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			Atopic dermatitis (AD) is an inflammatory skin disease that is usually accompanied by Staphylococcus aureus infection due to cutaneous barrier-function damage. Benzenoid compounds from Antrodia cinnamomea are known to exhibit antibacterial and anti-inflammatory activities. This study sought to investigate the potential of benzenoids for treating bacteria-infected AD. The compounds were screened against methicillin-resistant S. aureus (MRSA). Coenzyme Q0 (CoQ0), a key ingredient in A. cinnamomea, showed the strongest MRSA growth inhibition. We further tested the inhibitory effect of CoQ0 on planktonic and biofilm MRSA. The work was also performed to explore the potential effectiveness of CoQ0 on AD using activated keratinocytes and in vivo experimental AD mice as the models. The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of CoQ0 against MRSA were 7.81 μg/ml. CoQ0 was found to eradicate biofilm MRSA efficiently and reduce the biofilm thickness. CoQ0 killed MRSA by inhibiting DNA polymerase and topoisomerases. A proteomic assay showed that CoQ0 also reduced the ribosomal proteins. In the anti-inflammation study, CoQ0 was found to downregulate the expression of interleukin (IL)-6, chemokine (C-C motif) ligand (CCL)5, and CCL17 in HaCaT cells. CoQ0 at 0.5 μg/ml could recover the filaggrin decreased by HaCaT activation to the normal control. We established a bacteria-infected AD-like model in mice using ovalbumin (OVA) and topically applied MRSA. Topical CoQ0 delivery lessened the MRSA presence in the AD-like lesions by >90%. The erythema, barrier function, and epidermal thickness of the AD-like wounds were improved by CoQ0 through the reduction of IL-1β, IL-4, IL-6, IL-10, interferon (IFN)-γ, and by neutrophil infiltration in the lesional skin. CoQ0 is therefore regarded as effective in mitigating AD symptoms associated with bacterial load.
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Introduction

			Atopic dermatitis (AD) is a commonly diagnosed skin condition characterized by a heterogeneous pathogenesis such as chronic inflammation, barrier dysfunction, and pruritus (Roesner et al., 2016). AD generally begins in early childhood and affects 10% to 25% of children and 2% to 10% of adults (Nygaard et al., 2017). The barrier deficiency caused by AD has been linked to increased bacterial infection in the skin (Sohn, 2018). More than 90% of AD patients are colonized with Staphylococcus aureus (Ong, 2014). The emergence of methicillin-resistant S. aureus (MRSA) has led to an increase in AD exacerbation due to its resistance to current antibiotics (Shi et al., 2018). It is reported that >700,000 people die each year because of infection by resistant microbes (Franci et al., 2018). The increasing resistance of bacteria in AD and the deteriorated inflammation advocate the demand for novel anti-MRSA and anti-inflammatory agents for AD treatment.

			Some investigations have acknowledged that natural products are rich sources of antibacterial and anti-inflammatory potencies. Antrodia cinnamomea is a fungus inhabiting the inner cavity of Cinnamomum kanehirae Hayata. It is a traditional medicine for treating hypertension, cirrhosis, hepatoma, diarrhea, and itchy skin (Geethangili and Tzeng, 2011). The main active ingredients in A. cinnamomea include terpenoids, lignans, polysaccharides, and benzenoids. The extracts and compounds of A. cinnamomea demonstrate the capability to inhibit skin inflammation (Amin et al., 2015; Tsai et al., 2015; Kuo et al., 2016). The constituents from A. cinnamomea are reported to show antimicrobial activity against both Gram-positive and Gram-negative species (Geethangili et al., 2010; Chiang et al., 2013; Lien et al., 2014). We previously isolated a series of benzenoids from A. cinnamomea and found the anti-inflammatory activity in stimulated macrophages via inducible nitric oxide synthase (iNOS) inhibition (Yang et al., 2009; Yu et al., 2016). Some scientists have also shown the usefulness of benzenoids from A. cinnamomea in suppressing inflammatory response (Chen et al., 2007; Buccini et al., 2014; Yen et al., 2018). Since AD is associated with inflammation, barrier deficiency, and bacterial infection, combined therapy with anti-inflammatory and antibacterial agents can be beneficial to alleviating the symptoms. Since A. cinnamomea effectively inhibits inflammation and bacterial growth, it is an ideal candidate for the development of anti-AD agents. We aimed to isolate benzenoid derivatives from A. cinnamomea to evaluate the capability to ameliorate AD through the reduction of inflammation and the MRSA burden. Our results exhibited that among all benzenoids tested, 2,3-dimethoxy-5-methyl-1,4-benzoquinone (coenzyme Q0, CoQ0) was the most effective antibacterial compound. Using human keratinocytes as the cell model, we demonstrated that CoQ0 could reduce the up-regulation of cytokines and chemokines. CoQ0 could also enhance the decrease in TJ-related proteins caused by keratinocyte stimulation. Here, we showed that topical CoQ0 administration remarkably improved AD symptoms and the associated MRSA burden in the mouse model.

			


Materials and Methods

			

Compounds

			The agar-cultured mycelium of A. cinnamomea was used to prepare the extract in 95% ethanol for 3 days at room temperature. The mycelium of A. cinnamomea in an agar plate is shown in Supplementary Figure 1. A voucher specimen of A. cinnamomea has been deposited at the herbarium of the Institute of Fisheries Science, National Taiwan University. The fermentation of A. cinnamomea and the extraction and isolation of benzenoids were the same as in the previous study (Yang et al., 2009). All compounds were identified by nuclear magnetic resonance (NMR) and mass spectrometry. As shown in Figure 1A, the following six benzenoid analogs were obtained and identified: 2,4-dimethoxy-6-methylbenzene-1,3-diol (compound 1), 6-methyl-2,3,4-trimethoxyphenol (compound 2), CoQ0 (compound 3), 2-methoxy-6-methylbenzene-1,4-diol (compound 4), 2,3-(methylenedioxy)-6-methylbenzene-1,4-diol (compound 5), and 1,4-dimethoxy-2,3-methylenedioxy-5-methylbenzene (compound 6). The spectra of 1H NMR for all compounds are shown in Supplementary Figure 2. The purity of all compounds was over 98%. The profiles of spectrometry of each compound are listed below.
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			Figure 1 | Determination of the antibacterial activity of A. cinnamomea extracted benzenoids. (A) The chemical structures of the benzenoids. (B) Zone of inhibition of MRSA treated by benzenoids measured from agar diffusion assay. (C) Zone of inhibition of MRSA, S. aureus, and VISA treated by CoQ0 measured from agar diffusion assay. (D) The growth curves of MRSA treated by CoQ0 at different concentrations within 48 h. (E) The planktonic live/dead MRSA strain determined by flow cytometry. (F) The planktonic live/dead MRSA strain viewed under fluorescence microscopy. Each value represents the mean ± SEM (n = 4). ***p < 0.001; **p < 0.01; *p < 0.05.

		


			Compound 1: colorless crystals; UV (MeOH) λmax (log ε) 285 (3.39) nm; IR (ZnSe) νmax 3438, 2941, 1503, 1477, 1379, 1320, 1198, 1123, 1072, 898 cm−1; 1H NMR (CD3OD, 300 MHz): δH 2.11 (3H, s), 3.75 (3H, s), 3.80 (3H, s), 6.44 (1H, s); electron ionization mass spectra (EIMS) m/z: 184 [M]+, 105 (100), 77 (85), 71 (70).

			Compound 2: amorphous powder; UV (MeOH) λmax (log ε) 287 (3.57) nm; IR (ZnSe) νmax 3440, 2935, 2843, 1496, 1423, 1362, 1203, 1124, 1082 cm−1; 1H NMR (CD3OD, 300 MHz): δH 2.15 (3H, s), 3.76 (3H, s), 3.80 (3H, s), 3.83 (3H, s), 6.50 (1H, s); EIMS m/z: 198 [M]+, 183 (25), 105 (44), 77 (64).

			Compound 3: needles; UV (MeOH) λmax (log ε) 265 (3.72) nm; IR (ZnSe) νmax 2927, 2858, 1657, 1604, 1455, 1275, 1207, 1142, 1074, 887 cm−1; 1H NMR (CDCl3, 300 MHz): δH 2.01 (3H, d, J = 1.5 Hz), 3.97 (3H, s), 4.00 (3H, s), 6.42 (1H, q, J = 1.5 Hz); ESIMS m/z: 205 [M + Na]+.

			Compound 4: colorless crystals; UV (MeOH) λmax (log ε) 266 (3.82) nm; IR (ZnSe) νmax 3423, 1648, 1604, 1495, 1445, 1366, 1318, 1230, 1148, 1080 cm−1; 1H NMR (CDCl3, 300 MHz): δH 2.18 (3H, s), 3.81 (3H, s), 6.19 (1H, d, J = 2.7 Hz), 6.28 (1H, d, J = 2.7 Hz); EIMS m/z: 154 [M]+, 98 (89), 71 (100).

			Compound 5: colorless crystals; UV (MeOH) λmax (log ε) 283 (3.26) nm; IR (ZnSe) νmax 3250, 1641, 1475, 1398, 1365, 1283, 1214, 1124,1049, 1017 cm−1; 1H NMR (CD3OD, 300 MHz): δH 2.08 (3H, d, J = 0.7 Hz), 5.84 (2H, s), 6.16 (1H, q, J = 0.7 Hz); ESIMS m/z: 191 [M + Na]+.

