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Abstract

:

Damaged dental pulp undergoes oxidative stress and 4-hexylresorcinol (4HR) is a well-known antioxidant. In this study, we aimed to evaluate the therapeutic effects of a 4HR ointment on damaged dental pulp. Pulp cells from rat mandibular incisor were cultured and treated with 4HR or resveratrol (1–100 μM). These treatments (10–100 μM) exerted a protective effect during subsequent hydrogen peroxide treatments. The total antioxidant capacity and glutathione peroxidase activity were significantly increased following 4HR or resveratrol treatment (p < 0.05), while the expression levels of TNF-α and IL1β were decreased following the exposure to 4HR pre-treatment in an in vitro model. Additionally, the application of 4HR ointment in an exposed dental pulp model significantly reduced the expression of TNF-α and IL1β (p < 0.05). Conclusively, 4HR exerted protective effects against oxidative stress in dental pulp tissues through downregulating TNF-α and IL1β.
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1. Introduction


Dental pulp tissue acts as a frontline marker of dental stress. The teeth undergo many different types of stress during dental treatment and there are many examples of the causal stressors, including the removal of hard tissue during operative dentistry or tooth movement during orthodontic treatment [1]. Like other dental treatments, orthodontic treatment-induced oxidative stress has been shown to increase the expression levels of pro-inflammatory factors such as tumor necrosis factor-α (TNF-α) and interleukin-1β (IL1β) [2]. Oxidative stress may result in tissue regeneration or necrosis, depending on its duration and intensity [3]. Therefore, excessive oxidative stress should be alleviated through the administration of antioxidants, which may help in the healing of dental pulp tissue.



Reactive oxygen species (ROS) are produced as part of the inflammatory response and, in turn, cells produce antioxidants to neutralize their harmful effects [4]. Failure to regulate oxidative stress may lead to various pathophysiological conditions [5]. In case of dental pulp, ROS stress may damage a variety of organic molecules, including proteins and DNA [6]. In diabetic condition, elevated blood sugar levels lead to an increase in ROS production and promote the development of dental diseases [7]. The endoplasmic reticulum and mitochondria produce several enzymes, such as glutathione peroxidase (GPx), which reduce ROS production [8].



4-Hexylresorcinol (4HR) is a widely used ingredient in cosmetics and antiseptics [9]. 4HR inhibits ROS-induced damage in lymphocytes through activating GPx [10] and demonstrates a similar antioxidant profile to that of resveratrol in human umbilical vein endothelial cells (HUVECs) [11]. In dentistry, 4HR has been shown to increase the rate of alveolar bone turnover and helps improve orthodontic tooth movement [12]. Additionally, 4HR injection increases the speed of mandibular incisor eruption in rat models [13] and decreases root resorption resulting from excessive orthodontic force and increases the expression of osteoprotegerin, a receptor activator of nuclear factor kappa-Β ligand, alkaline phosphatase and runt-related transcription factor 2 [14]. However, the effects of 4HR treatment on dental pulp under oxidative stress have not been studied yet.



Many models have been developed to simulate the condition of oxidative stress. Use of hydrogen peroxide is a classic procedure to simulate oxidative stress in cellular experiments [15]. Dental therapeutics that influence pulp cell homeostasis can be applied as in vivo models for such applications. The application of heavy orthodontic force or the removal of hard dental tissues are often used in in vivo models to induce dental pulp stress. When cells undergo oxidative stress, they often induce the expression of TNF-α and IL1β [16]. In this study, we aimed to evaluate the antioxidant effect of 4HR on ROS induced by oxidative stress in dental pulp cells. First, primary cultured pulp cells were subjected to oxidative stress through the application of hydrogen peroxide and then, the protective effect of 4HR was evaluated. Thereafter, the removal of hard dental tissue was used as an in vivo animal model to evaluate the antioxidant effect of 4HR on pulp tissues. For this, the total antioxidant capacity (TAC) and GPx activity were measured. The expression levels of TNF-α and IL1β were also investigated.




