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Induction of Apoptotic Cell Death by Oral Streptococci in Human Periodontal Ligament Cells
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Initiation and progression of oral infectious diseases are associated with streptococcal species. Bacterial infection induces inflammatory responses together with reactive oxygen species (ROS), often causing cell death and tissue damage in the host. In the present study, we investigated the effects of oral streptococci on cytotoxicity and ROS production in human periodontal ligament (PDL) cells. Streptococcus gordonii showed cell cytotoxicity in a dose- and time-dependent manner. The cytotoxicity might be due to apoptosis since S. gordonii increased annexin V-positive cells, and the cytotoxicity was reduced by an apoptosis inhibitor, Z-VAD-FMK. Other oral streptococci such as Streptococcus mitis, Streptococcus sanguinis, and Streptococcus sobrinus also induced apoptosis, whereas Streptococcus mutans did not. All streptococci tested except S. mutans triggered ROS production in human PDL cells. Interestingly, however, streptococci-induced apoptosis appears to be ROS-independent, as the cell death induced by S. gordonii was not recovered by the ROS inhibitor, resveratrol or n-acetylcysteine. Instead, hydrogen peroxide (H2O2) appears to be important for the cytotoxic effects of streptococci since most oral streptococci except S. mutans generated H2O2, and the cytotoxicity was dramatically reduced by catalase. Furthermore, streptococcal lipoproteins are involved in cytotoxicity, as we observed that cytotoxicity induced by the lipoprotein-deficient S. gordonii mutant was less potent than that by the wild-type and was attenuated by anti-TLR2-neutralizing antibody. Indeed, lipoproteins purified from S. gordonii alone were sufficient to induce cytotoxicity. Notably, S. gordonii lipoproteins did not induce H2O2 or ROS but cooperatively induced cell death when co-treated with H2O2. Taken together, these results suggest that most oral streptococci except S. mutans efficiently induce damage to human PDL cells by inducing apoptotic cell death with bacterial H2O2 and lipoproteins, which might contribute to the progression of oral infectious diseases such as apical periodontitis.
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INTRODUCTION

Streptococci are commensal Gram-positive aerobic bacteria found in human body such as skin, oral cavity, and intestine (Abranches et al., 2018). At the same time, they can act as opportunistic pathogens causing infectious diseases such as apical periodontitis, pneumonia, sepsis, and skin infections (Parks et al., 2015). Among them, oral streptococci including S. gordonii, S. mutans, S. mitis, and S. sanguinis are commonly found in the human oral cavity (Abranches et al., 2018). They have been demonstrated to cause systemic diseases such as bacteremia, sepsis, and infective endocarditis (Park et al., 2020). Oral streptococci, as early colonizers of the oral cavity, have been isolated from infected root canals of patients with apical periodontitis (Chavez de Paz et al., 2005) and are known to cause inflammation and tissue destruction in periapical lesions (Kutlu et al., 2003). Metagenomic analysis showed that Streptococcus is a predominant genus in patients with gingivitis (Park et al., 2015). Oral streptococci have been shown to induce macrophage cell death through hydrogen peroxide (H2O2) production (Okahashi et al., 2013). We previously reported that S. gordonii efficiently produces nitric oxide and proinflammatory cytokines in macrophages and induces bone destruction by stimulating osteoclastogenesis while inhibiting osteoblastogenesis (Kim et al., 2017b, 2018; Park et al., 2019).

Bacterial infections in the oral cavity induce inflammatory responses that often cause destruction of tissues such as the periodontal ligament (PDL), pulp, and alveolar bone (Cekici et al., 2014). The PDL, a type of connective tissue between teeth and alveolar bone, includes fibroblasts (the most predominant cells), epithelial cells, and osteoblasts (Jonsson et al., 2011). It is well known that PDL cells interact with bacteria in the periodontal pocket and periapical lesions and are associated with inflammatory responses (Cekici et al., 2014). For example, periodontopathic bacteria such as Porphyromonas gingivalis have been reported to induce inflammatory cytokines including IL-1β, IL-8, and TNF-α in PDL cells (Yamamoto et al., 2006). We also previously reported increase in IL-8 expression in PDL cells treated with S. gordonii (Kim et al., 2017a) or Aggregatibacter actinomycetemcomitans lipopolysaccharide (LPS) (Im et al., 2015). In addition, PDL cells treated with P. gingivalis LPS exhibit increased production of reactive oxygen species (ROS) (Golz et al., 2014). Furthermore, it has been reported that the upregulation of receptor activator of NF-kappa B ligand (RANKL) by A. actinomycetemcomitans LPS in PDL cells contributes to the pathogenesis of periodontitis (Tiranathanagul et al., 2004). Therefore, effector molecules produced during the interactions between pathogenic bacteria and PDL cells seem to be important for the development of periodontitis.

ROS are induced by reduction of molecular oxygen in the mitochondria under normal physiological conditions (Circu and Aw, 2010). ROS include free radicals such as superoxide anion and hydroxyl radical and non-radicals such as H2O2 and singlet oxygen (Li et al., 2016). ROS contribute to cell proliferation, differentiation, and inflammation through regulation of intracellular signaling (Circu and Aw, 2010). Moderate ROS production induces inflammatory responses for host defense (Wang et al., 2014). In contrast, excessive ROS production by the inflammatory lesion can damage nucleic acids, proteins, and lipids and eventually lead to tissue injury via cellular damage and apoptosis (Circu and Aw, 2010; Mittal et al., 2014). ROS-independent apoptosis has been also reported (Seong and Lee, 2018). It has been suggested that hyper-production of ROS is associated with pathologies in various diseases including cancer, atherosclerosis, and diabetes (Brieger et al., 2012; Kehrer and Klotz, 2015). Periodontitis often induces excessive ROS in periodontal tissues (Akalin et al., 2007), but the underlying molecular mechanism is not clear. Therefore, in this study, we investigated the effects of various oral streptococci on cytotoxicity and ROS production in PDL cells.