			Compound 6: colorless crystals; 1H NMR (CDCl3, 300 MHz): δH 2.16 (3H, s), 3.83 (3H, s), 3.86 (3H, s), 5.91 (2H, s), 6.28 (1H, s).

			


The Strains of S. aureus

			S. aureus (ATCC6538) and MRSA (ATCC33591) were purchased from American Type Culture Collection. The clinical isolates of MRSA (KM-1) and vancomycin-intermediate S. aureus (VISA, KV-2) were the gifts of Kaohsiung Medical University Hospital. All S. aureus species were grown in tryptic soy broth (TSB) at 37°C and 150 rpm.

			


Agar Diffusion Assay

			The agar diffusion assay was carried out by inoculating the microbes at OD600 = 0.7 in 0.75% tryptone soya broth (TSB) agar. The mixture of microbes and agar (5 ml) was dispersed into a dish for 15 min. The compounds (1 mg/ml, 10 μl) were dropped onto the agar. The compounds were chemically stable under the conditions used. The diameter of the clear zone without bacteria was measured after a 16-h incubation.

			


Minimum Inhibitory Concentration and Minimum Bactericidal Concentration

			Minimum inhibitory concentration (MIC) was measured using a broth 2-fold serial dilution technique. The microbes were diluted by TSB to obtain a concentration of OD600 = 0.01 (2 × 106 colony-forming unit (CFU)/ml). The bacteria were exposed to several dilutions of the compounds with TSB and incubated at 37°C for 20 h. The absorbance of the mixture was detected by an enzyme-linked immunosorbent assay (ELISA) reader at 595 nm. A reading of <0.1 was recognized as MIC. The microbe suspension was diluted by phosphate-buffered saline (PBS) and plated on a TSB plate. The plate was incubated at 37°C for 20 h. The CFU was then counted. Minimum bactericidal concentration (MBC) was defined as the lowest compound concentration to kill ≥99.9% of the stains.

			


Growth Curve of CoQ0-Treated MRSA

			A broth dilution method was used to detect a MRSA growth curve within 48 h. CoQ0 at the concentration of 1.85 to 62.5 μg/ml was pipetted into TSB (200 μl) with MRSA (2 × 105 CFU/ml). The real-time measurement of OD595 was monitored using a multimode plate reader (BioTek).

			


MRSA Survival Detected by Flow Cytometry and Fluorescence Microscopy

			MRSA was diluted by TSB to obtain an OD600 of 0.1. The bacteria pellet was achieved by centrifugation at 12,000 rpm for 3 min, and then suspended in culture medium with CoQ0 (19–312 μg/ml). The samples were stained using a Live/Dead BacLight® kit after a 2-h incubation at 37°C and 150 rpm. The samples were assayed by flow cytometry (BD Biosciences) to determine MRSA viability. Fluorescence microscopy was also applied to visualize the live and dead MRSA.

			


Assessing MRSA Biofilm

			The construction of MRSA biofilm was described previously (Alalaiwe et al., 2018). After the CoQ0 (78–312 μg/ml) or cetylpyridinium chloride (CPC, 75 μg/ml) treatment for 24 h, the biofilm was rinsed using PBS to remove the loosely adherent planktonic MRSA and was then suspended in PBS. The recovered MRSA outside the biofilm and the MRSA inside the biofilm were placed in an agar plate for 24 h to count CFU. The CoQ0- or CPC-treated biofilm was stained using Live/Dead BacLight®. The 3D structure, thickness, and fluorescence of the biofilm were observed by confocal microscopy (Leica).

			


MRSA Morphology Visualized by Electron Microscopy

			The bacteria were grown and diluted to achieve an OD600 of 0.3. MRSA were treated by CoQ0 at 312 μg/ml for 4 h. The preparation of the samples for visualization under scanning electron microscopy (SEM) and transmission electron microscopy (TEM) was described in the previous reports (Alalaiwe et al., 2018; Yang et al., 2019).

			


Total Amounts of Protein, RNA, and DNA in MRSA

			MRSA were grown in TSB to OD600 = 3. CoQ0 at 156 μg/ml was added to the MRSA suspension at 37°C for 4 h. The centrifuged MRSA pellet was resuspended in water. The analysis of total protein, RNA, and DNA was performed using a Bio-Rad protein assay kit, a Direct-zol RNA miniprep kit, and a Presto Mini Bacteria kit according to the respective manufacturer’s instructions.

			


Bactericidal Mechanisms of CoQ0

			An inhibition assay against DNA polymerase, topoisomerase I, and gyrase was carried out to elucidate the possible mechanisms of anti-MRSA activity by CoQ0. DNA polymerase was analyzed using the anti-Taq polymerase chain reaction (PCR) approach. A wrapping assay was conducted to analyze topoisomerase and gyrase. The detailed procedures of these methods were described previously (Yang et al., 2019).

			


Proteomic Analysis

			The proteomic analysis method of MRSA with or without CoQ0 treatment was modified from the previous study (Lin et al., 2018). Briefly, proteins in equal amounts were collected from MRSA samples for iTRAQ labeling. The protein mixtures were digested with modified, sequencing-grade trypsin at 37°C for 16 h. The peptides were then labeled with iTRAQ reagent for 1 h, pooled, and desalted. The eluted peptides were dried by vacuum centrifugation. The labeled peptides were then resuspended with buffer and separated using a 2D LC-mass/mass system (Thermo Fisher). The detailed setup of the LC-mass/mass was described in Chu et al. (2019). The data analysis for the iTRAQ-labeled proteins was carried out using Proteome Discoverer software (Thermo Fisher). The mass/mass spectra were searched against the UniProt database using the Mascot search engine (Matrix Science). The datasets of proteomic analysis for this study can be found on the website jPOSTrepo (http://repository.jpostdb.org/). The accession number (announce ID) is JPST000643.

			


Cytotoxicity of CoQ0-Treated Keratinocytes

			HaCaT cell line (ATCC number: PCS-200-011) was cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin in 5% CO2 at 37°C. After CoQ0 incubation at 0.25 to 16 μg/ml for 24 h, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution at 5 mg/ml was added to the plate for 4 h. The formazan precipitate was solubilized with DMSO and then read by an ELISA reader at 550 nm to determine keratinocyte viability.

			


Activating Keratinocytes by Tumor Necrosis Factor-α and Interferon-γ

			HaCaT were stimulated by tumor necrosis factor (TNF)-α and interferon (IFN)-γ (20 ng/ml) to activate the inflammatory condition. CoQ0 at 0.25 to 2 μg/ml was added to the cells simultaneously. After a 24-h incubation, the culture supernatant was harvested for cytokine and chemokine analysis. The cells were pipetted into the lysis buffer to gain the tight junction (TJ)-related proteins from the whole cell lysate for a Western blotting assay.

			


ELISA Assay

			The cytokines and chemokines released from keratinocytes were detected by the ELISA method. The levels of interleukin (IL)-6, chemokine (C-C motif) ligand (CCL)5, and CCL17 were measured using commercial kits (ELISA MAX Deluxe Set, BioLegend) based on the manufacturer’s instructions. The detailed procedures for the ELISA assay were described in our previous study (Lin et al., 2018).

			


Immunoblotting Assay

			The separated proteins were transferred to the nitrocellulose membrane and probed with primary antibodies against filaggrin, involucrin, integrin β1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) overnight at 4°C. The membrane was incubated with anti-rabbit monoclonal antibody for 1 h. The bound antibody was observed using enhanced chemiluminescence reagent. The protein amount was quantified by the ratio of the densitometric measurement of the proteins to the corresponding GAPDH.

			


Animals

			Eight-week-old male Balb/c mice were purchased from the National Laboratory Animal Center (Taipei, Taiwan). One-week-old male or female pigs were provided by Pigmodel Animal Technology (Miaoli, Taiwan). They were housed at an ambient temperature of 25 ± 2°C and a relative humidity of 50 ± 10% on a 12-h light/dark cycle. All animals were treated in strict accordance with the recommendations set forth in the guidelines of the Institutional Animal Care and Use Committee of Chang Gung University (CGU15-083). Food and water were given ad libitum. All efforts were made to attenuate suffering.

			


Skin Absorption of CoQ0

			The in vitro Franz cell approach was used to determine cutaneous CoQ0 delivery into the skin. The excised pig skin was mounted between the donor and receptor with the stratum corneum (SC) facing the donor side. The donor was filled with 0.5 ml of CoQ0 (1 mg/ml) in 30% ethanol/pH 7.4 buffer. The receptor medium was the same as the vehicle in the donor. The penetration area available was 0.79 cm2. The receptor temperature was maintained at 37°C with a stirring rate of 600 rpm triggered by a stir bar. A 300-μl aliquot in the receptor was withdrawn at the determined intervals. At 24 h post-treatment, the skin was removed to evaluate the skin deposition of the compound. The skin was extracted by methanol in a MagNA Lyser homogenizer (Roche); then the homogenate was centrifuged at 10,000g for 10 min. All samples were analyzed to obtain the absorption level by high-performance liquid chromatography (HPLC). The stationary phase of HPLC was a 25-cm-long, 4-mm inner diameter reverse phase C18 column (Merck). The mobile phase consisted of methanol and double-distilled water (50:50) at a flow rate of 1 ml/min. The wavelength of the UV/visible detector was 240 nm.

