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Protective effect of protocatechuic acid against inflammatory stress induced in human dermal fibroblasts
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Abstract
Background
Protocatechuic acid (PCA) is an anthocyanin metabolite with a high antioxidant property. It is also known for having anticancer and anti-inflammatory capacities with diverse medicinal activities. As one of the active ingredients in plant sources, PCA has been studied and has revealed various mechanisms, but effects on cosmetology are not sufficient. This paper suggests the effects of PCA on cosmeceutical via antioxidant and senescence-inhibiting activities.

Methods
Prior to demonstrating PCA efficacy, we performed cell viability of PCA of 0–100 μM with or without lipopolysaccharide (LPS) using water-soluble tetrazolium salt (WST-1). Then, to evaluate the antioxidant capacity, especially excessive generated reactive oxygen species (ROS), researchers carried out ROS scavenging activity of PCA through 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescence intensity. Cellular senescence was assessed by senescence-associated β-galactosidase (SA-β-gal)-positive value, and extracellular matrix (ECM)-associated gene expression, collagen type I, alpha 1 chain (COL1A1), and matrix metalloproteinase-1 (MMP1) were estimated through quantitative real-time polymerase chain reaction (qRT-PCR).

Results
PCA has not shown cellular toxicity under 100 μM, with or without LPS. The results demonstrated that PCA exerted an antioxidant effect on LPS-treated human dermal fibroblasts (HDFs), via ROS scavenging activity. Furthermore, PCA has shown the senescence attenuating efficacy in HDFs through reducing senescent cells and regulating COL1A1 and MMP1 gene expression.

Conclusion
This work suggests the potential benefits of PCA against LPS-induced excessive ROS generation and cellular senescence, for the first time.
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qRT-PCRQuantitative real-time polymerase chain reaction
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WST-1Water-soluble tetrazolium salt




Background
Polyphenols, the most focused dietary antioxidant for decades, have been reported to have not only antioxidant capacity but also biological efficacy. Phenolic acids, one of a major class of polyphenols, are naturally occurring in the plant kingdom including diverse edible plants (Tsao, 2010; Manach et al., 2004; Piazzon et al., 2012). PCA is a widely distributed phenolic compound common in human dietary plants and fruits, including plums, grapes, nuts (almonds), onion (Allium cepa L.), grain brown rice (Oryza sativa L.), and olives (Oleaeuropaea). PCA has been researched about its biological and pharmacological properties including particular disease models. According to previous studies, PCA has anti-inflammatory, antioxidant, and free radical scavenging properties in both in vitro and in vivo reports (Khan et al., 2015; Kakkar & Bais, 2014; Semaming et al., 2015). Aside from its antioxidant property, it is important and necessary to examine whether PCA has other potential benefits such as anti-aging effects.
Fibroblasts are the most omnipresent cells in the human dermis and are important in maintaining and structuring organs via remodeling extracellular matrix (ECM) components (Tracy et al., 2016; Eleftheriadis et al., 2011; Darby & Hewitson, 2007; Kisseleva & Brenner, 2008). The cells, fibroblasts, are also known to generate diverse cytokines to interfere with the immune system under certain conditions (Jordana et al., 1994). The endotoxin, LPS, is the major component of the outer membrane of gram-positive bacteria. It also covers about 90% of the cell surface and then serves as a physical barrier (Rosenfeld & Shai, 2006; Hancock & Diamond, 2000; Nikaido, 1989; Papo & Shai, 2005). In biological properties, it has been reported that LPS  recruits immune cells to human dermal fibroblasts (HDFs) via inducing the progression of inflammatory processes through secretion of soluble mediators (Gasparrini et al., 2017; Tardif et al., 2004; Wheater et al., 2012). Moreover, the ECM is also capable of influencing cell migration, senescence, and gene expression of the fibroblasts (Tracy et al., 2016; Majno et al., 1971). Focusing on the above results, this study aims to investigate LPS-induced ROS scavenging capacity and suppressing activity of PCA in cellular senescence phenomena. This study is the first to verify the protective effect of PCA on LPS-induced damages in HDF cells.

Methods
Cell culture
The HDFs derived from human skin cells were obtained from the Lonza Group (Basel, Switzerland) and were maintained in DMEM supplemented with 10% heat-inactivated FBS, 100 units/mL penicillin, and 100 μg/ml streptomycin in a humidified atmosphere of 5% CO2 at 37 °C. For subculture, the medium was eliminated and cells were rinsed with PBS twice. Then, cells detached using trypsin-EDTA were cultured with fresh complete growth medium in a ratio of 1:5 every 72 h. Protocatechuic acid was diluted with the culture medium before treatment, and final concentrations were adjusted using DMSO.