MATERIALS AND METHODS


Reagents and Chemicals

S. gordonii CH1 and S. mitis SF100 were used as previously described (Seo et al., 2010; Kim et al., 2017a). S. mutans KCTC3065 and S. sanguinis KCTC3284 were obtained from the Korean Collection for Type Cultures (Jeongeup, Korea). S. sobrinus NIDR 6715-7 was provided by Prof. Bong-Kyu Choi (Seoul National University, Seoul, Korea). Lipoprotein-deficient (Δlgt) and lipoteichoic acid (LTA)-deficient (ΔltaS) S. gordonii and lipoproteins were prepared from S. gordonii CH1 as previously described (Kim et al., 2017b). Todd–Hewitt broth, brain heart infusion (BHI), and yeast extract were purchased from BD Biosciences (San Diego, CA, United States). Minimum Essential Medium, alpha modification (α-MEM), Dulbecco’s Modified Eagle’s Medium (DMEM), and phosphate-buffered saline (PBS) were obtained from WelGENE (Daegu, Korea). Penicillin/streptomycin was purchased from HyClone (Logan, UT, United States). Fetal bovine serum (FBS), trypsin–EDTA, and trypan blue were purchased from Gibco-BRL (Carlsbad, CA, United States). 2',7'-Dichlorofluorescin diacetate (DCF-DA), resveratrol, n-acetylcysteine (NAC), and catalase were purchased from Sigma-Aldrich (St. Louis, MO, United States). Z-VAD-FMK was purchased from InvivoGen (San Diego, CA, United States). Dead cell apoptosis kit was purchased from Invitrogen (Carlsbad, CA, United States).



Bacteria Culture

Wild-type S. gordonii CH1, lipoprotein-deficient (Δlgt) S. gordonii, LTA-deficient (ΔltaS) S. gordonii in Todd-Hewitt broth with 5% yeast extract (THY), and S. mutans, S. mitis, S. sobrinus, and S. sanguinis in BHI were grown at 37°C under static condition. The bacteria were diluted 1:100 in fresh medium, cultured to mid-log phase, and then washed with PBS. The cells were grown in α-MEM containing 10% FBS and 1% penicillin/streptomycin at 37°C in a 5% CO2 incubator.



Isolation and Culture of PDL Cells

All experiments using healthy human PDL cells were approved by the Institutional Review Board at Seoul National University. The wisdom teeth were obtained from young adults (two males and one female, average 23years old) at the Dental Hospital of Seoul National University, Korea. PDL tissue was removed from the root surface of teeth and chopped into the small pieces. The tissue was digested with 0.25% trypsin and 1mM EDTA in PBS for 1h at 37°C and vortexed every 10min. To obtain the single cells, the digested tissue suspension was passed through a 70-μm cell strainer (BD Falcon, Franklin Lakes, NJ, United States). The cells were collected by centrifugation and cultured in DMEM containing 10% heat-inactivated FBS, 100U/ml penicillin, and 100μg/ml streptomycin at 37°C in a 5% CO2 humidified incubator. The PDL cells were treated with streptococci at various multiplicities of infection (MOI) for 1, 3, or 6h in the complete culture media without antibiotics. Primary human PDL cells at passages four to nine were used in this study.



Cell Viability Test

Human PDL cells (3×105 cells/ml, 2ml) were plated onto 60-mm dishes and stimulated with S. gordonii at MOI 1:10, 100, or 1,000 for 1, 3, or 6h. In separate experiments, the cells were pre-treated with Z-VAD-FMK or resveratrol for 1h and then stimulated with S. gordonii for 3h. The cells were washed with PBS, detached using trypsin–EDTA, and stained with trypan blue. Live (unstained) and dead (stained) cells were enumerated under light microscopy. The cells were counted within 5min after the mixing with trypan blue.



Cell Apoptosis Assay

Cell death staining was conducted according to the manufacturer’s instructions (Invitrogen). Briefly, human PDL cells (3×105 cells/ml, 2ml) were plated onto 60-mm dishes and stimulated with S. gordonii at MOI of 1,000 for 30, 60, or 180min. Then, the cells were treated with EDTA for 5min, detached with a scraper, and harvested. After washing twice with PBS, the cells were stained with FITC-annexin V and propidium iodide (PI) in the dark for 15min. The staining of cells was analyzed by flow cytometer (BD Biosciences) using Flow Jo software (Tree Star, San Carlos, CA).



Intracellular ROS Detection

Intracellular ROS were detected using DCF-DA as described previously (Song et al., 2021). Briefly, human PDL cells (3×105 cells/ml, 2ml) were plated onto 60-mm dishes. The cells were detached with trypsin–EDTA, washed with PBS, and treated with 10μM of DCF-DA for 30min at 37°C. DCF-DA-treated cells were washed twice with PBS, followed by stimulation with S. gordonii at MOI of 1:10, 100, or 1,000 for 3h. After washing, the ROS levels were analyzed using a flow cytometer (BD Biosciences).



H2O2 Measurement

Human PDL cells (3×105 cells/ml, 2ml) were plated onto 60-mm dishes and treated with oral streptococci for 1h. The supernatants were harvested by centrifugation at 10,000×g for 5min. Level of H2O2 in the supernatant was assayed according to the manufacturer’s instructions (EZ-hydrogen peroxide/peroxidase assay kit, DoGenBio, Seoul, Korea). H2O2 was quantified by measuring the absorbance at 560nm using a microplate reader (Molecular Devices, San Jose, CA, United States).



Statistical Analysis

All experiments were performed three to five times. All data are expressed as mean±standard deviation (SD) of triplicate samples. Statistical significance was examined with a nonparametric Mann–Whitney test. An asterisk (*) indicates a significant difference, defined as p<0.05.




RESULTS


S. gordonii Exhibits Cytotoxicity to Human Periodontal Ligament Cells

We examined the effect of S. gordonii on the viability of human PDL cells. The cells treated with live S. gordonii exhibited morphological changes typical of dying cells and were detached from the culture dish (Figure 1A). Cytotoxicity was dose- and time-dependent (Figure 1B). In addition, S. gordonii efficiently induced cell death in primary PDL cells taken from different donors (Supplementary Figure 1). These results suggest that S. gordonii induces damage in human PDL cells to result in cell death.
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FIGURE 1. S. gordonii induces cytotoxicity of periodontal ligament (PDL) cells. S. gordonii was cultured to mid-log phase in THY media at 37°C. PDL cells were treated with S. gordonii at multiplicities of infection (MOI) 1:10, 1:100, or 1:1,000 for 1, 3, or 6h. Trypan blue assay was used to determine the number of viable PDL cells. The cells were photographed (A) and counted (B). One of three similar results is shown. *p<0.05.