2. Materials and Methods


2.1. Cell Culture and 4HR Treatment


The dental pulp tissue was collected as described previously [13]. Pulp tissue was extracted from the mandibular incisors of rats. The collected pulp tissue was washed with phosphate-buffered saline (PBS; CAT# 17–602E; Lonza, Walkersville, MD, USA), then sliced with sterilized scissors and placed in a culture dish. Type I collagenase (CAT# 17100017, Gibco™, Carlsbad, CA, USA) was then added to the dish and the sample was incubated for 2 h. The cells were cultured in 10 mL of α-MEM (CAT# SH30265, Hyclone Laboratories, Logan, UT, USA) supplemented with 10% FBS (CAT# 12483020, Gibco™), 50 U/mL of penicillin G, 50 μg/mL of streptomycin sulfate, 2 g/L of sodium carbonate and 0.11 g/L of sodium pyruvate. This cell mixture was centrifuged at 15,000 rpm for 10 min and the resuspended cells were placed on a 60-mm Petri dish. Resveratrol and 4HR were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dimethyl sulfoxide (DMSO) was used as the solvent to resuspend 4HR and then, it was diluted in the culture medium prior to its application. Final concentration of DMSO used was 0.1%.




2.2. Assessing GPx Activity and TAC


Changes in TAC in response to 4HR treatment were evaluated using commercial kits. The culture conditions for the primary cultured dental pulp cells and H2O2 treatment were the same as those described in Section 2.1. Resveratrol was used as a positive control. Resveratrol or 4HR was added to the dental pulp cells at a concentration of 1, 10, or 100 μM for 45 min. The pulp cells were then treated with 0.1 mM H2O2 for 30 min. TAC was evaluated after 24 h of resveratrol or 4HR treatment using the total antioxidant capacity assay kit (CAT#: ab65329, Abcam, Cambridge, UK) according to the manufacturer’s instructions. After 90 min of incubation at room temperature, the optical density was measured at 570 nm. The GPx assay was performed using a commercial kit (CAT#: ab102530, Abcam) as per manufacturer’s instruction. After adding cumen hydroperoxide, the optical density was measured at 340 nm in the kinetic mode.




2.3. Evaluating TNF-α and IL1β Expression in Dental Pulp Cells after 4HR Treatment


Primary antibodies against TNF-α and IL1β (Santa Cruz Biotech, Santa Cruz, CA, USA) were used in all evaluation assays. The cell culture and H2O2 treatment conditions were the same as those described in Section 2.2. Primary cultured pulp cells were treated with 1, 10, or 100 μM 4HR. The positive control included the H2O2 group without 4HR pretreatment and the negative control included the no treatment group. Cells were harvested at 8 or 24 h post 4HR treatment and lysed using radio-immunoprecipitation assay (RIPA) buffer. The lysates were then sonicated for 10 s, following which, their concentration was determined. Total protein concentration was measured using the RC DC™ protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts of protein were then loaded onto the gel and subjected to electrophoresis. After separating the proteins, they were transferred onto a nitrocellulose membrane and subsequent protein blocking was performed, followed by antibody incubation steps as described previously [13]. The dilution ratio of the primary antibody was 1:500. The blot images were obtained using a ChemiDoc XRS system (Bio-Rad Laboratories). β-Actin was used as an internal control.




2.4. Animals and Experimental Design


The animals used in this study were purchased from Orientbio Inc. (Sungnam, Korea). This animal study was approved by the Gangneung-Wonju National University committee for animal research (GWNU-2021-01). Twenty male rats (8-week-old Crl:CD specific pathogen-free/viral antibody free) were used in this study. The conditions for caging and breeding were determined as described previously [13].



Eighteen rats were subjected to the incisor-cutting experiment. Two rats were used for pulp tissue extraction to determine the baseline activity of TAC and GPx. The right incisor was cut at the free gingival margin and pulp exposure was identified as the pin-point bleeding. The experimental group was administered 2% 4HR ointment and the control group was administered the ointment base (lanolin) only. Three animals from each group were sacrificed 3 days post application and the tooth specimen was sent for protein extraction and Western blot analysis. Then, another six animals from each group were sacrificed at 5 days after application. Among these, three from each group were subjected to histological and immunohistochemical analyses. The pulp tissue in the incisor was extracted from the other three animals in each group. They were then processed and homogenized for TAC and GPx analyses.