Cell cytotoxicity
The cytotoxicity was determined using an WST-1 assay kit following the manufacturer’s protocol. Briefly, the cells were seeded in the culture plate, incubated for 24 h, and then treated with diverse concentrations of protocatechuic acid (25, 50, 75, and 100 μM) for 24 h with or without 1 μg/mL of LPS. Then, 10 μL of EZ-Cytox cell viability assay kit reagent (ItsBio, Korea) was added to the cultured cells and the cells were incubated for 1 h. The absorbance was measured at 490 nm using a microplate reader (Bio-Rad, Hercules, CA, USA). The mean and standard deviation of cell viability was calculated after repeating the procedure three times.

DCFH-DA scavenging assay
The intracellular ROS generation was measured using the fluorescence dye DCFH-DA, which produces a detectable fluorescence when the non-fluorescent DCFH reacts with ROS in cells. The treated cells were incubated with 25 μM DCFH-DA at 37 °C for 1 h and then the fluorescence intensity was measured using a BD fluorescence-activated cell sorting calibur (FACSCalibur, flow cytometer, BD Biosciences, San Jose, CA, USA), at excitation and emission wavelengths of 485 and 535 nm, respectively.

SA-β-gal activity
SA-β-gal staining was carried out according to the manufacturer’s instructions, and senescence cell staining was detected 24 h after treatment. Briefly, the cells were rinsed twice with PBS, fixed with 0.5 ml fixative solution (4% formaldehyde and 0.5% glutaraldehyde in PBS, pH 7.2) for 20 min, rinsed again with PBS, and then were incubated with the staining solution for 24 h at 37 °C. Then, the staining solution was removed, and 70% glycerol was added to each well before the stained cells were examined for senescence using a microscope (Olympus Microscope System IX51, Olympus, Japan).

RNA isolation and qRT-PCR
The total RNA of each sample was isolated using the TRIzol reagent following the manufacturer’s protocol. After the purified RNA had been validated using a spectrophotometer (MaestroNano, Maestrogen, NV, USA), 1 μg of the total RNA was used for cDNA synthesis using a miScript II RT kit. The mRNA expression was quantitatively assessed using Evagreen dye with the Line-Gene K software (BioER, Hangzhou, China), according to the manufacturer’s protocol. The primers for the qRT-PCR are β-actin (Forward: GGATTCCTATGTGGGCGACGA, Reverse: CGCTCGGTGAGGATCTTCATG), COL1A1 (Forward: AGGGCCAAGACGAAGACATC, Reverse: AGATCACGTCATCGCACAACA) and MMP1 (Forward: TCTGACGTTGATCCCAGAGAGCAG, Reverse: CAGGGTGACACCAGTGACTGCAC). And the experiment was performed in triplicate.

Statistics
All the results are presented as the mean percentage ± standard deviation (SD) of three independent experiments. p values < 0.05, 0.01, and 0.001 were considered statistically significant and were determined using Student’s t test.


Results
Cytotoxicity of LPS and PCA in HDF cells
We observed cytotoxicity of LPS and PCA on HDF cells using WST-1 assay. Researchers treated PCA (0–100 μM) on HDF cells for 24 h with or without LPS (1 μg/mL). As shown in Fig. 1, indicated concentrations of PCA and LPS have no significant cytotoxicity. Based on these results, we examined further experiments, antioxidant effect by measuring ROS scavenging capacity and antisenescence efficacy via senescent cell counting, and ECM-modulating gene expression analysis, at various concentrations of PCA.[image: A41702_2017_18_Fig1_HTML.gif]
Fig. 1Cytotoxicity of PCA with or without LPS in HDF cells. Cell viability in HDF cells were measured by WST-1 assay with different concentrations of PCA (0–100 μM) and LPS (1 μg/mL) for 24 h. Black bar represents the cell viability of indicated concentrations of PCA without LPS treatment. White bar represents the cell viability of PCA co-treated with LPS. Data are expressed as mean ± standard deviation





Intracellular excessive ROS scavenging effect of PCA in HDF cells
Estimating intracellular ROS concentrations could explain the quantitative oxidative stress induced by a stimulus. LPS, an endotoxin released from gram-negative bacteria, has been reported to induce intracellular ROS production and acute injuries (Kim et al., 2012). Thus, this study demonstrated whether PCA reduces intracellular ROS induced by LPS in HDF cells via DCFH-DA assay. As a result, 1 μg/mL LPS-treated HDFs for 24 h showed increased DCF fluorescent intensity while cells treated with diverse PCA with LPS indicated significantly reduced DCF intensity (Fig. 2). A significant reduction in the DCF fluorescent intensity compared to the LPS treatment was 50 and 100 μM of PCA-treated cells (*p < 0.05).[image: A41702_2017_18_Fig2_HTML.gif]
Fig. 2Excessive ROS scavenging effect of PCA in HDF cells. Effect of PCA on excessive-generated intracellular ROS scavenging capacity was determined by DCF-DA fluorescent intensity. HDF cells had been treated with LPS (1 μg/mL) and PCA for 24 h and then were reacted with DCFH-DA (25 μM). Data are expressed as mean ± standard deviation of triplicate experiments (*p < 0.05)