S. gordonii Induces Apoptotic Cell Death Through ROS-Independent Pathways

Next, annexin V/PI staining was performed to determine whether cell death induced by S. gordonii was due to apoptosis or necrosis. As shown in Figure 2A, S. gordonii increased annexin V-positive cells (apoptotic cells) and annexin V/PI double-positive cells (both late apoptotic and necrotic cells) but decreased annexin V/PI double-negative cells (viable cells) in a time-dependent manner. However, when the cells were pre-treated with Z-VAD-FMK, an apoptosis inhibitor, S. gordonii did not inhibit cell viability (Figure 2B). These results indicate that S. gordonii-induced PDL cell death is mediated through apoptosis. On the other hand, excessive ROS production can lead to cell apoptosis (Circu and Aw, 2010) Thus, we hypothesized that S. gordonii induces ROS-mediated apoptosis in PDL cells. When the cells were treated with S. gordonii, ROS production of PDL cells was increased in a dose-dependent manner (Figure 3A). However, ROS inhibitor resveratrol or n-acetylcysteine did not affect cytotoxicity of PDL cells by S. gordonii (Figures 3B,C). These results suggest that S. gordonii induces ROS generation but is not related to PDL cell death.
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FIGURE 2. Cytotoxicity by S. gordonii is mediated through apoptosis in PDL cells. S. gordonii was cultured to mid-log phase in THY media at 37°C. (A) PDL cells were treated with S. gordonii at MOI 1:1,000 for 30, 60, or 180min. The cells were stained with annexin V and PI and then analyzed using flow cytometry. Numbers indicate the percentage of cells in each panel. (B) PDL cells were pre-treated with Z-VAD-FMK (0, 5, or 50μM) for 1h, followed by treatment with S. gordonii at MOI 1:100 for 3h. Trypan blue assay was used to determine the number of viable PDL cells. The cells were counted. One of three similar results is shown. *p<0.05.
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FIGURE 3. S. gordonii induces reactive oxygen species (ROS) production regardless of its cytotoxic effects in PDL cells. (A) PDL cells were treated with 10μM of DCF-DA for 30min at 37°C. After washing with PBS, the DCF-DA-labeled cells were treated with S. gordonii at MOI 1:10, 1:100, or 1:1,000 for 3h. Fluorescent intensity was analyzed by flow cytometry. (B) PDL cells were pre-treated with 100μM of resveratrol for 1h, followed by treatment with S. gordonii at MOI 1:100 or 1:1,000 for 3h. (C) PDL cells were pre-treated with 10mM NAC for 1h, followed by treatment with S. gordonii at MOI 1:100 for 3h. Trypan blue assay was used to determine the number of viable cells. One of three similar results is shown. *p<0.05.




Other Streptococcal Species Except S. mutans Also Induce Apoptosis and ROS Production of Human PDL Cells

To examine whether other streptococci can also induce apoptosis, human PDL cells were treated with S. gordonii, S. mitis, S. mutans, S. sanguinis, and S. sobrinus for 3h. Interestingly, S. gordonii, S. mitis, S. sanguinis, and S. sobrinus induced PDL cell cytotoxicity (Figure 4A) and annexin V-positive cell population (Figure 4B). However, such effects were not observed in PDL cells treated with S. mutans under the same conditions (Figures 4A,B). Concordant with their cytotoxic effect on human PDL cells, S. gordonii, S. mitis, S. sanguinis, and S. sobrinus but not S. mutans induced ROS production (Figure 4C). These results suggest that most streptococcal species, except S. mutans, induce apoptotic cell death and ROS generation in human PDL cells.
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FIGURE 4. Various streptococcal species differ in induction of apoptosis and ROS in human PDL cells. (A) PDL cells were treated with S. gordonii, S. mitis, S. mutans, S. sanguinis, and S. sobrinus at MOI 1:10, 1:100, or 1:1,000 for 3h. Trypan blue assay was used to determine the number of viable cells. (B) PDL cells were treated with S. gordonii, S. mitis, S. mutans, S. sanguinis, and S. sobrinus at MOI 1:1,000 for 1h. The cells were strained with annexin V and PI and then analyzed using flow cytometry. (C) PDL cells were treated with 10μM of DCF-DA for 30min at 37°C. The DCF-DA-treated cells were washed with PBS and then treated with S. gordonii, S. mitis, S. mutans, S. sanguinis, and S. sobrinus at MOI 1:1,000 for 3h in a CO2 incubator. Fluorescent intensity was analyzed by flow cytometry. One of three similar results is shown. *p<0.05.




Streptococci-Induced PDL Cell Cytotoxicity Is Mediated Through H2O2 Production

Oral streptococci have been reported to induce cell death of macrophages via production of H2O2 (Okahashi et al., 2013). Thus, we examined whether the reduction of PDL cell viability was due to the cytotoxicity of streptococci-produced H2O2. As shown in Figure 5A, S. gordonii induced H2O2, which was completely inhibited by catalase treatment. When human PDL cells were treated with S. gordonii in the presence of catalase, S. gordonii-induced PDL cytotoxicity was reversed substantially (Figure 5B). Likewise, S. mitis, S. sanguinis, and S. sobrinus also produced H2O2, but S. mutans did not (Figure 5C). The reduction of cell viability by H2O2-producing streptococci was recovered by catalase treatment (Figures 5D–F), suggesting that oral streptococci induce the death of human PDL cells via H2O2 production. In addition, when human PDL cells were co-treated with S. gordonii and catalase, ROS was still produced in human PDL cells (Figure 5G). These results suggest that S. gordonii-produced H2O2 does not significantly affect the generation of ROS in PDL cells.
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FIGURE 5. Streptococci-induced cytotoxicity of PDL cells is mediated through production of H2O2. (A) PDL cells were treated with S. gordonii at MOI 1:1,000 in the presence or absence of catalase (100μg/ml) for 1h. The level of H2O2 in the supernatant was determined using a hydrogen peroxide assay kit. (B) PDL cells were treated with S. gordonii at MOI 1:1,000 in the presence or absence of catalase (100 or 1,000μg/ml) for 3h. Trypan blue assay was used to determine the number of viable cells. (C) PDL cells were treated with S. gordonii, S. mitis, S. mutans, S. sanguinis, or S. sobrinus at MOI 1:1,000 for 1h. The level of H2O2 in the supernatant was determined using a hydrogen peroxide assay kit. (D–F) PDL cells were treated with S. mitis, S. sanguinis, or S. sobrinus in the presence or absence of catalase for 3h. Trypan blue assay was used to determine the number of viable cells. (G) PDL cells were treated with 10μM of DCF-DA for 30min at 37°C. DCF-DA-treated cells were washed with PBS and then treated with S. gordonii at MOI 1:1,000 or H2O2 in the presence or absence of catalase for 3h. Fluorescent intensity was analyzed by flow cytometry. One of three similar results is shown. *p < 0.05.