2.5. Histological, Immunohistochemical, Western Blot, GPx Activity and TAC Analysis


Routine hematoxylin and eosin (H&E) staining was performed to conduct the histological analysis. To investigate the expression level of TNF-α and IL1β in the pulp tissues, immunohistochemical staining was performed using anti-TNF-α and anti-IL1β antibodies (Santa Cruz Biotech). Briefly, the deparaffinized slides were treated with 1 mg of porcine trypsin (Sigma-Aldrich) for 10 min to allow antigen retrieval. Endogenous peroxidase activity was blocked following the treatment with 30% H2O2 for 7 min. The slides were then washed and subjected to a protein block step for 1 h. Then, the primary antibodies (dilution ratio 1:50) were applied and the slides were covered with parafilm. The slides were then incubated in a humid chamber at 4 °C for 8 h. After washing, a universal secondary antibody (Dako REAL™ EnVision™/HRP, Rabbit/Mouse; Dako North America Inc., Carpinteria, CA, USA) was applied. The unreacted secondary antibodies were washed with PBS and the slides were stained with a chromogen substrate (Dako REAL™ DAB+Chromogen and Dako REAL™ Substrate Buffer; Dako North America Inc.).



Fresh mandibular incisors on the affected side were separated from the mandible, homogenized in a reagent buffer and protease inhibitor cocktail and then evaluated using Western blot analysis as described above (Section 2.3). The pulp tissue in the incisor was processed and homogenized for further TAC and GPx analyses. Subsequent procedures were performed as described above (Section 2.2). The relative activities of TAC and GPx in the no-injury group were assessed for comparison with 4HR and ointment base-only (control) groups.




2.6. Statistical Analysis


Data are presented as mean ± standard deviation. Between group comparisons of the mean of different groups was performed using the independent samples t-test. The software used for the statistical analysis was SPSS 12.0 (SPSS Inc., Chicago, IL, USA). The level of significance was set at p < 0.05.





3. Results


3.1. Application of 4HR Increases GPx Activity and TAC in Dental Pulp Cells


TAC in the H2O2 treated control was 0.223 ± 0.003 mM (Figure 1a). TAC in the resveratrol group was 0.231 ± 0.002 mM, 0.236 ± 0.004 mM and 0.245 ± 0.005 mM in the 1 μM, 10 μM and 100 μM treated groups, respectively. Treatment with 10 μM and 100 μM resveratrol significantly increased TAC compared to that of the controls (p = 0.002 and 0.001, respectively); while TAC in the 4HR group was shown to increase in a dose-dependent manner, with 0.228 ± 0.003 mM, 0.235 ± 0.007 mM and 0.247 ± 0.002 mM in the 1 μM, 10 μM and 100 μM groups, respectively. Treatment with 10 μM and 100 μM 4HR significantly increased TAC compared to the controls (p = 0.013 and <0.001, respectively), while there were no significant differences between the 4HR and resveratrol groups (p > 0.05). GPx activity in the H2O2 treated control was 1.089 ± 0.022 mU/mL (Figure 1b), while for the resveratrol treatment, it was 1.244 ± 0.001 mU/mL, 1.246 ± 0.002 mU/mL and 1.559 ± 0.008 mU/mL in the 1 μM, 10 μM and 100 μM groups, respectively. Treatment with 10 μM and 100 μM resveratrol significantly increased GPx activity compared to the controls (p = 0.009 and <0.001, respectively) and GPx activity in the 4HR group was 1.247 ± 0.021 mU/mL, 1.309 ± 0.015 mU/mL and 1.411 ± 0.017 mU/mL in the 1 μM, 10 μM and 100 μM groups, respectively. Treatment with 10 μM and 100 μM 4HR significantly increased GPx activity compared to the controls (p = 0.005 and 0.001, respectively). However, no significant differences were observed between the 4HR and resveratrol groups (p > 0.05).




3.2. 4HR Decreases the TNF-α and IL1β Expression Induced by Hydrogen Peroxidase


Hydrogen peroxide treatment increased TNF-α and IL1β expression (Figure 2) and this effect was reversed upon the addition of 4HR in the pre-treatment step.




3.3. 4HR Decreased Inflammatory Reaction of Pulp Tissue Induced by Physical Stress


The application of 4HR ointment on exposed pulp tissue reduced the inflammation (Figure 3). The expression of both TNF-α and IL1β were lower in the 4HR group than in the ointment base-only group.



The results of the Western blot analyses using the tissue samples were in accordance with the results from the immunohistochemical analysis. The administration of 4HR to the exposed incisor pulp tissues reduced the expression of TNF-α and IL1β (Figure 4a). The relative expression of TNF-α was 1.36 ± 0.32 and 0.59 ± 0.49 in the control and 4HR groups, respectively (Figure 4b) and the difference between these groups was statistically significant (p = 0.049). The relative expression level of IL1β was 0.57 ± 0.08 and 0.15 ± 0.11 in the control and 4HR groups, respectively (Figure 4b) and the difference between these groups was also statistically significant (p = 0.005).