			


Establishing a Mouse Model With Combined AD-Like Lesions and MRSA Infection

			This method was adapted from the previous study that created an animal model to simulate MRSA-infected AD-like skin (Yang et al., 2018). Briefly, the mouse was treated with an intraperitoneal injection of ovalbumin (OVA, 5.3 μg/kg) for 13 d and then topical OVA administration (5.3 μg/kg) for 3 d. MRSA with a volume of 100-μl (OD600 = 1) was dropped on a gauze for topical application on the dorsal skin on day 15. On days 16 and 17, 1 mg/ml CoQ0 with a volume of 100 μl in 15% ethanol/PBS was applied to the lesional skin. The dose of 1 mg/ml was selected for CoQ0, which was the same as the skin absorption test. CoQ0 showed facile penetration in this applied concentration. The mice were divided into different groups with 6 animals per group. The gross observation of the skin surface with or without CoQ0 intervention was accomplished using a handheld digital magnifier (M&T Optics). The level of transepidermal water loss (TEWL) was monitored by Tewameter® (Courage and Khazaka). The lesional skin was excised to measure MRSA CFU and cytokines. The skin samples were sliced to a thickness of 5 μm for hematoxylin and eosin (H&E) and immunohistochemical (IHC) staining. The skin slices of formalin-fixed, paraffin-embedded sections were prepared for IHC. The sections were incubated with anti-lymphocyte antigen 6 complex locus G6D (Ly6G) or anti-filaggrin antibody for 1 h at room temperature, washed with saline containing 0.5% Tween 20, and then incubated at ambient temperature with biotinylated donkey anti-goat immunoglobulin G (IgG) for 20 min. Color reaction was observed by using the Vectastatin Elite avidin-biotin complex kit (Vector Laboratories). All photomicrographs of histopathology were taken by Leica DMi8 microscopy.

			


Skin Tolerance of CoQ0

			The safety of topically applied CoQ0 was assessed in the skin of healthy mice. CoQ0 (1 mg/ml) in 15% ethanol/PBS was applied daily (600 μl) on the dorsal skin for 4 days. The TEWL and skin pH were monitored every day. The erythema quantified by colorimetry (Yokogawa) was also detected. The skin was excised for H&E staining after a 4-day treatment.

			


Statistical Analysis

			The statistical difference in the data of the different treatments with or without CoQ0 was analyzed using the Kruskal-Wallis test. The post hoc test for checking individual differences was Dunn’s test. The 0.05, 0.01, and 0.001 levels of probability were taken as statistically significant.

			



Results

			

CoQ0 Shows the Strongest Activity Against MRSA Among the Benzenoids

			We began the antibacterial investigation by administering the benzenoids (1 mg/ml) to MRSA in agar to calculate the inhibition zone. The results illustrated in Figure 1B demonstrate that CoQ0 showed the greatest MRSA inhibition, followed by compounds 4, 5, and 1. Compounds 2 and 6 had no effect on forming the clear inhibition zone. Table 1 summarizes the MIC and MBC results for all compounds against MRSA. The lowest MIC and MBC (7.81 μg/ml) were exhibited in the CoQ0 group, followed by compounds 4 and 5. CoQ0 elicited a concentration-dependent inhibition of MRSA, S. aureus, and clinical isolates of MRSA (KM-1) and VISA (KV-2) as shown in Figure 1C. The antimicrobial activity of CoQ0 against different microorganisms was also investigated using MIC and MBC. As shown in Table 2, a high antibacterial potency for CoQ0 was observed with MIC between 7.81 and 31.25 μg/ml.



							Table 1 | The MIC and MBC of MRSA after treatment of Antrodia cinnamomea compounds.
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							Table 2 | The MIC and MBC of S. aureus, MRSA, KM1 clinical strain and KV2 clinical strain after treatment of CoQ0.
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			The growth curves realized on MRSA treated with CoQ0 have proved the results of the inhibition zone and MIC/MBC (Figure 1D). CoQ0 suppressed MRSA viability at all concentrations tested (1.85–62.5 μg/ml) in a dose-dependent manner. CoQ0-treated MRSA were further stained using a Live/Dead kit to discover the survival rate by flow cytometry. The representative diagram of the live/dead strain in Figure 1E demonstrates a negligible MRSA killing at CoQ0 concentrations of ≤78 μg/ml. The survival rate of 156 and 312 μg/ml was 63% and 0%, respectively. Visual confirmation of the effect of CoQ0 on MRSA eradication was obtained using fluorescence microscopy. In Figure 1F, the green signal stained by SYTO9 represents live MRSA, whereas the red fluorescence stained by propidium iodide (PI) indicates bacterial membrane disruption resulting in a diffuse distribution in the cytoplasm. The green dots decreased following the increase of the CoQ0 concentration. However, the red dots were limited, although the concentration was significantly increased.

			


CoQ0 Inhibits Biofilm Formation

			A biofilm increases the virulence of pathogens and their resistance to antibiotics. Figure 2A demonstrates the corresponding number of MRSA inside the biofilm. CoQ0 concentration-dependently reduced the MRSA number in the biofilm. The concentration at 312 μg/ml diminished CFU by about 4 logs, leading to killing 99.99% of the MRSA population. The comparator agent CPC exhibited a reduced CFU comparable to CoQ0 at 312 μg/ml. The 312-μg/ml CoQ0 completely eradicated MRSA outside the biofilm (Figure 2B). This effect was greater than CPC used as the positive control. The x-y-z axis image of the biofilm showed an intact structure with condensed live MRSA inside (Figure 2C). The live MRSA markedly decreased when the biofilm was incubated in the presence of CoQ0. The CoQ0-treated biofilm became less uniform and looser and thinner than the intact biofilm. CoQ0 and CPC suppressed the biofilm’s thickness to 45% and 48% of the control, respectively (Figure 2D). The quantification of green intensity in the biofilm showed a significant reduction by CoQ0 and CPC (Figure 2E). CPC incubation increased the red color by about 6-fold (Figure 2F). However, the increase in red color was limited for CoQ0. This indicates that the bacterial-membrane disruption for the cytoplasm material leakage or exogenous material entrance was not the predominant mechanism for CoQ0.
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			Figure 2 | Determination of the biofilm MRSA inhibition by CoQ0. (A) MRSA CFU inside the biofilm. (B) MRSA CFU outside the biofilm. (C) The three-dimensional images of biofilm analyzed by CLSM. (D) The corresponding biofilm thickness analyzed by CLSM. (E) Quantification of green fluorescence intensity (live bacteria) of MRSA biofilm. (F) Quantification of red fluorescence intensity (dead bacteria) of MRSA biofilm. Each value represents the mean ± SEM (n = 4). ***p < 0.001; **p < 0.01; *p < 0.05.

		

			


CoQ0 as the Inhibitor of DNA Polymerase and Topoisomerases for MRSA Eradication

			The morphology of MRSA examined by SEM showed a minimal change after CoQ0 treatment (Figure 3A). Disruption of the bacterial membrane was observed by CPC, with the presence of a rough surface, irregular shape, and some cavities. As shown in the TEM image in Figure 3B, a large amount of cytosol was released from the porous membrane by CPC. The use of CoQ0 resulted in the MRSA membrane remaining intact. The total protein, total RNA, and genomic DNA of MRSA were analyzed as illustrated in Figures 3C–E, respectively. CoQ0 caused a significant decrease in the total amount of protein, RNA, and DNA compared to the untreated control. DNA polymerase is a major enzyme for DNA replication in MRSA. CoQ0 was evaluated for targeting enzyme inhibition using the anti-Taq PCR method to observe DNA polymerase inhibition. As shown in Figure 3F, the PCR products were lessened by CoQ0 in a concentration-dependent manner. The relaxing activity of topoisomerase I on MRSA was tested as shown in Figure 3G. CoQ0 displayed a capacity to deactivate topoisomerase I. This result was also detectable in topoisomerase II (gyrase). Figure 3H provides the evidence that CoQ0 retarded the supercoiling activity of DNA gyrase.
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			Figure 3 | Anti-MRSA mechanisms of CoQ0. (A) Morphological changes of MRSA viewed under SEM. (B) Morphological changes of MRSA viewed under TEM. (C) Total protein amount in MRSA. (D) Total RNA amount in MRSA. (E) Total DNA amount in MRSA. (F) Taq DNA polymerase in PCR. (G) Topoisomerase I in wrapping assay; (H) DNA gyrase in wrapping assay. Each value represents the mean ± SEM (n = 4). ***p < 0.001; **p < 0.01.

		


			The qualitative and quantitative analysis of the proteomics was conducted by mass as summarized in Table 3. The top ten proteins with the highest or lowest concentration ratios to the control were selected to be shown in this table. The most upregulated protein by CoQ0 treatment was alkyl hydroperoxide reductase. Some ATP-related proteins such as ATP-dependent zinc metalloprotease, GrpE, nucleoside diphosphate kinase, and Clpb were upregulated by CoQ0. On the other hand, the ribosomal proteins including L13, S6, S4, L21, S18, and L31 were downregulated after CoQ0 treatment.