Streptococcus gordonii Lipoproteins Are Partially Involved in the Cytotoxicity of Human PDL Cells

Lipoproteins are a major virulence factor of Gram-positive bacteria (Kim et al., 2018), and over-activation of toll-like receptor 2 (TLR2) by sensing bacterial lipoproteins often results in cytotoxicity (Aliprantis et al., 2000). Indeed, bacterial lipoproteins have been shown to induce cell death via TLR2 in THP-1 cells (Aliprantis et al., 1999). Thus, we examined whether bacterial lipoproteins also contribute to streptococci-induced PDL cell cytotoxicity with Δlgt. As shown in Figure 6A, Δlgt S. gordonii showed decreased cytotoxicity in PDL cells compared to wild-type S. gordonii. In contrast, ΔltaS S. gordonii-treated cells showed even higher cytotoxicity than wild-type S. gordonii. In addition, treatment with lipoproteins purified from S. gordonii also decreased the viability of PDL cells. When cells were co-treated with Δlgt S. gordonii and lipoproteins purified from S. gordonii, the extent of cytotoxicity was comparable to that induced by wild-type S. gordonii (Figure 6B). Moreover, when PDL cells were pre-treated with anti-human TLR2 neutralizing antibody, S. gordonii-decreased cell viability was recovered substantially (Figure 6C). However, such recovery was not seen in the presence of isotype control antibody. These results suggest that TLR2 is a critical factor for inhibition of cell viability by S. gordonii. On the other hand, S. gordonii lipoproteins are unable to induce H2O2 (Figure 6D) or ROS (Figure 6E) generation, indicating that lipoprotein-induced cytotoxicity is independent of H2O2 or ROS. In addition, S. gordonii lipoproteins and H2O2 cooperatively induced PDL cell cytotoxicity (Figure 6F). Collectively, these results suggest that S. gordonii lipoproteins contribute to the cytotoxicity of PDL cells in cooperation with H2O2.
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FIGURE 6. S. gordonii lipoproteins contribute to the cytotoxicity of PDL cells in cooperation with H2O2. (A) PDL cells were treated with S. gordonii wild-type, its ΔltaS, and Δlgt at MOI 1:100 for 3 h. (B) PDL cells were treated with S. gordonii wild-type or its Δlgt at MOI 1:100 in the presence or absence of S. gordonii lipoproteins (3 or 10 μg/ml) for 3 h. (C) PDL cells were pre-treated with anti-TLR2 antibody (0, 1, 2, or 5 μg/ml) for 1 h, followed by treatment with S. gordonii at MOI 1:1000 for 3 h. Trypan blue assay was used to determine the number of viable cells. (D) PDL cells were treated with S. gordonii at MOI 1:1000 or S. gordonii lipoproteins (10 μg/ml) for 1 h. The level of H2O2 in the supernatant was determined using a hydrogen peroxide assay kit. (E) PDL cells were treated with 10 µM of DCF-DA for 30 min at 37°C. The DCF-DA-treated cells were washed with PBS and then treated with S. gordonii lipoproteins (10 or 100 μg/ml) for 3 h in a CO2 incubator. Fluorescent intensity was analyzed by flow cytometry. (F) PDL cells were treated with S. gordonii lipoproteins (10μg/ml) in the presence or absence of H2O2 for 3h. Trypan blue assay was used to determine the number of viable cells. One of three similar results is shown. *p < 0.05.





DISCUSSION

Apical periodontitis is characterized by inflammation and tissue injury in the lesion (Nair, 2004). Since PDL cells play critical roles in the support of teeth in the alveolar bone (Jonsson et al., 2011), damage to PDL cells might contribute to the pathogenesis of apical periodontitis. S. gordonii is a medically important bacterium that enters the bloodstream through oral cavity and causes systemic diseases (Park et al., 2020). In this study, we demonstrated that most oral streptococcal species including S. gordonii could damage PDL cells by inducing apoptotic cell death. Mechanism studies suggest that streptococcal H2O2 generation is crucial for PDL cytotoxicity, while cell death was independent of ROS production. In addition, streptococcal lipoproteins also contribute to cytotoxic effects on PDL cells. Considering that streptococcal species are found predominantly in the initial stage of periodontal damage (Park et al., 2015) and refractory apical periodontitis (Chavez de Paz et al., 2005), the current results demonstrate that S. gordonii plays an important role in the early stage of inflammation by inducing cytotoxicity in PDL cells.

We found that S. gordonii induces apoptotic cell death of human PDL cells, as demonstrated by pre-treatment with apoptosis inhibitor attenuating S. gordonii-induced apoptosis. In fact, bacteria-induced host cell damage via apoptosis is not uncommon in apical periodontitis. For example, Enterococcus faecalis, which is associated with refractory apical periodontitis (Wang et al., 2012a), has been shown to induce apoptosis and pyroptosis in human osteoblastic MG63 cells (Ran et al., 2019), suggesting that E. faecalis infection in periapical lesions contributes to delay in periapical repair. In addition, diabetic rats treated with oral administration of A. actinomycetemcomitans exhibit increased numbers of apoptotic cells in the PDL adjacent to the bone and lining on the bone surface. However, when A. actinomycetemcomitans-inoculated diabetic rats receive the apoptosis inhibitor ZDEVD-FMK, bone destruction is decreased via increased osteoblast numbers in PDL (Pacios et al., 2013). Since PDL cells play a critical role in tooth attachment to the surrounding alveolar bone (Jonsson et al., 2011), apoptosis of PDL cells is likely to contribute to tooth loss via apical periodontitis.

We observed that H2O2 production by various streptococci is critical for cell death of human PDL cells. In this study, when the cells were co-treated with catalase and H2O2-producing streptococci, the reduction of cell viability by streptococci was recovered almost completely. As in the present study, oral streptococci have been shown to induce macrophage cell death through H2O2 generation (Okahashi et al., 2013), and streptococci-induced H2O2 is independent of inflammatory responses. It is well known that exogenous H2O2 induces apoptosis of various host cells including rat primary neuronal cell culture and human pulmonary artery smooth muscle cells (Whittemore et al., 1995; Park, 2016). Rai et al. reported that H2O2 produced by Streptococcus pneumoniae contributes to acute pneumonia via DNA damage and apoptosis of lung cells (Rai et al., 2015). Therefore, the cytotoxicity of H2O2 by oral streptococci can contribute to the pathogenicity in infectious diseases via tissue damage. In addition, because streptococcus pyruvate oxidase (spxB) is critical for the induction of H2O2 by oral streptococci (Zhu et al., 2014), further studies using spxB mutant S. gordonii are needed to clearly understand the role of H2O2 produced by S. gordonii on cell death.