The application of 4HR ointment reduced the oxidative stress in the dental pulp compared to the ointment base-only control group. The relative level of TAC was 1.37 ± 0.02 and 1.20 ± 0.05 in the control and 4HR groups, respectively (Figure 5) and the difference between these groups was statistically significant (p = 0.009). The relative level of GPx activity was 1.51 ± 0.05 and 1.21 ± 0.03 in the control and 4HR groups, respectively (Figure 5) and the difference between these groups was also statistically significant (p = 0.001).





4. Discussion


Dental pulp tissue repair requires transient activation of the inflammatory response, which suggests that proper repair requires that ROS inducers for this response be expressed transiently. Given this condition, the application of antioxidants may help to ensure better tissue regeneration under ROS stress [17]. In this study, hydrogen peroxide-induced oxidative stress in dental pulp cells was alleviated following 4HR treatment (Figure 1). As a result, the expression levels of TNF-α and IL1β were decreased (Figure 2). The topical application of 4HR ointment onto the exposed dental pulp also reduced the expression levels of TNF-α and IL1β (Figure 3 and Figure 4). The levels of TAC and GPX activity were also significantly reduced following 4HR treatment compared to the ointment base-only group (p < 0.05, Figure 5).



Dental pulp responds to the stress applied to the tooth [17,18]. The pathological stress in the tooth includes dental caries, periodontitis, or tooth fracture. The iatrogenic stress applied to the tooth includes orthodontic tooth movement and cavity preparation. In response to these stress, dental pulp produces ROS and induces an inflammatory response [18]. ROS in the inflammatory area alters the blood flow in the dental pulp [19]. Tooth fracture is a frequent type of dental injury where the pulp gets exposed [20]. The pulp tissue in crown-fractured teeth demonstrates increased inflammation and edema [21]. The application of antioxidants may reverse the inflammatory process in the injured dental pulp and help smoothen the transition to healing. In this study, we used an incisor cutting model, which is similar to crown fracture. The ointment base-only group showed massive hemorrhage and blood clots in the dental pulp (Figure 3a) and cellular regeneration was rare in the hemorrhagic area when the teeth were treated with the ointment base-only. However, the application of 4HR reduced the number of blood clots and markedly improved cellular regeneration (Figure 3d).



Hydrogen peroxide increases ROS production in cellular culture models. Therefore, we performed potential antioxidant screening test using a hydrogen peroxide-induced ROS production model. Catalase (CAT), GPx and superoxide dismutase (SOD) are important enzymes that act to protect cells from oxidative injury [22]. Hydrogen peroxide treatment decreases SOD, CAT and GPx activity in cardiomyocytes compared to the untreated control [15]. In this study, pretreatment with 4HR or resveratrol protected the pulp cells from oxidative damage (Figure 1). GPx activity and TAC were significantly upregulated compared to the no pre-treatment group (p < 0.05, Figure 1) and resveratrol and 4HR at 10–100 μM increased glutathione levels and GPx activity in human lymphocytes following the hydrogen peroxide stimulation [10]. Similar effects were observed in HUVECs [11,23]. Reducing oxidative stress alleviates inflammatory cytokine production, thereby reducing the availability of various signaling factors, including TNF-α and IL1β [24]. In this study, the administration of 4HR decreased the expression levels of TNF-α and IL1β, which were elevated in response to hydrogen peroxide (Figure 2).



The activity of antioxidant enzymes was different in the animal and cellular models (Figure 5). The levels of TAC and GPx activity were significantly reduced in the 4HR group compared to the ointment base-only control group (p < 0.05). In chronic inflammatory conditions, ROS levels may be persistently elevated and the elevation of antioxidant enzyme activity follows [25,26]. Both the 4HR treated and the ointment base-only (control) groups exhibited elevated levels of GPx activity and TAC (relative activity >1, Figure 5) compared to the non-injured pulp control. CAT activity is increased in the inflamed dental pulp [25]. The application of antioxidants neutralizes ROS and decreases GPx activity and TAC in the dental pulp [26]. The beneficial effect of antioxidant application in inflamed tissues may help in the early resolution of inflammation. The injured dental pulp showed chronic inflammation (Figure 3). An increase in ROS production stimulates the production of inflammatory cytokines, such as TNF-α and IL1β. In this study, the expression levels of TNF-α and IL1β decreased after 4HR ointment application (Figure 3 and Figure 4). These results are in accordance with the in vitro data (Figure 2).