							Table 3 | Quantitative proteomics by iTRAQ labeling. Differentially expressed proteins follow the treatment of CoQ0.
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CoQ0 Is Effective in Inhibiting Inflammation and Recovering TJ Deficiency in an HaCaT Model

			As shown in Figure 4A, CoQ0 at the concentrations of ≤2 μg/ml did not exhibit considerable toxicity toward HaCaT. This compound decreased cell viability in a concentration-dependent fashion with significance at 4, 8, and 16 μg/ml. A noncytotoxic concentration of CoQ0 (0.25–2 μg/ml) was taken for further studies. Cytokines and chemokines were evaluated as biomarkers of inflammatory HaCaT. As presented in Figure 4B, combined TNF-α and IFN-γ greatly increased the level of IL-6 secreted by HaCaT compared to the level in the untreated control. The inhibition of IL-6 production was detected only at 2 μg/ml for CoQ0. The stimulators activated chemokines, including CCL5 and CCL17 (Figures 4C, D). CoQ0 dose-dependently suppressed the CCL5 and CCL17 protein levels.
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			Figure 4 | CoQ0 suppresses TNF-α- and IFN-γ-stimulated cytokines/chemokines and recovers TJ-protein deficiency in HaCaT cells. (A) The cell viability measured by MTT assay. (B) IL-6 in stimulated HaCaT measured by ELISA. (C) CCL5 in stimulated HaCaT measured by ELISA. (D) CCL17 in stimulated HaCaT measured by ELISA. (E) Filaggrin in stimulated HaCaT measured by immunoblotting. (F) Involucrin in stimulated HaCaT measured by immunoblotting. (G) Integrin β1 in stimulated HaCaT measured by immunoblotting. Each value represents the mean ± SEM (n = 4). ***p < 0.001; **p < 0.01; *p < 0.05.

		


			Skin-barrier dysfunction and its deficiency are key features of AD. We examined the influence of CoQ0 on TJ-related proteins in the activated keratinocytes. Since TNF-α and IFN-γ as the stimulators showed a limited capacity to impair filaggrin, involucrin, and integrin β1 in HaCaT, the particulate matter (PM) pollutant standard (1649b) was utilized to achieve this aim according to the previous study (Lee et al., 2016). As illustrated in the left panel of Figure 4E, 1649b reduced filaggrin following the increase in incubation time. As shown in the right panel of Figure 4E, CoQ0 at 0.5 μg/ml was sufficient to recover filaggrin in 1649b-stimulated HaCaT to the normal baseline. The level of involucrin decreased after 1649b treatment, and CoQ0 could not promote involucrin production in the activated HaCaT (Figure 4F). CoQ0 improved the decreased protein level of integrin β1 by 1649b (Figure 4G).

			


CoQ0 Facilely Penetrates Into the Skin

			The capability of topically applied CoQ0 to penetrate into the skin was carried out in vitro in Franz cell. As presented in Figure 5A, pig skin showed the minimal CoQ0 deposition because of its thicker and more rigid structure than rodent skin. The skin deposition indicated the uptake within the skin. CoQ0 uptake in healthy and AD-like mouse skin was 0.20 and 1.11 nmol/mg, respectively. This revealed a weak barrier of AD-like skin as proved by TJ deficiency. The tendency of CoQ0 penetration across the skin for three skin barriers was the same as that of the absorption into the skin reservoir (Figure 5B).
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			Figure 5 | In vitro skin absorption of CoQ0 and in vivo topical application of CoQ0 against MRSA-infected AD-like lesion. (A) In vitro skin deposition of CoQ0 in Franz cell using pig, healthy mouse, and OVA-treated mouse skins. (B) In vitro skin permeation to receptor of CoQ0 in Franz cell using pig, healthy mouse, and OVA-treated mouse skins. (C) The gross images of mouse back skin. (D) The close-up imaging by handheld digital microscopy. (E) TEWL of mice skin. (F) MRSA CFU of mice skin. (G) Skin sections represented by H&E staining. (H) Skin sections represented by Ly6G staining for observing neutrophils. (I) Skin sections represented by filaggrin staining for observing TJ distribution. Each value represents the mean ± SEM (n = 6). ***p < 0.001; *p < 0.05.

		

			


CoQ0 Ameliorates MRSA-Infected AD-Like Lesions In Vivo

			The AD-like lesions in the mouse model were developed by both intraperitoneal and topical OVA. MRSA were topically applied on the skin for cutaneous infection. Figures 5C, D show the gross and microscopic appearance of en face mouse skin, respectively. MRSA infection led to the observation of the open wound and scaling. These symptoms were partly attenuated in the mice dosed with CoQ0. The OVA challenge displayed atopic skin symptoms, including redness, excoriation, hemorrhage, and lichenification. The MRSA-infected OVA-treated skin showed the combined appearance of infection and AD-like lesions. CoQ0 exhibited some lesion suppression in the MRSA-infected AD-like skin. TEWL, as an indicator of the skin-barrier nature, showed a 4-fold increase in MRSA-infected skin compared to the untreated control (Figure 5E). As seen, CoQ0 recovered the TEWL of the infected skin from 22.4 to 8.7 g/h/m2. OVA treatment further weakened the barrier function of the infected skin. Topical CoQ0 administration markedly suppressed TEWL to 63% of the OVA/MRSA group. Figure 5F depicts the MRSA count in the mouse skin with different treatments. Bacterial infection increased the MRSA burden in the skin from 0 to 5.98 × 105 CFU/ml. CoQ0 did not reduce the MRSA load in the infected skin. Because of the impaired barrier of the OVA-treated skin, a greater MRSA amount was found in the AD-like lesions than in the intact skin. CoQ0 reduced the pathogen burden in the OVA/MRSA group relative to the vehicle control.

			Based on histological evaluation as shown in Figure 5G, the skin infected with MRSA exhibited the features of increased epidermis thickness and inflammatory infiltrate in the dermis. CoQ0 treatment on the infected skin significantly reduced these symptoms. OVA-induced AD exhibited hyperkeratosis, hypertrophy, and a thicker epidermis in the microscopic image. These symptoms were also visualized in the OVA/MRSA group accompanied with immune-cell infiltration and the possibility of MRSA accumulation in the dermis. Topical CoQ0 showed symptom amelioration of the MRSA-infected AD-like lesions. The epidermal thickness after CoQ0 treatment was 2-fold lower than the OVA/MRSA without CoQ0 intervention. Figure 5H reveals neutrophil infiltration in Ly6G-stained skin. This neutrophil migration could be hindered by topical CoQ0. As with HaCaT filaggrin evaluation, CoQ0 recovered filaggrin in the upper epidermis of the MRSA-infected skin with or without OVA intervention (Figure 5I).

			We next determined the presence of the cytokines in the different groups of mice as shown in Figures 6A–E. All cytokines were elevated by MRSA invasion, indicating the induction of cutaneous inflammation. Topical CoQ0 application significantly inhibited IL-1β and IFN-γ in the MRSA-infected mice. CoQ0-treated infected skin showed similar levels of IL-4, IL-6, and IL-10 as vehicle control after statistical assay, although the concentration with CoQ0 treatment was lower than that with vehicle treatment. The OVA/MRSA group generally revealed a greater increase of these cytokines than OVA or MRSA treatment alone, except the comparable IFN-γ level between the OVA/MRSA and MRSA groups. As shown in Figures 6B–E, CoQ0 significantly attenuated the IL-4, IL-6, IL-10, and IFN-γ expression levels by 50%, 59%, 47%, and 62% in mouse skin with combined OVA and MRSA, respectively.
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			Figure 6 | CoQ0 inhibits AD-like mouse skin inflammation based on cytokine assay. (A) IL-1β. (B) IL-4. (C) IL-6. (D) IL-10. (E) IFN-γ. Each value represents the mean ± SEM (n = 6). ***p < 0.001; **p < 0.01; *p < 0.05.

		

			


CoQ0 Elicits a Slight Skin Irritation

			We attempted to determine whether topical CoQ0 induced adverse effects on mouse skin. As depicted in Figure 7A, no visible erythema or erosion occurred when the skin was applied with CoQ0 as compared to the PBS control and vehicle only (15% ethanol/PBS). A significant elevation of TEWL was found after PBS and vehicle treatments at Day 2 because of the skin hydration by water molecules (Figure 7B). This elevation decreased after a 2-day administration. CoQ0 application slightly increased the TEWL value as compared to vehicle control. This increase could be classified as mild. There was no difference in the skin pH and erythema quantification between the CoQ0 and vehicle groups (Figures 7C, D). The H&E-stained histology also indicated that CoQ0 did not irritate the skin (Figure 7E).
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			Figure 7 | In vivo skin tolerance examination after a 4-day application of topically applied CoQ0 on mice. (A) The close-up imaging by handheld digital microscopy. (B) TEWL measurement. (C) Skin surface pH value. (D) Erythema measurement. (E) Skin sections represented by H&E staining. Each value represents the mean ± SEM (n = 6).