In our study, S. gordonii, like many other bacteria previously reported, increased ROS production in PDL cells. For example, under physiological conditions, commensal gut microbiota induce ROS in intestinal epithelial cells (Jones et al., 2012). E. faecalis increases ROS production in gastric carcinoma cell line MKN74 (Strickertsson et al., 2013). P. gingivalis and A. actinomycetemcomitans induce ROS in gingival epithelial cells and macrophages, respectively (Wang et al., 2014; Okinaga et al., 2015). However, under excessive stress, host cells produce high amounts of ROS, often leading to cell death (He et al., 2017). ROS induction by Streptococcus oralis and Staphylococcus aureus has been shown to cause host cell death (Okahashi et al., 2013; Deplanche et al., 2019). We found that S. gordonii-induced ROS production is not associated with apoptosis of PDL cells. Thus, further studies are needed to determine the ROS requirements for apoptosis by bacterium. On the other hand, Marconi et al. reported the protective effect of ascorbic acid in primary culture of human periodontal ligament stem cells (PDLSCs) exposed to P. gingivalis LPS through down-regulation of inflammatory pathway and ROS induction (Marconi et al., 2021). It would be necessary to study streptococci-induced cytotoxicity in other cell types including PDLSCs and human dental pulp stem cells.

In the present study, we demonstrated that all streptococci do not affect the viability of PDL cells to similar extents. S. gordonii, S. mitis, S. sanguinis, and S. sobrinus but not S. mutans induced apoptosis of PDL cells. In general, it is well known that S. mutans induces dental caries (Forssten et al., 2010). Since S. mutans is an early colonizer that converts sucrose into sticky glucan and causes other bacteria to adhere to it (Ren et al., 2016), its action seems to be largely limited to hard tissues such as teeth. Instead, accompanying bacteria that arrive after S. mutans can more efficiently enter the pulp and consequently cause inflammation by inducing cell cytotoxicity. Nevertheless, S. mutans LTA has been shown to induce apoptosis in human dental pulp cells (Wang et al., 2001). Since LTA can be released by Gram-positive bacteria (Ginsburg, 2002), bacterial components derived from streptococcal species including S. mutans can contribute to host cell damage or inflammatory responses, although the bacteria do not directly contribute. On the other hand, cell tropism in differential responses to bacteria might be another reason for the variation in results. For example, S. gordonii does not induce apoptosis in gingival keratinocytes (Li et al., 2013) even though it induced apoptotic cell death in human PDL cells in the current study. Although further studies are required to clarify our observations, most oral streptococci might contribute to apical periodontitis through death of PDL cells.

We demonstrated that lipoproteins are involved at least partially in PDL cell cytotoxicity by S. gordonii via TLR2 activation, although lipoproteins have weak cytotoxic effects compared to H2O2. The strong TLR2 signaling caused by high doses of lipoproteins might be cytotoxic to a level similar to that of H2O2. TLR2 activation seems to be a positive modulator of apoptosis. Aliprantis et al. reported that a synthetic lipopeptide, Pam3CSK4, mimicking bacterial lipoproteins induces apoptosis of THP-1 cells through activation of TLR2/MyD88-NF-κB and a Fas-associated death domain protein/caspase 8 pathway (Aliprantis et al., 1999, 2000). Additionally, Propionibacterium acnes has been shown to induce the apoptosis of nucleus pulposus cells isolated from human intervertebral discs by the TLR2/c-Jun N-terminal kinase pathway (Lin et al., 2018). Indeed, lipoproteins of streptococci are important inflammatory components, based on the previous studies in which we found that lipoprotein-deficient S. gordonii weakly stimulates the induction of inflammatory mediators compared with the wild-type strain, and purified lipoproteins are sufficient to induce inflammatory responses in macrophages and PDL cells (Kim et al., 2017a, 2018). Therefore, streptococcal lipoproteins together with H2O2 appear to be major factors underlying damage to human PDL cells caused by streptococcal species. Furthermore, macrophages infected by E. faecalis produce 4-hydroxynonenal (4-HNE; Wang et al., 2012b) likely via lipid oxidation. 4-HNE, on the other hand, is known to induce apoptotic cell death (Dalleau et al., 2013). Therefore, it is seemingly necessary to determine whether indirect effects via macrophages can affect oral streptococci-induced apoptosis.

In conclusion, we demonstrate that S. gordonii induces apoptosis via H2O2 production in PDL cells. S. gordonii lipoproteins are involved in the death of human PDL cells. S. gordonii is an opportunistic bacterium, commonly found in apical lesions of patients with apical periodontitis. Therefore, apoptotic cell death of PDL cells due to tissue damage caused by S. gordonii could influence the development of apical periodontitis.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

All experiments using healthy human PDL cells were approved by the Institutional Review Board at Seoul National University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

SHH conceived the study. SHH and O-JP designed the experiments. O-JP, ARK, YJS, JI, HJJ, KBA, and SHH performed the experiments and interpreted the data. HSS and C-HY provided critical comments. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from the National Research Foundation of Korea, which is funded by the Korean government (NRF-2019R1A2C2007041, NRF-2018R1A5A2024418, and NRF-2019R1I1A1A01060952).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.738047/full#supplementary-material



REFERENCES

 Abranches, J., Zeng, L., Kajfasz, J. K., Palmer, S. R., Chakraborty, B., Wen, Z. T., et al. (2018). Biology of oral streptococci. Microbiol. Spectr. 6, 1–18. doi: 10.1128/microbiolspec.GPP3-0042-2018 

 Akalin, F. A., Baltacioglu, E., Alver, A., and Karabulut, E. (2007). Lipid peroxidation levels and total oxidant status in serum, saliva and gingival crevicular fluid in patients with chronic periodontitis. J. Clin. Periodontol. 34, 558–565. doi: 10.1111/j.1600-051X.2007.01091.x 

 Aliprantis, A. O., Yang, R. B., Mark, M. R., Suggett, S., Devaux, B., Radolf, J. D., et al. (1999). Cell activation and apoptosis by bacterial lipoproteins through toll-like receptor-2. Science 285, 736–739. doi: 10.1126/science.285.5428.736 

 Aliprantis, A. O., Yang, R. B., Weiss, D. S., Godowski, P., and Zychlinsky, A. (2000). The apoptotic signaling pathway activated by toll-like receptor-2. EMBO J. 19, 3325–3336. doi: 10.1093/emboj/19.13.3325 

