﬁ
- fﬁ) o ¥ N gn V]l Ty, VA o Fo L e ﬂﬁ'n"' Y. _-.H.m:‘_..“ - w = |- : "E‘Y_‘:—C!
RANKL CM: Control RANKL+ RANKL+EtOH Juglone Scr siRNA PIN1 siRNA

(PDLCs) EtOH + Mela RANKL + EtOH + Mela

RANKL CM: Control RANKL+ RANKL+EtOH Juglone Scr siRNA PIN1 siRNA
PDLCs EtOH + Mela RANKL + EtOH + Mela 20x

C

‘ A
120 RS
100 - — Mela - - -

80 | # EtOH - -
8 . RANKL *+ +

| * : N — — — — —— —
*S P ==
[ - (]
5

D

Osteoclast No.

v X 2 & & &

S LSS ESE e I

& T S E——
& N

CM: PDLCs CM: PDLCs






media/file7.png
A o014

0.12 -

o
-

0.08
} 0.06

RB-galatosidase
(0.D.420nm)

0.02

400

B 350
300
250
200
150
100
50

ROS (Count)

0.04 -

o

300
250
200
150
100

50

ROS (Count)

=

O Control
= EtOH
BMela10 | m
BMela 50 | 2
®Mela 100
PDLCs Cementoblasts
115 -
£ 110 -
=
S 105 -
Control S 100 -
o~
—— EtOH £ g5 .
EtOH+ 0
Mela 1004M O 90 -
85
100 100 10 16
PDLCs (FITC)
150 -
2
=
8 100
Control ‘S
. EtOH =
e ETOH+ w90
Mela 100pM o
(1 4
102 10°  10*  10° 0 2 iblt
Cementoblasts (FITC) ek
Mela - - 1050100 . - 10 50100
EtOH - + + + + - + + + +

pS3 [w ||._._.._.-___.]

p21 l"*" - w-..a‘

B-actin e ———— | ———

PDLCs Cementoblast
Mela - - 1050100 . - 10 50 100
EtOH - + + + + - + + +

PDLCs

Cementoblasts

OControl
B EtOH

B Mela 10
@ Mela 50
mMela 100

HO3

0O Control
B EtOH
BMela 10
B Mela 50
= Mela 100

HO3





media/file3.png
C

Cell cycle (count)

EtOH (mM) O

B 0.12 -

=
i
L

0.08 -
0.06 -

g

B-galatosidase
(0.D.420nm)

==EtOH 0 mM ==EtOH 50 mM

Sub G1 ,G0/G1, S G2/M

N

Pl (PDLCs)

150
x1000

Cell cycle (count)

2

E

>

25 20 40x

oo
m
210 |3
=
@25 |3
=
m50

Cementoblasts

200+

==EtOH 0 mM ==EtOH 50 mM

SubG1 GO/GY, S G2/m |

=

| | | 1

200

50 100 150
x1000

Pl (Cementoblasts)





media/file9.jpg
g

3

allaglal

—
Ros
producton (1)
H

. e %
Juglone - - - 50100 - - dogors = - - W - -
EOH - + + s + ot o0 OH =+ 4+ ot ot
Ser % Ser “h,

o Pore sy

Comentoblasts






media/file17.png
L

VOO garn

0 M,






media/file4.jpg
A a0

400
2350
£ 300
3 250
o200

150
€ 100

110 4 <

| o

105

v hﬁl
0 10

25 50
PDLCs

a0

a10
—— EOHOmM

—— EOHs0mM 825

(Ww) Hoa

us0

ROS (%of control)

¢ 10 10t
PDLCs (FITC)

120 £
115 00

110 5
105 | I 1o
[

10 100 10° 0 10 25 50
Comentoblasts (FITC) Cementoblasts.

—— EOHOmM
—— EOH 50 mM

(Ww) HoVa

ROS (%of control)

o D
EtOH (mM) 0 10 25 50 0 10 25 50 EtOH(mM) 0 10 25 50 0 10 25 50
ro T P 6 [————| —— ==~
covon I ] #atn [————| = ———]

PDLCs  Cementoblasts PDLCs. Comentoblasts





media/file0.jpg
A 12y
14
Zos "
£o ot day
2odl wzdoys
Loz
o
EoHmM 0 10 25 50 0 10 25 5
3 Comentoblasts
B &0 omm E1OK 10mm
- w
oa% | oo% | ooex [oo%
o wl

w !

- 00% _)".rw» |aM

e T
‘Annexin-V /PDLCs

EoH ECOH 10mM
w
b 00% oo 032%
w

e w e W e e e

o

Somenii ] Commibiint





media/file21.png
3\}%%& q'\{" o %d" q\{"*
Mela - - + + + +# - - + + + +
EtOH - + + 4+ + + = 4 4+ + + +

p-AMPK [ s me e | [l mme |

AMPK [s s o s v | |0 40 w0 0y & &9
PAKE [ o e o | [ |

P o ¥ &
B G EELS
& e RO I
b %G Q\ N "-90 q'\
Mela - - + + + + - - + + + +
EtOH - + + + + + “ o oo
P-MTOR s om = ww o= | | iyt @) == @

PSEKa |~ = == —e= | . = om-
p-4EBp1 e mm e SaSE = -

(Thr308)
Akt |----"'"'""| I-_“-‘ B-actin |- -----| |--—I
PDLCs Cementoblasts PDLCs Cementoblasts
> .@,?" a2
C L TS
5«}%_,& 3 Weet ¢
Mela - - + + + + - = o P P
EtOH - + + + + + -+ + + + +

pERK (S sscsm<| (s e swe
ERK|IIIIII| [_|
ek BIEEEE
NEBEEBREES

PDLCs Cementoblasts