		

			



Discussion

			AD lesions can be infected by S. aureus. Management of the invasion of S. aureus, particularly MRSA, in AD is a major challenge in clinical conditions. Novel antibacterial and anti-inflammatory molecules are urgently needed to efficiently treat AD and the associated MRSA attack. We found that most of the benzenoid derivatives extracted from A. cinnamomea showed anti-MRSA activity. The anti-MRSA effect was quite different among different benzenoids. The greatest MRSA inhibition by CoQ0 implied that the presence of the benzoquinone structure was of utmost importance for anti-MRSA activity. We calculated the physicochemical properties of the compounds by molecular modeling as shown in the Supplementary Table 1. CoQ0 was the compound with the least lipophilicity according to Alog P. Decreasing the lipophilicity may be beneficial for potent MRSA inhibitory activity. Both compounds 5 and 6 had the structure of benzodioxole. Compound 5 with two hydroxyl moieties showed considerable anti-MRSA activity. The replacement of the hydroxyl groups with methoxyl groups (compound 6) eliminated the activity. The hydroxyl group or lower lipophilicity was required for benzodioxole to preserve the antimicrobial action. The increased hydroxyl group number and hydrophilicity were favorable for MRSA constraint as in the cases of compounds 7 and 8. The molecular size, hydrogen-bond number, and total polarity surface were not important to governing the anti-MRSA effect.

			CoQ0 is one of the predominant pigments in A. cinnamomea. It belongs to the family of coenzyme Q consisting of a benzoquinone structure conjugated to an isoprenoid chain from C0 to C10. CoQ0 has the potential activity to suppress inflammation, cancer, and metabolic diseases (Wang et al., 2017). The inhibitory effect of CoQ0 on S. aureus development has also been reported in previous studies (Fan et al., 2019). CoQ0 showed the ability to suppress the growth of both MRSA and VISA. Since the values of MIC and MBC were approximate for MRSA and VISA treated with CoQ0, this compound can be classified as a bactericidal agent. The biofilm form of MRSA displayed differential gene expression and physiology compared to their planktonic form (Abouelhassan et al., 2018). The biofilm produced a barrier for antibiotic penetration, resulting in the further enhancement of drug resistance. CoQ0 was active in preventing biofilm MRSA growth. In the final stage of biofilm maturation, some bacteria were dispersed from the biofilm (Chung and Toh, 2014). Our results also showed that CoQ0 completely eradicated MRSA outside the biofilm. The amounts of proteins, RNA, and DNA of MRSA decreased after CoQ0 treatment. The results of live/dead fluorescence microscopy, biofilm visualization, SEM, and TEM excluded MRSA membrane damage by CoQ0. The genes related to transcription and translation, as well as the metabolic process involved in protein, RNA, and DNA synthesis, could be the anti-MRSA mechanisms of CoQ0. DNA polymerase and topoisomerases are the important determinants of MRSA viability and the persistence of infection (Lakhundi and Zhang, 2018). Our results suggested that the DNA polymerase inhibition plays a role in the ability of CoQ0 to impede MRSA growth.

			CoQ0 also restrained the activity of topoisomerase I and gyrase. Both enzymes are categorized as belonging to the family of topoisomerases helping to regulate DNA topology. Topoisomerases are potential targets for many antibacterial agents (Tse-Dinh, 2016). CoQ0 may inhibit the topology of DNA during transcription, replication, and recombination. This is harmful to the survival of MRSA. The catalytic mechanism of DNA gyrase is involved in the double-strand DNA cleavage in an ATP-dependent manner (Chiriac et al., 2015). We found that some ATP-related proteins were increased by CoQ0 treatment. Under the harsh stress of the CoQ0 attack, the MRSA bacteria produced more energy to adapt to this adversity. The mode of action of this agent could be involved in the energy production. The proteomic assay also demonstrated a downregulation of ribosomes in CoQ0-treated pathogens. Ribosomes are the resistance proteins working against antibiotic drugs. A critical role of ribosomes is the maintenance of the substrate stability in the process of protein synthesis (Eyal et al., 2015). The inhibition of ribosomes by CoQ0 may be detrimental to the protein synthesis, resulting in the total-protein lessening as observed in our results. Some topoisomerases are quite different between prokaryotes and eukaryotes. Gyrase is even absent in higher eukaryotes (Chiriac et al., 2015). DNA topoisomerases are considered as an ideal target for anti-MRSA agents because of the minimal influence on mammalian cells. The multiple targeting to different enzymes by CoQ0 is advantageous to delaying the bacterial resistance because the possibility of simultaneous mutation on different targets is low.

			It is worthwhile to develop the agents with combined antibacterial and anti-inflammatory actions to diminish bacteria-elicited inflammation (Gunasekaran et al., 2019). Keratinocytes are active in the immune reaction of AD by producing pro-inflammatory factors. CoQ0 has been reported as an anti-inflammatory agent in the cell models of endothelial cells and macrophages (Yang et al., 2015; Yang et al., 2016). The experimental results suggested that CoQ0 has an anti-inflammatory effect on stimulated keratinocytes through the inhibition of IL-6, CCL5, and CCL17. These cytokines and chemokines are all closely correlated to the pathogenesis and immune response of AD (Asahina and Maeda, 2017). CCL5 is an inflammatory chemokine produced in response to bacterial toxins (do Vale et al., 2016). CCL5 suppression is beneficial to limiting the inflammation caused by MRSA. The downregulation of TJ proteins in infected AD skin is a result of the inflammatory response (Bäsler and Brandner, 2017). TJ is involved in proliferation, differentiation, and adhesion in keratinocytes. The differentiation biomarkers filaggrin, involucrin, and integrin β1 are principal proteins in the construction of the skin-barrier property (Crawford and Dagnino, 2017). CoQ0 could ameliorate the deficiency of filaggrin and integrin β1 but not involucrin in 1649b-treated HaCaT. This indicates the capability of CoQ0 to protect the skin’s barrier function. This inference was verified by the TEWL and filaggrin expression in the in vivo mouse model.

			A prerequisite for a topically applied agent showing therapeutic potential is effective permeation into the skin. Our data demonstrated the ability of CoQ0 to penetrate into the animal skins. The small size of CoQ0 (molecular weight = 182 Da) made facile permeation feasible. An optimized hydrophilic and lipophilic balance of the permeant structure is essential for achieving facile skin absorption. The higher lipophilicity causes greater delivery across the SC; however, this property may remain the permeant in the SC because of the retardation of further diffusion into viable skin (Lin et al., 2016). Yamaguchi et al. (2008) claimed the hindrance of viable skin transport for the permeant with log P > 2. CoQ0 with a log P of 0.51 would be suitable to diffuse across both the SC and viable skin. We found that OVA treatment greatly increased the skin penetration of CoQ0. Impairment of TJ led to an aberrant SC barrier associated with filaggrin inhibition and TEWL extension in the case of AD-like skin.

			Immunization of the mice with OVA evokes cutaneous inflammation resembling AD (Kabashima, 2013). The presence of MRSA further increased the severity of the skin inflammation and barrier-function deficiency. The downregulation of TJ in AD is a trigger of increased S. aureus invasion (Ong and Leung, 2016). The antimicrobial peptides derived by keratinocytes are finite in AD skin (Hon et al., 2013). MRSA facilely invaded the AD lesions to produce significant colonization as detected in this study. The MRSA accumulation in the skin further damaged the epidermal barrier to allow allergen transport. AD lesions are characterized by a vicious cycle of disrupted barrier and cutaneous inflammation. The intervention to repair the barrier characteristics is useful for delaying AD progression (Udkoff et al., 2017). In the present study, topical CoQ0 protected the cutaneous barrier in AD-like skin. The upregulated CCL5 and CCL17 in AD not only caused the impaired integrity of the skin barrier but also induced immune-cell infiltration (Peng and Novak, 2015). Our results demonstrated that CoQ0 markedly diminished chemokine upregulation in keratinocytes to ameliorate the barrier function and the severity of AD inflammation. The chemokine suppression also impeded the infiltration of neutrophils to the dermis. The antibacterial activity of CoQ0 also restrained the MRSA load in AD-like skin. Our results illustrated that combined OVA and MRSA interventions significantly increased the expression of pro-inflammatory cytokines in mouse skin. Topically applied CoQ0 proved to limit the cytokines in the AD-like mouse model with MRSA invasion. This inhibition may have contributed to the amelioration of AD by decreasing immune-cell infiltration.

			A concern pertaining to the application of CoQ0 is the safety of use. We found a cytotoxicity toward keratinocytes treated by CoQ0 at higher concentrations (≥7.8 μg/ml). It is reported that CoQ0 is toxic to mammalian cells through direct alkylation to DNA (Takahashi et al., 2018). Although CoQ0 showed some toxicity in the cell model, the in vivo skin-tolerance study manifested slight-to-mild skin irritation because the barrier function was disturbed in healthy mice. Whether CoQ0 exhibits a safe therapeutic index remains to be elucidated. A future strategy to resolve the irritation could be the design and optimization of the vehicles for CoQ0 to shield the possible toxicity. For AD management, combined corticosteroids and antibiotics have reportedly been successful (Fleischer, 2019). However, topical corticosteroids induce skin thinning to compromise skin damage and increase the sensitivity to allergens and S. aureus. The use of multiple drugs usually contributes to patient noncompliance. The combined anti-MRSA and anti-inflammatory activities of CoQ0 may be useful to resolving these drawbacks.