 Brieger, K., Schiavone, S., Miller, F. J. Jr., and Krause, K. H. (2012). Reactive oxygen species: from health to disease. Swiss Med. Wkly. 142:w13659. doi: 10.4414/smw.2012.13659 

 Cekici, A., Kantarci, A., Hasturk, H., and Van Dyke, T. E. (2014). Inflammatory and immune pathways in the pathogenesis of periodontal disease. Periodontol. 64, 57–80. doi: 10.1111/prd.12002 

 Chavez de Paz, L., Svensater, G., Dahlen, G., and Bergenholtz, G. (2005). Streptococci from root canals in teeth with apical periodontitis receiving endodontic treatment. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 100, 232–241. doi: 10.1016/j.tripleo.2004.10.008 

 Circu, M. L., and Aw, T. Y. (2010). Reactive oxygen species, cellular redox systems, and apoptosis. Free Radic. Biol. Med. 48, 749–762. doi: 10.1016/j.freeradbiomed.2009.12.022 

 Dalleau, S., Baradat, M., Gueraud, F., and Huc, L. (2013). Cell death and diseases related to oxidative stress: 4-hydroxynonenal (HNE) in the balance. Cell Death Differ. 20, 1615–1630. doi: 10.1038/cdd.2013.138 

 Deplanche, M., Mouhali, N., Nguyen, M. T., Cauty, C., Ezan, F., Diot, A., et al. (2019). Staphylococcus aureus induces DNA damage in host cell. Sci. Rep. 9:7694. doi: 10.1038/s41598-019-44213-3 

 Forssten, S. D., Bjorklund, M., and Ouwehand, A. C. (2010). Streptococcus mutans, caries and simulation models. Nutrients 2, 290–298. doi: 10.3390/nu2030290 

 Ginsburg, I. (2002). Role of lipoteichoic acid in infection and inflammation. Lancet Infect. Dis. 2, 171–179. doi: 10.1016/S1473-3099(02)00226-8 

 Golz, L., Memmert, S., Rath-Deschner, B., Jager, A., Appel, T., Baumgarten, G., et al. (2014). LPS from P. gingivalis and hypoxia increases oxidative stress in periodontal ligament fibroblasts and contributes to periodontitis. Mediat. Inflamm. 2014:986264. doi: 10.1155/2014/986264 

 He, L., He, T., Farrar, S., Ji, L., Liu, T., and Ma, X. (2017). Antioxidants maintain cellular redox homeostasis by elimination of reactive oxygen species. Cell. Physiol. Biochem. 44, 532–553. doi: 10.1159/000485089 

 Im, J., Baik, J. E., Kim, K. W., Kang, S. S., Jeon, J. H., Park, O. J., et al. (2015). Enterococcus faecalis lipoteichoic acid suppresses Aggregatibacter actinomycetemcomitans lipopolysaccharide-induced IL-8 expression in human periodontal ligament cells. Int. Immunol. 27, 381–391. doi: 10.1093/intimm/dxv016 

 Jones, R. M., Mercante, J. W., and Neish, A. S. (2012). Reactive oxygen production induced by the gut microbiota: pharmacotherapeutic implications. Curr. Med. Chem. 19, 1519–1529. doi: 10.2174/092986712799828283 

 Jonsson, D., Nebel, D., Bratthall, G., and Nilsson, B. O. (2011). The human periodontal ligament cell: a fibroblast-like cell acting as an immune cell. J. Periodontal Res. 46, 153–157. doi: 10.1111/j.1600-0765.2010.01331.x 

 Kehrer, J. P., and Klotz, L. O. (2015). Free radicals and related reactive species as mediators of tissue injury and disease: implications for health. Crit. Rev. Toxicol. 45, 765–798. doi: 10.3109/10408444.2015.1074159 

 Kim, A. R., Ahn, K. B., Kim, H. Y., Seo, H. S., Kum, K. Y., Yun, C. H., et al. (2017a). Streptococcus gordonii lipoproteins induce IL-8 in human periodontal ligament cells. Mol. Immunol. 91, 218–224. doi: 10.1016/j.molimm.2017.09.009 

 Kim, H. Y., Baik, J. E., Ahn, K. B., Seo, H. S., Yun, C. H., and Han, S. H. (2017b). Streptococcus gordonii induces nitric oxide production through its lipoproteins stimulating toll-like receptor 2 in murine macrophages. Mol. Immunol. 82, 75–83. doi: 10.1016/j.molimm.2016.12.016 

 Kim, H. Y., Kim, A. R., Seo, H. S., Baik, J. E., Ahn, K. B., Yun, C. H., et al. (2018). Lipoproteins in Streptococcus gordonii are critical in the infection and inflammatory responses. Mol. Immunol. 101, 574–584. doi: 10.1016/j.molimm.2018.08.023 

 Kutlu, B., Cardozo, A. K., Darville, M. I., Kruhoffer, M., Magnusson, N., Orntoft, T., et al. (2003). Discovery of gene networks regulating cytokine-induced dysfunction and apoptosis in insulin-producing INS-1 cells. Diabetes 52, 2701–2719. doi: 10.2337/diabetes.52.11.2701 

 Li, S., Dong, G., Moschidis, A., Ortiz, J., Benakanakere, M. R., Kinane, D. F., et al. (2013). P. gingivalis modulates keratinocytes through FOXO transcription factors. PLoS One 8:e78541. doi: 10.1371/journal.pone.0085815 

 Li, R., Jia, Z., and Trush, M. A. (2016). Defining ROS in biology and medicine. React. Oxyg. Species (Apex) 1, 9–21. doi: 10.20455/ros.2016.803 

 Lin, Y., Jiao, Y., Yuan, Y., Zhou, Z., Zheng, Y., Xiao, J., et al. (2018). Propionibacterium acnes induces intervertebral disc degeneration by promoting nucleus pulposus cell apoptosis via the TLR2/JNK/mitochondrial-mediated pathway. Emerg. Microbes Infect. 7:1. doi: 10.1038/s41426-017-0002-0 

 Marconi, G. D., Fonticoli, L., Guarnieri, S., Cavalcanti, M., Franchi, S., Gatta, V., et al. (2021). Ascorbic acid: a new player of epigenetic regulation in LPS-gingivalis treated human periodontal ligament stem cells. Oxid. Med. Cell Longev. 2021:6679708. doi: 10.1155/2021/6679708