Attenuation effects of PCA on cellular senescence and ECM-modulating gene expression in HDF cells
Next, researchers carried out the efficacy of PCA on LPS-induced cellular senescence. As shown in Fig. 3a, the LPS-treated cells prominently expressed cellular senescence 3.8-fold (30.7 ± 4.1) more than the non-treated control cells (8.0 ± 1.9). The increased senescent proportion by LPS was significantly reduced in a dose-dependent manner of PCA. The cellular senescence of HDFs was diminished to 16.3 ± 1.1 and 11.9 ± 2.0 at 50 and 100 μM of PCA, respectively. In accordance with cellular senescence estimation, mRNA expression of COL1A1 and MMP1 were measured using qRT-PCR. In this study, LPS-treated cells indicated downregulated COL1A1 expression whereas PCA co-treated cells presented significantly induced expression (Fig. 3b). Interestingly, cells treated with LPS showed increasing MMP1 mRNA expression while the PCA co-treated cells reduced expression in a dose-dependent manner of PCA (Fig. 3c).[image: A41702_2017_18_Fig3_HTML.gif]
Fig. 3Senescence-attenuating effect of PCA in HDF cells. a Effect of PCA on cellular senescence was determined by SA-β-gal assay. HDF cells had been co-treated with LPS (1 μg/mL) and the indicated concentration of PCA for 24 h, then SA-β-gal assay was conducted to determine cellular senescence. b COL1A1 and c MMP1 mRNA expression were determined by qRT-PCR, and β-actin expression was used for normalization. HDF cells were treated with LPS (1 μg/mL) and the indicated concentration of PCA for 24 h. Data are expressed as mean ± standard deviation (*p < 0.05)






Discussion
PCA, one of phenolic acid, is widely distributed in edible plants and fruits and has been reported to have biological activities such as antioxidant, antibacterial, anticancer, antiviral, and anti-inflammatory. In this study, the data showed novel potential of PCA focused on skin cellular mechanisms. In indicated concentrations (0–100 μM), PCA had no cytotoxicity in HDF cells with or without LPS (1 μg/mL). According to previous studies, LPS has been reported to contribute to inflammatory response including ROS generation. For this reason, it is important to investigate how dermal fibroblasts regulate LPS-induced stress and research cellular senescence. PCA treatment had efficacious consequences on preventing LPS-induced cellular senescence and ECM-related gene expression, especially COL1A1 and MMP1 mRNA. Collagen, the most abundant protein in the animal kingdom, is identified with 28 types; even collagen I comprises approximately 90% of the total collagen in the skin (Tracy et al., 2016; Eyre, 1980). And MMPs, which remodel ECM through degradation, are upregulated to diminution of collagen matrices via downregulation of type I collagen in the normal healing process (Tracy et al., 2016). It is also reported in inflammatory process that MMPs induce degradation of ECM for making easier invasion and damages (Eleftheriadis et al., 2011). In detail, 50 and 100 μM of PCA showed a significant result that reduced senescent cell portion and ECM collapse promoting enzymes and MMP1 gene expression. Also, COL1A1, gene of type I collagen which is the most abundant structural protein of ECM expression, was increased in 50 and 100 μM of PCA-treated fibroblast cells. In this study, 25 μM of PCA is not sufficient for suppressing LPS-induced stress, while 50 and 100 μM of PCA reveal significant efficacy on the aims of this study.

Conclusion
Intracellular ROS are elaborately modulated by diverse antioxidant mechanisms under normal circumstances. But the excessive generation of ROS via intrinsic or extrinsic stimuli could lead to imbalance of cellular homeostasis which eventually causes damages or functional disorder in organisms. Skin, the outermost organ which protects the body from dehydration and physical or chemical irritations, has been regarded to be a representative and tangible object for figuring out aging phenomena. Focused on this point, researchers investigated how PCA protects HDF cells from LPS-induced stress through estimation of ROS scavenging capacity, senescent cell, and senescence-associated gene expression analysis. As shown in this study, PCA adduces efficacy on excessive-generated ROS scavenging and attenuating dermal fibroblast senescence. This is not enough to fully suggest cellular mechanisms of PCA on the skin but, after further studies about detailed cellular or clinical efficacy trials, could reveal the potential of PCA against varied occasions including LPS-induced symptoms.
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