			


Conclusions

			The resulting compound from A. cinnamomea was tested for possible candidacy as an anti-AD agent capable of eradicating MRSA and suppressing skin inflammation. The results indicated that CoQ0 has a potential anti-MRSA effect against both the planktonic and biofilm forms. The antibacterial mechanism of CoQ0 could be the inhibition of DNA polymerase and topoisomerases. The proteomic analysis also exhibited a significant decrease of ribosomal proteins in the MRSA treated by CoQ0. A downregulation of cytokines and chemokines and the recovery of TJ-related proteins were observed in stimulated keratinocytes after CoQ0 treatment. Facile CoQ0 delivery into the skin led to the amelioration of AD-like lesions in an in vivo model. This compound also reduced the MRSA burden in the experimental AD skin. Taken together, our findings suggest the potential of topical CoQ0 as a new therapeutic option for the treatment of bacteria-infected AD.

			


Data Availability Statement

			The datasets for this study can be found in jPOSTrepo. The accession number is JPST000643.

			


Ethics Statement

			The animal study was reviewed and approved by Institutional Animal Care and Use Committee of Chang Gung University.

			


Author Contributions

			S-CY initiated the study and drafted the manuscript. J-YF, T-HH, and W-LC involved in the design of all experiments. W-LC, T-HH, P-WW, and Y-PC carried out the experiments. T-HL and J-YF analyzed data and wrote the manuscript. S-CY supervised the entire project. C-CC and Z-YC reviewed critically and approved the final manuscript. All authors read and approved the final manuscript.

			


Acknowledgments

			The authors are grateful for the financial support from Ministry of Science and Technology of Taiwan (MOST-107-2320-B-182-016-MY3) and Chang Gung Memorial Hospital (CMRPG2G0661-3).

			


Supplementary Material

			The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2019.01445/full#supplementary-material

			

References

			Abouelhassan, Y., Zhang, Y., Jin, S., and Huigens, R. W.III (2018). Transcript profiling of MRSA biofilms treated with a halogenated phenazine eradicating agent: a platform for defining cellular targets and pathways critical to biofilm survival. Angew. Chem. Int. Ed. 57, 1–7. doi: 10.1002/anie.201809785

			Alalaiwe, A., Wang, P. W., Lu, P. L., Chen, Y. P., Fang, J. Y., and Yang, S. C. (2018). Synergistic anti-MRSA activity of cationic nanostructured lipid carriers in combination with oxacillin for cutaneous application. Front. Microbiol. 9, 1493. doi: 10.3389/fmicb.2018.01493

			Amin, Z. A., Ali, H. M., Alshawsh, M. A., Darvish, P. H., and Abdulla, M. A. (2015). Application of Antrodia camphorata promotes rat’s wound healing in vivo and facilitates fibroblast cell proliferation in vitro. Evid. Based Complement. Alternat. Med. 2015, 317693. doi: 10.1155/2015/317693

			Asahina, R., and Maeda, S. (2017). A review of the roles of keratinocyte-derived cytokines and chemokines in the pathogenesis of atopic dermatitis in humans and dogs. Vet. Dermatol. 28, 16–e5. doi: 10.1002/9781119278368.ch2.1

			Bäsler, K., and Brandner, J. M. (2017). Tight junction in skin inflammation. Eur. J. Physiol. 469, 3–14. doi: 10.1007/s00424-016-1903-9

			Buccini, M., Punch, K. A., Kaskow, B., Flematti, G. R., Skelton, B. W., Abraham, L. J., et al. (2014). Ethynylbenzenoid metabolites of Antrodia camphorata: synthesis and inhibition of TNF expression. Org. Biomol. Chem. 12, 1100. doi: 10.1039/C3OB42333F

			Chen, J. J., Lin, W. J., Liao, C. H., and Shieh, P. C. (2007). Anti-inflammatory benzenoids from Antrodia camphorata. J. Nat. Prod. 70, 989–992. doi: 10.1021/np070045e

			Chiang, S. S., Wang, L. T., Chen, S. Y., and Mau, J. L. (2013). Antibacterial and anti-inflammatory activities of mycelia of a medicinal mushroom from Taiwan, Taiwanofungus salmoneus (higher basidiomycetts). Int. J. Med. Mushrooms 15, 39–47. doi: 10.1615/IntJMedMushr.v15.i1.50

			Chiriac, A. Z., Kloss, F., Krämer, J., Vuong, C., Hertweck, C., and Sahl, H. G. (2015). Mode of action of closthioamide: the first member of the polythioamide class of bacterial DNA gyrase inhibitors. J. Antimicrob. Chemother. 70, 2576–2588. doi: 10.1093/jac/dkv161

			Chu, H. W., Chang, K. P., Hsu, C. W., Chang, I. Y. F., Liu, H. P., Chen, Y. T., et al. (2019). Identification of salivary biomarkers for oral cancer detection with untargeted and targeted quantitative proteomics approaches. Mol. Cell. Proteomics 18, 1796–1806. doi: 10.1074/mcp.RA119.001530

			Chung, P. Y., and Toh, Y. S. (2014). Anti-biofilm agents: recent breakthrough against multi-drug resistant Staphylococcus aureus. Pathog. Dis. 70, 231–239. doi: 10.1111/2049-632X.12141

			Crawford, M., and Dagnino, L. (2017). Scaffolding proteins in the development and maintenance of the epidermal permeability barrier. Tissue Barriers 5, e1341969. doi: 10.1080/21688370.2017.1341969

			do Vale, A., Cabanes, D., and Sousa, S. (2016). Bacterial toxins as pathogen weapons against phagocytes. Front. Microbiol. 7, 42. doi: 10.3389/fmicb.2016.00042

			Eyal, Z., Matzov, D., Krupkin, M., Wekselman, I., Paukner, S., Zimmerman, E., et  al. (2015). Structural insights into species-specific features of the ribosome from the pathogen Staphylococcus aureus. Proc. Natl. Acad. Sci. U.S.A. 112, E5805–E5814. doi: 10.1073/pnas.1517952112

			Fan, Q., Yan, C., Shi, C., Xu, Y., Ma, Y., Zhang, C., et al. (2019). Inhibitory effect of coenzyme Q0 on the growth of Staphylococcus aureus. Foodborne. Pathog. Dis. 16, 317–324. doi: 10.1089/fpd.2018.2559

			Fleischer, A. B. (2019). Guideline-based medicine grading on the basis of the guidelines of care for ambulatory atopic dermatitis treatment in the United States. J. Am. Acad. Dermatol. 80, 417–424. doi: 10.1016/j.jaad.2018.09.026

			Franci, G., Folliero, V., Cammarota, M., Zannella, C., Sarno, F., Schiraldi, C., et al. (2018). Epigenetic modulator UVI5008 inhibits MRSA by interfering with bacterial gyrase. Sci. Rep. 8, 13117. doi: 10.1038/s41598-018-31135-9

			Geethangili, M., and Tzeng, Y. M. (2011). Review of pharmacological effects of Antrodia camphorata and its bioactive compounds. Evid. Based Complement. Alternat. Med. 2011, 212641. doi: 10.1093/ecam/nep108

			Geethangili, M., Fang, S. H., Lai, C. H., Rao, Y. K., Lien, H. M., and Tzeng, Y. M. (2010). Inhibitory effect of Antrodia camphorata constituents on the Helicobacter pylori-associated gastric inflammation. Food Chem. 119, 149–153. doi: 10.1016/j.foodchem.2009.06.006

			Gunasekaran, P., Rajasekaran, G., Han, E. H., Chung, Y. H., Choi, Y. J., Yang, Y. J., et al. (2019). Cationic amphipathic triazines with potent anti-bacterial, anti-inflammatory and anti-atopic dermatitis properties. Sci. Rep. 9, 1292. doi: 10.1038/s41598-018-37785-z

			Hon, K. L., Leung, A. K. C., and Barankin, B. (2013). Barrier repair therapy in atopic dermatitis: an overview. Am. J. Clin. Dermatol. 14, 389–399. doi: 10.1007/s40257-013-0033-9

			Kabashima, K. (2013). New concept of the pathogenesis of atopic dermatitis: interplay among the barrier, allergy, and pruritus as a trinity. J. Dermatol. Sci. 70, 3–11. doi: 10.1016/j.jdermsci.2013.02.001

			Kuo, Y. H., Lin, T. Y., You, Y. J., Wen, K. C., Sung, P. J., and Chiang, H. M. (2016). Antiinflammatory and antiphotodamaging effects of ergostatrien-3ß-ol, isolated from Antrodia camphorate, on hairless mouse skin. Molecules 21, 1213. doi: 10.3390/molecules21091213

			Lakhundi, S., and Zhang, S. (2018). Methicillin-resistant Staphylococcus aureus: molecular characterization, evolution, and epidemiology. Clin. Microbiol. Rev. 31, e00020–e00018. doi: 10.1128/CMR.00020-18

			Lee, C. W., Lin, Z. C., Hu, S. C. S., Chiang, Y. C., Hsu, L. F., Lin, Y. C., et al. (2016). Urban particulate matter down-regulates filaggrin via COX2 expression/PGE2 production leading to skin barrier dysfunction. Sci. Rep. 6, 27995. doi: 10.1038/srep27995