 Mittal, M., Siddiqui, M. R., Tran, K., Reddy, S. P., and Malik, A. B. (2014). Reactive oxygen species in inflammation and tissue injury. Antioxid. Redox Signal. 20, 1126–1167. doi: 10.1089/ars.2012.5149 

 Nair, P. N. (2004). Pathogenesis of apical periodontitis and the causes of endodontic failures. Crit. Rev. Oral Biol. Med. 15, 348–381. doi: 10.1177/154411130401500604 

 Okahashi, N., Nakata, M., Sumitomo, T., Terao, Y., and Kawabata, S. (2013). Hydrogen peroxide produced by oral streptococci induces macrophage cell death. PLoS One 8:e62563. doi: 10.1371/journal.pone.0062563 

 Okinaga, T., Ariyoshi, W., and Nishihara, T. (2015). Aggregatibacter actinomycetemcomitans invasion induces interleukin-1beta production through reactive oxygen species and cathepsin B. J. Interf. Cytokine Res. 35, 431–440. doi: 10.1089/jir.2014.0127 

 Pacios, S., Andriankaja, O., Kang, J., Alnammary, M., Bae, J., De Brito Bezerra, B., et al. (2013). Bacterial infection increases periodontal bone loss in diabetic rats through enhanced apoptosis. Am. J. Pathol. 183, 1928–1935. doi: 10.1016/j.ajpath.2013.08.017 

 Park, W. H. (2016). Exogenous H2O2 induces growth inhibition and cell death of human pulmonary artery smooth muscle cells via glutathione depletion. Mol. Med. Rep. 14, 936–942. doi: 10.3892/mmr.2016.5307 

 Park, O. J., Kim, J., Kim, H. Y., Kwon, Y., Yun, C. H., and Han, S. H. (2019). Streptococcus gordonii induces bone resorption by increasing osteoclast differentiation and reducing osteoblast differentiation. Microb. Pathog. 126, 218–223. doi: 10.1016/j.micpath.2018.11.005 

 Park, O. J., Kwon, Y., Park, C., So, Y. J., Park, T. H., Jeong, S., et al. (2020). Streptococcus gordonii: pathogenesis and host response to its cell wall components. Microorganisms 8:1852. doi: 10.3390/microorganisms8121852 

 Park, O. J., Yi, H., Jeon, J. H., Kang, S. S., Koo, K. T., Kum, K. Y., et al. (2015). Pyrosequencing analysis of subgingival microbiota in distinct periodontal conditions. J. Dent. Res. 94, 921–927. doi: 10.1177/0022034515583531 

 Parks, T., Barrett, L., and Jones, N. (2015). Invasive streptococcal disease: a review for clinicians. Br. Med. Bull. 115, 77–89. doi: 10.1093/bmb/ldv027 

 Rai, P., Parrish, M., Tay, I. J., Li, N., Ackerman, S., He, F., et al. (2015). Streptococcus pneumoniae secretes hydrogen peroxide leading to DNA damage and apoptosis in lung cells. Proc. Natl. Acad. Sci. U. S. A. 112, E3421–E3430. doi: 10.1073/pnas.1424144112 

 Ran, S., Chu, M., Gu, S., Wang, J., and Liang, J. (2019). Enterococcus faecalis induces apoptosis and pyroptosis of human osteoblastic MG63 cells via the NLRP3 inflammasome. Int. Endod. J. 52, 44–53. doi: 10.1111/iej.12965 

 Ren, Z., Chen, L., Li, J., and Li, Y. (2016). Inhibition of Streptococcus mutans polysaccharide synthesis by molecules targeting glycosyltransferase activity. J. Oral Microbiol. 8:31095. doi: 10.3402/jom.v8.31095 

 Seo, H. S., Xiong, Y. Q., Mitchell, J., Seepersaud, R., Bayer, A. S., and Sullam, P. M. (2010). Bacteriophage lysin mediates the binding of Streptococcus mitis to human platelets through interaction with fibrinogen. PLoS Pathog. 6:e1001047. doi: 10.1371/journal.ppat.1001047 

 Seong, M., and Lee, D. G. (2018). Reactive oxygen species-independent apoptotic pathway by gold nanoparticles in Candida albicans. Microbiol. Res. 207, 33–40. doi: 10.1016/j.micres.2017.11.003 

 Song, J., Jung, K. J., Yang, M. J., Han, S. C., and Lee, K. (2021). Assessment of acute and repeated pulmonary toxicities of oligo(2-(2-ethoxy)ethoxyethyl) guanidium chloride in mice. Toxicol. Res. 37, 99–113. doi: 10.1007/s43188-020-00058-x 

 Strickertsson, J. A., Desler, C., Martin-Bertelsen, T., Machado, A. M., Wadstrom, T., Winther, O., et al. (2013). Enterococcus faecalis infection causes inflammation, intracellular oxphos-independent ROS production, and DNA damage in human gastric cancer cells. PLoS One 8:e63147. doi: 10.1371/journal.pone.0063147 

 Tiranathanagul, S., Yongchaitrakul, T., Pattamapun, K., and Pavasant, P. (2004). Actinobacillus actinomycetemcomitans lipopolysaccharide activates matrix metalloproteinase-2 and increases receptor activator of nuclear factor-kappaB ligand expression in human periodontal ligament cells. J. Periodontol. 75, 1647–1654. doi: 10.1902/jop.2004.75.12.1647 

 Wang, P. L., Shirasu, S., Daito, M., and Ohura, K. (2001). Streptococcus mutans lipoteichoic acid-induced apoptosis in cultured dental pulp cells from human deciduous teeth. Biochem. Biophys. Res. Commun. 281, 957–961. doi: 10.1006/bbrc.2001.4451 

 Wang, X., Yang, Y., Moore, D. R., Nimmo, S. L., Lightfoot, S. A., and Huycke, M. M. (2012b). 4-hydroxy-2-nonenal mediates genotoxicity and bystander effects caused by Enterococcus faecalis-infected macrophages. Gastroenterology 142, 543.e547–551.e547. doi: 10.1053/j.gastro.2011.11.020 

 Wang, Q. Q., Zhang, C. F., Chu, C. H., and Zhu, X. F. (2012a). Prevalence of Enterococcus faecalis in saliva and filled root canals of teeth associated with apical periodontitis. Int. J. Oral Sci. 4, 19–23. doi: 10.1038/ijos.2012.17 

 Wang, H., Zhou, H., Duan, X., Jotwani, R., Vuddaraju, H., Liang, S., et al. (2014). Porphyromonas gingivalis-induced reactive oxygen species activate JAK2 and regulate production of inflammatory cytokines through c-Jun. Infect. Immun. 82, 4118–4126. doi: 10.1128/IAI.02000-14 