The application of antioxidants in dental practice has been shown to exert beneficial effects. Titanium-based dental implant or plates induce a redox imbalance and oxidative damage to the periosteum [27,28]. Therefore, antioxidant administration would be helpful to alleviate oxidative stress for these patients. Lactoferrin (LF) is a well-known antioxidant [29]. LF incorporated titanium disc improves antibacterial and osteoinductive ability of dental implant [30]. Similar approach has been applied for the development of bone cement [31]. According to our previous research [32], 4HR-integrated dental implant improves new bone formation in case of bacterial contamination. In this study, a single application of 4HR ointment onto the exposed dental pulp resulted in a reduction in ROS and the levels of inflammatory cytokines, TNF-α and IL1β. The application of 4HR ointment decreased TNF-α expression and increased epithelialization in a deep burn model [33] and in a diabetic animal model, 4HR topical application has been shown to increase capillary regeneration [34]. Ointment application is an easy and simple method for dental interventions. However, this study has some limitations. Rat mandibular incisors are relatively large and exposed to the external environment. The advantage of this animal model is that pulp exposure can be achieved easily using a nail cutter. However, the mandibular incisor of the rat erupts continuously and rapidly [13]. Therefore, this model is not appropriate for examining long-term changes in the dental pulp. This continuous eruption is also an important differentiator between the rat model and the human system. Despite this, limitation, the application of 4HR demonstrates a few obvious advantages, including reduced oxidative stress and downregulation of the expression of the inflammatory cytokines, which may improve the therapeutic outcomes. Altogether, this data suggests that further investigation in other models is warranted to better evaluate the effects of 4HR in stress-induced dental pulp tissue.




5. Conclusions


4HR pre-treatment alleviates hydrogen peroxide induced oxidative stress in dental pulp cells through decreasing the expression of TNF-α and IL1β. Moreover, 4HR treatment also reduced the expression of TNF-α and IL1β via antioxidant activity in vivo. In conclusion, 4HR exerts protective effects against oxidative stress in dental pulp tissues through the downregulation of TNF-α and IL1β.
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Figure 1. Results of the antioxidant activity assays. (a) Total antioxidant capacity (TAC). 4-Hexylresorcinol (4HR) (black) induced a similar level of TAC production as that of resveratrol (grey). (b) Glutathione peroxidase (GPx) activity. 4HR (black) and resveratrol (grey) significantly increased GPx activity compared to H2O2 only treated control (* p < 0.05 compared to the hydrogen peroxide group, mean ± standard deviation). 
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Figure 2. Results of the Western blot analysis evaluating pulp cells after treatment with 0.1 mM hydrogen peroxide. Hydrogen peroxide treatment increased TNF-α and IL1β expression, which was then downregulated in response to pre-treatment with 4HR. The densitometric measurements are shown in Figure S1. 
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Figure 3. Results of histological and immunohistochemical analyses of the incisor damage model. H&E staining revealed that the ointment base-only group demonstrated vascular dilatation and massive hemorrhage (*) in response to the stress (a). Degenerated pulp tissues and acellular areas were also wide. The expression level of TNF-α (b) and IL1β (c) were also higher in the ointment base-only group. However, the 4HR group displayed reduced hemorrhage areas (*) and active remodeling and regeneration (d). The expression level of TNF-α (e) and IL1β (f) were also lower in the 4HR group (bar = 20 μm, original magnification ×200). The densitometric measurements are shown in Figure S2. 
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Figure 4. Western blot results for the tissue samples. (a) The samples from the control (ointment base-only group) are represented as CR1, CR2 and CR3, while the samples from the 4HR treatment groups are represented as ER1, ER2 and ER3. Both TNF-α and IL1β expression was significantly higher in the control group compared to the 4HR group. (b) Protein expression was normalized against β-actin and presented in the form of a relative increase in TNF-α and IL1β expression versus the no treatment control and the difference between the groups was statistically significant (* p < 0.05, mean ± standard deviation). 
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Figure 5. Total antioxidant capacity (TAC) and glutathione peroxidase (GPx) activity in the pulp tissue samples. The control group was administered the ointment base-only. The relative activity of the uninjured incisor pulp was set as 1. The pulp injury increased TAC and GPx activity, while the application of 4HR attenuated the oxidative stress significantly compared to the ointment base-only control group (* p < 0.05, mean ± standard deviation). 
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