			Lien, H. M., Tseng, C. J., Huang, C. L., Lin, Y. T., Chen, C. C., and Lai, Y. Y. (2014). Antimicrobial activity of Antrodia camphorata extracts against oral bacteria. PloS One 9, e105286. doi: 10.1371/journal.pone.0105286

			Lin, C. F., Hung, C. F., Aljuffali, I. A., Huang, Y. L., Liao, W. C., and Fang, J. Y. (2016). Methylation and esterification of magnolol for ameliorating cutaneous targeting and therapeutic index by topical application. Pharm. Res. 33, 2152–2167. doi: 10.1007/s11095-016-1953-x

			Lin, M. H., Li, C. C., Shu, J. C., Chu, H. W., Liu, C. C., and Wu, C. C. (2018). Exoproteome profiling reveals the involvement of the foldase PrsA in the cell surface properties and pathogenesis of Staphylococcus aureus. Proteomics 18, e1700195. doi: 10.1002/pmic.201700195

			Lin, Z. C., Hsieh, P. W., Hwang, T. L., Chen, C. Y., Sung, C. T., and Fang, J. Y. (2018). Topical application of anthranilate derivatives ameliorates psoriatic inflammation in a mouse model by inhibiting keratinocyte-derived chemokine expression and neutrophil infiltration. FASEB J. 32, 6783–6795. doi: 10.1096/fj.201800354

			Nygaard, U., Deleuran, M., and Vestergaard, C. (2017). Emerging treatment options in atopic dermatitis: topical therapies. Dermatology 233, 333–343. doi: 10.1159/000484407

			Ong, P. Y., and Leung, D. Y. M. (2016). Bacterial and viral infections in atopic dermatitis: a comprehensive review. Clin. Rev. Allergy Immunol. 51, 329-337.

			Ong, P.Y. (2014). Recurrent MRSA skin infections in atopic dermatitis. J. Allergy Clin. Pract. 2, 396–399. doi: 10.1016/j.jaip.2014.04.007

			Peng, W., and Novak, N. (2015). Pathogenesis of atopic dermatitis. Clin. Exp. Allergy 45, 566–574. doi: 10.1111/cea.12495

			Roesner, L. M., Werfel, T., and Heratizadeh, A. (2016). The adaptive immune system in atopic dermatitis and implications on therapy. Expert Rev. Clin. Immunol. 12, 787–796. doi: 10.1586/1744666X.2016.1165093

			Shi, B., Leung, D. Y. M., Taylor, P. A., and Lin, H. (2018). MRSA colonization is associated with decreased skin commensal bacteria in atopic dermatitis. J. Invest. Dermatol. 138, 1668–1671. doi: 10.1016/j.jid.2018.01.022

			Sohn, E. (2018). Community effort. Nature 563, S91–S93. doi: 10.1038/d41586-018-07432-8

			Takahashi, T., Mine, Y., and Okamoto, T. (2018). 2,3-Dimethoxy-5-methyl-p-benzoquinone (coenzyme Q0) disrupts carbohydrate metabolism of HeLa cells by adduct formation with intracellular free sulfhydryl-groups, and induces ATP depletion and necrosis. Biol. Pharm. Bull. 41, 1809–1817. doi: 10.1248/bpb.b18-00497

			Tsai, T. C., Tung, Y. T., Kuo, Y. H., Liao, J. W., Tsai, H. C., Chong, K. Y., et al. (2015). Anti-inflammatory effects of Antrodia camphorata, a herbal medicine, in a mouse skin ischemia model. J. Ethnopharmacol. 159, 113–121. doi: 10.1016/j.jep.2014.11.015

			Tse-Dinh, Y. C. (2016). Targeting bacterial topoisomerases: how to counter mechanisms of resistance. Future Med. Chem. 8, 1085–1100. doi: 10.4155/fmc-2016-0042

			Udkoff, J., Waldman, A., Ahluwalia, J., Borok, J., and Eichenfield, L. F. (2017). Current and emerging topical therapies for atopic dermatitis. Clin. Dermatol. 35, 375–382. doi: 10.1016/j.clindermatol.2017.03.010

			Wang, H. M., Yang, H. L., Thiyagarajan, V., Huang, T. H., Huang, P. J., Chen, S. C., et al. (2017). Coenzyme Q0 enhances ultraviolet B-induced apoptosis in human estrogen receptor-positive breast (MCF-7) cancer cells. Integr. Cancer Ther. 16, 385–396. doi: 10.1177/1534735416673907

			Yamaguchi, K., Mitsui, T., Aso, Y., and Sugibayashi, K. (2008). Structure-permeability relationship analysis of the permeation barrier properties of the stratum corneum and viable epidermis/dermis of rat skin. J. Pharm. Sci. 97, 4391–4403. doi: 10.1002/jps.21330

			Yang, S. S., Wang, G. J., Wang, S. Y., Lin, Y. Y., Kuo, Y. H., and Lee, T. H. (2009). New constituents with iNOS inhibitory activity from mycelium of Antrodia camphorata. Planta Med. 75, 512–516. doi: 10.1055/s-0029-1185305

			Yang, H. L., Korivi, M., Lin, M. W., Chen, S. C., Chou, C. W., and Hseu, Y. C. (2015). Anti-angiogenic properties of coenzyme Q0 through downregulation of MMP-9/NF-?B and upregulation of HO-1 signaling in TNF-a-activated human endothelial cells. Biochem. Pharmacol. 98, 144–156. doi: 10.1016/j.bcp.2015.09.003

			Yang, H. L., Lin, M. W., Korivi, M., Wu, J. J., Liao, C. H., Chang, C. T., et al. (2016). Coenzyme Q0 regulates NF-?B/AP-1 activation and enhances Nrf2 stabilization in attenuation of LPS-induced inflammation and redox imbalance: evidence from in vitro and in vivo studies. Biochim. Biophys. Acta 1859, 246–261. doi: 10.1016/j.bbagrm.2015.11.001

			Yang, S. C., Huang, T. H., Chiu, C. H., Chou, W. L., Alalaiwe, A., Yeh, Y. C., et al. (2018). The atopic dermatitis-like lesion and the associated MRSA infection and barrier dysfunction can be alleviated by 2,4-dimethoxy-6-methylbenzene-1,3-diol from Antrodia camphorata. J. Dermatol. Sci. 92, 188–196. doi: 10.1016/j.jdermsci.2018.09.002

			Yang, S. C., Tang, K. W., Lin, C. H., Alalaiwe, A., Tseng, C. H., and Fang, J. Y. (2019). Discovery of furanoquinone derivatives as a novel class of DNA polymerase and gyrase inhibitors for MRSA eradication in cutaneous infection. Front. Microbiol. 10, 1197. doi: 10.3389/fmicb.2019.01197

			Yen, I. C., Shi, L. S., Chung, M. C., Ahmetaj-Shala, B., Chang, T. C., and Lee, S. Y. (2018). Antrolone, a novel benzoid derived from Antrodia cinnamomea, inhibits the LPS-induced inflammatory response in RAW264.7 macrophage cells by balancing the NF-?B and Nrf2 pathways. Am. J. Chin. Med. 46, 1297–1313. doi: 10.1142/S0192415X18500684

			Yu, P. W., Chang, Y. C., Liou, R. F., Lee, T. H., and Tzean, S. S. (2016). pks63787, a polyketide synthase gene responsible for the biosynthesis of benzenoids in the medicinal mushroom Antrodia cinnamomea. J. Nat. Prod. 79, 1485–1491. doi: 10.1021/acs.jnatprod.5b00798

			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.

			Copyright © 2019 Chou, Lee, Huang, Wang, Chen, Chen, Chang, Fang and Yang. 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.




OEBPS/Images/Figure_5.jpg
-
®

- MRSA

—_——
oo

M
on
- pone z
o R
i
= -
Al
ova ovamRSA

IR EEEEEEE]

‘Skin deposition (nmolmg)
2
Cumulative amount (nmo¥on’)
[

o ¥






OEBPS/Text/toc.xhtml


  

    Contents



    

		Cover



      		

        Coenzyme Q0 From Antrodia cinnamomea Exhibits Drug-Resistant Bacteria Eradication and Keratinocyte Inflammation Mitigation to Ameliorate Infected Atopic Dermatitis in Mouse

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Compounds

          



          		

            The Strains of S. aureus

          



          		

            Agar Diffusion Assay

          



          		

            Minimum Inhibitory Concentration and Minimum Bactericidal Concentration

          



          		

            Growth Curve of CoQ0-Treated MRSA

          



          		

            MRSA Survival Detected by Flow Cytometry and Fluorescence Microscopy

          



          		

            Assessing MRSA Biofilm

          



          		

            MRSA Morphology Visualized by Electron Microscopy

          



          		

            Total Amounts of Protein, RNA, and DNA in MRSA

          



          		

            Bactericidal Mechanisms of CoQ0

          



          		

            Proteomic Analysis

          



          		

            Cytotoxicity of CoQ0-Treated Keratinocytes

          



          		

            Activating Keratinocytes by Tumor Necrosis Factor-α and Interferon-γ

          



          		

            ELISA Assay

          



          		

            Immunoblotting Assay

          



          		

            Animals

          



          		

            Skin Absorption of CoQ0

          



          		

            Establishing a Mouse Model With Combined AD-Like Lesions and MRSA Infection

          



          		