 Whittemore, E. R., Loo, D. T., Watt, J. A., and Cotman, C. W. (1995). A detailed analysis of hydrogen peroxide-induced cell death in primary neuronal culture. Neuroscience 67, 921–932. doi: 10.1016/0306-4522(95)00108-U 

 Yamamoto, T., Kita, M., Oseko, F., Nakamura, T., Imanishi, J., and Kanamura, N. (2006). Cytokine production in human periodontal ligament cells stimulated with Porphyromonas gingivalis. J. Periodontal Res. 41, 554–559. doi: 10.1111/j.1600-0765.2006.00905.x 

 Zhu, L., Xu, Y., Ferretti, J. J., and Kreth, J. (2014). Probing oral microbial functionality–expression of spxB in plaque samples. PLoS One 9:e86685. doi: 10.1371/journal.pone.0115087 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Park, Kim, So, Im, Ji, Ahn, Seo, Yun and Han. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-12-738047-g005.jpg
D

B c B
100 120 * 6000
- NS s oo T L
Z e g NS 2 100
< £ g =
£ o 2 g = s
H g 60 )
5@ Z w© g 4w 1
S 2 g 5
T 20 =20
0 0 0 = Py = -3 =
S. gordonii (1:1000) - = +  * 5. gordonii (1:1000) - - - + oot o e i e
Catalase (ug/ml) - 100 - 100 Catalase (ugiml) - - 100 100 1000 1000 o e Pt
E N.S. F N.S.
120 : NS, 120 # _ 120 =
. 100 - . 100 ~ 100
g g g
Y > ® z w0
Z 60 2 80 B 60 -
£ = 2
2 40 2 40 B 40
g g g
20 20 20
0 o 0
s mits (11000 -+ -+ S sanguinis (1-1000) -+ -+ S sobrinus(1:1000) -+ -+
Catalase (ng/ml) - - 100 100 Catalase (ng/ml) - E 100 100 Catalase (ug/ml) - - 100 100
3. gordonii + H,0,+
Nor-treated Catalase S. gordonii Catalies H,0, Cataiase
1 | " |
s p 672 } . 800 24 f\ 157 G s | 2
2k — I — - L\,q | —
il J \ h A
‘ A
[ D .

ROS (DCF-DA)





OPS/images/fmicb-12-738047-g006.jpg
B
120 120
— 100 _100
£ . &£
z 8 3o
3 e i 5 6
c }
Z 4 = 40
9 20 © 2
0 0
S.gordoni - WT Atas gt S gordonii (MOl 1:100) - WT Algt - Algt - Algt
MO 1:100 Lipoproteins (ug/mi) - - - 3 3 10 10
D
120 &
210 5w
S =
E £ 30
3@ ]
Z a0 R
8 g 10
0 *
S.gordonii (MOI 1:1000) -+ + o+ o+ o+ o+ = . gordoni (MOI 1:1000) - + n
ANGTLR2 Antbody (ug/m) -~ - 1 - 2 - 5 - Lipoproteins (10 ugimi) - - +
Isotype control {pgimi) = - = 1 - 2 - 5
F
{ Non-treated | venicte control -
| | 100 N
s || 402 S
5 - L. 5 e
© | {10 pgiml lipoproteins | [100 ugimi lipoproteins. z 40
| 20
ses | | se2 o
| — H0, (500 pM) - - - + :
1. A \ - Lipoproteins (10 pgiml) - - - - B
o - - Vehicle control - + - + &

ROS (DCF-DA)





OPS/images/fmicb-12-738047-g003.jpg
S. gordonii (MOI)
1:100 1:1000

Non-treated 1:10
483 620 h 19.70 25.20
3
3
- \ -
ROS (DCF-DA)
120 ¢ 120
100 100
£ 80
3 60
8 .
3 40
3
20 20
o 0
Resveratrol (100 M) - + e + S NAC(1OmM) -+ - +
- S. gordoni (MOI) - - 1100 1:100

DMSO (0.1%) - & #: = =
S. gordonii (MOI) - - - 1100 1:100 1:1000 1:1000





OPS/images/fmicb-12-738047-g004.jpg
Pl

o SHERAY
i \.'\Qb S N

3
& S

N N
s. gordonii S. mitis S. mutans S. sanguinis S. sobrinus
Non-treated S. gordonii S. mitis 5. mutans . sanguinis S. sobrinus
52 &1 a0 127 58 02 369 02 14
H . ol O

127

Annexin V
Non-treated S. gordoni s mitis S. mutans S. sanguinis . sobrinus
2 A
5 |
© 490 2170 2479 s 579 123
— )

ROS (DCF-DA)






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Induction of Apoptotic Cell Death by Oral Streptococci in Human Periodontal Ligament Cells



		Introduction



		Materials and Methods



		Reagents and Chemicals



		Bacteria Culture



		Isolation and Culture of PDL Cells



		Cell Viability Test



		Cell Apoptosis Assay



		Intracellular ROS Detection



		H2O2 Measurement



		Statistical Analysis









		Results



		S. gordonii Exhibits Cytotoxicity to Human Periodontal Ligament Cells



		S. gordonii Induces Apoptotic Cell Death Through ROS-Independent Pathways



		Other Streptococcal Species Except S. mutans Also Induce Apoptosis and ROS Production of Human PDL Cells



		Streptococci-Induced PDL Cell Cytotoxicity Is Mediated Through H2O2 Production



		Streptococcus gordonii Lipoproteins Are Partially Involved in the Cytotoxicity of Human PDL Cells









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References



















OPS/images/fmicb-12-738047-g001.jpg
o

B
gordonii
o)
0 120
100
&
< w0
2 60
11100 S
20
o
s gordoniiol) 0 S \@“ LI & o o \.«@“
11000

1h 3h 6h






OPS/images/fmicb-12-738047-g002.jpg
Unstained Annexin V Annexin V/PI
0.0 0.0 A‘f 0.00 0.90 0.1 06 40.6
99.9 0.0 0.0

S. gordonii (MOI 1:1000)
30 min 60 min 5 180 min
06 167 97 07 280

4.0

Comp A FICA

120

100

80

60

40
20

0

Z-VAD-FMK (uM)
DMSO (0.1%)

S. gordonii (MOI 1:100)

Annexin V






OPS/images/cover.jpg
’ frontiers
in Microbiology

Induction of Apoptotic Cell Death by
Oral Streptococci in Human
Periodontal Ligament Cells









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