            Skin Tolerance of CoQ0

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            CoQ0 Shows the Strongest Activity Against MRSA Among the Benzenoids

          



          		

            CoQ0 Inhibits Biofilm Formation

          



          		

            CoQ0 as the Inhibitor of DNA Polymerase and Topoisomerases for MRSA Eradication

          



          		

            CoQ0 Is Effective in Inhibiting Inflammation and Recovering TJ Deficiency in an HaCaT Model

          



          		

            CoQ0 Facilely Penetrates Into the Skin

          



          		

            CoQ0 Ameliorates MRSA-Infected AD-Like Lesions In Vivo

          



          		

            CoQ0 Elicits a Slight Skin Irritation

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/Figure_6.jpg
IL-1B (pg/mi)

1L-10 (pg/mi)
. 8 ¥ 8 8 8 8 8

3 8

8 &8 8

c
P . -
. . i "
= .
i g
[ ’I 1 i ” :
T g i, e e o,
E
» -
—
-
“« —_
£, i
;
ga

on g, w %""%_""%

IR

on g, '%%:'a °m.,:%






OEBPS/Images/logo.jpg
’ frontiers
in Pharmacology





OEBPS/Images/tbl1.jpg
MIC (ng/mi)

125
250
781

15,63

3125
500

MBC (ug/mi)

125
500
781

3125
625
500





OEBPS/Images/tbl3b.jpg
18 ADAOEOWEO

A
perondase

508 rbosomal
protent21
308 rbosomal
protens18

Cold shock
proten

508 fbosomal
protent31
tpeB

b

nr

74

ol

4476

200

7879

643

12

0400

0400

039

0395

o277

‘Glitathione peroxidase is e general name of an enzyme
famiy with percxaso actity whose main biokogical 0
510 prtect the organism rom oxdative darmage.

T protein binds 10 238 1ANA I tho presance of protein
w20,

Binds s a hateoximor with protin S5 10 tho cental
‘Gomain of tho 16 ANA, where it heips sabizo the
plaform of the 308 subuni.

‘Cold shock proteins are mutiunciional ANADNA
bindiog protens, characterized by the presence of o o
more coldshock domais.

Whie neither of the L31 paralogs is essential, tis protein
Goos ot seem to functon as the main L31 proten.

Has ahigher affsy for 708 ibosomos than tho 2nc:
‘containing L31 paralog; s able o dispiace i 10 varyng
oxents, evon under 2 1eple condions

“The MS/MS spectra were soarched agains the UniProt database (extracted 0r Staphyiococcus aureus) using ihe Mascot search engne (Malrx Science, Londion, UK;

version 2.5

Ratos 0 contrl indicate 1 10 changes in protein vome among Co, eated sampls versus MASA samples. Th top ten higher 1ais mean the protens
whose expression el were increased upon treaments o Compounds, whi e 10 ten lower ratios dicale the proteis were dowrveguiatd under 1he @XP0SUTe (0

compounds.





OEBPS/Images/Figure_1.jpg
00585 wm)

w o WRsA . s. aureus
o ooy N 3 i . s
Compound 1 Compouna2 " H - ! a B
cHy £ : q )
) jﬁ‘l oo 1nl \ |
L ) i . KM-1 . Kv-1
‘Compound 3 (CoQ0) ‘Compound 4 & L1 ‘ ®
SN, g i
i .
o g i I
@ E i —‘ ‘
A0 L e | . ‘ I
Compound Compound T et

517100 geen) piico

en

0






OEBPS/Images/Figure_7.jpg
PBS

CoQ,

Erythema (a")
4






OEBPS/Images/Figure_2.jpg
A B C Aen

CFU inside the biofim CFU outside the biofim
P r et
0 —_—

CoQ,

o0, (ygimi) o0, (vgimi)

cPc

coum
1
}
-“ ...
]

thickness (um)
Green color intenslty

- 8 s s
Red color intenslty

MRSA  CoQy cre MRSA  CoQ cPe MRSA  CoQy cPc





OEBPS/Images/tbl2.jpg
VRSA
S. aureus
<M1
Q2

MIC (ug/mi)

781
16.63-31.25
31.25
16.63-31.25

MBC (ug/mi)

7.81
16,63-31.25
3125
3125





OEBPS/Images/Figure_4.jpg





OEBPS/Images/fphar.2019.01445_cover.jpg
’ frontiers
in Pharmacology

Coenzyme Q, From Antrodia
cinnamomea Exhibits Drug-
Resistant Bacteria Eradication and
Keratinocyte Inflammation Mitigation
to Ameliorate Infected Atopic
Dermatitis in Mouse





OEBPS/Images/tbl3a.jpg
*Accession

AOROEOVLNA

AOROEOVNUT

AOAOEOVPEO

AOAOEOVNXE

AOACEOVNYS

AOAOEOVRSS

~AOADEOVSSO

AOAOEOVLI1

~AOAOEOVSS!

HOAOEOVNVS

Protein

At
hyropecoide.
receiase ArgD

e
dependent zinc
metaoprotease
FsH

Detasysn
Proten GrpE

Gutamato
denyorogenase

dpnosphate
Ribosome

Nibernation
promoting factor

Reguitory
proten Spx

Puine
Pucoosido

DeoDiype

508 fbosomal
protén L1g

208 fbosomal
proten S5
308 fbosomal
protén 4

Transiton

tiaon factor
"1

Ribonucleosice

recuctasbeta

MW Coverage

5]

199

8

51
200

a8

166

169

102

163

ne

250

83

w8

1235

301

2044
3173

253

00

1684

615

3138

2530

621

6020

4150

2500

1437

Matchedpeptides

2

“Ratios

control
coa,
2558

2541

2177
1749

1782

1684

1679

1674

1626

1604

0475

0460

0483

a3

0421

Biological function

Antioxidant proten with a hydroperoxidase actviy.
Required fo the reduction ofthe AnpC aciive ste
ystons residues and for the egensraton o the ATPC.
‘enzyme actiy.

Acts as a processive, ATP-dependont Zc
metalopepiidase or boh cytopiasmic and membrane
proteins. Plays a4 n the qualty cont of ntogral
‘membrane protens.

Hemolysis by symbiont of hostenythrocytes.

‘GHpE reeases ADP from Dnak ATP binding to Dk
tiggers th reease of e subsirate protein, s
‘compietng tho reacton cyc. Several ounds of ATP-
‘dependentinteractons betweon DnaJ, Dnak and GrpE
aro requeed for fuly effcient 56,

Nucioatdo binding OXdoreductase actvy, g on the
‘GH-NH2 group of donors, NAD or NADP as acoeptor.
Nojor ol n the synthesis of uckooside trphosphates
ofhor than ATP, Tho ATP gamma phosphato i rarsforred
10 1he NDP beta phosphate via a png-pong mecharism,
using a phosphoryated active-sto ntermediate,
Requied for Gmerizaion of activo 70S rbosomes

10 1008 rbosomes; when addc to monomeri:

708 ribosomos stimates formaton of 1008 gimorkc
rbosomes. Unike E.cof, 1008 fibosomes aro resent
hring exponential grouth, peak during eary statonary
phase and then decrease (shown or strain NERC 3060)
Intefores wih actator timuiatod transcrotion by
intoacton with the FNA polymeraso apha-CTD. May
functon to gobaly educe ranscrpion of genes imoied
i growth- and development-promating processes.
and 0 increase anscripion of genes invotved ol
homeostass, ding periods ofextrome siess.
Catayss of the reaction: purne nucieaside +
‘phosphate = purino + apha-D-os 1-phosphae.
‘Gavage of guanosie or inosine o respeciive bases
and sugar-1-phosphate molecues.

Part of a stres-induced multchaperone system, s
nvoived n the recovery of the el fom heat-nduced
‘Gamage, in cooperation with DnaK, DnaJ and GIpE. ATP
biding

T protein s 000 of the ey assermbly protens of the
508 rbosomal subust, athough s Pt seen to bind
TRNA Dy s, tis important duing the cary stages of
50 assemby

Binds togothor wih $1810 168 bosomal ANA

O of two assembl nfiator proteins forthe 305
‘Suborit, t binds directly o 163 rRNA whero f nuciatos.
‘assemby o the body o the 30S subun.

O of theessential componentsfor the niaton of
proten synthosis. Sabizes tho bincing of -2 and F-3.0n
1o 308 subunit to which N-formyimetriony - RNAMa)
‘subsequentl binds. Helps moduate mANA selecton,
yikdg the 308 pee-aton compiex (PLC). Upon aditon
oftho 505 rbosomal subunt, -1 s releasadleavng the
maturo 708 transaton faton complex.

Provides the precursors necessaryfor ONA synthesis,
‘Catayzes tho bosynihesis of docxyrbonucleotdas fom
e coresponding fibonudotides





OEBPS/Images/Figure_3.jpg
-

10—
0=
-

RSk coo,

Proein concentation (ig/)

ONA concentraton (gim)

MRSA Co0y
MRSA Coy

(SRR

B

g 8

s

RNA conceniration (igh)
§

§

H

LR
[ - — .‘.

wRsA Coa,

F prissB s00) +
YEATaq ONA pomerase -
Coymgm)

Suporoied OT ONA +
Rl pHOT. ONA
Gyase
o0, o

o025 o005

MRSA

o1

02






