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Abstract

:

The skin, the largest organ in humans, is exposed to major sources of outdoor air pollution, such as fine particulate matter with a diameter ≤ 2.5 µm (PM2.5). Diphlorethohydroxycarmalol (DPHC), a marine-based compound, possesses multiple activities including antioxidant effect. In the present study, we evaluated the protective effect of DPHC on PM2.5-induced skin cell damage and elucidated the underlying mechanisms in vitro and in vivo. The results showed that DPHC blocked PM2.5-induced reactive oxygen species generation in human keratinocytes. In addition, DPHC protected cells against PM2.5-induced DNA damage, endoplasmic reticulum stress, and autophagy. HR-1 hairless mice exposed to PM2.5 showed lipid peroxidation, protein carbonylation, and increased epidermal height, which were inhibited by DPHC. Moreover, PM2.5 induced apoptosis and mitogen-activated protein kinase (MAPK) protein expression; however, these changes were attenuated by DPHC. MAPK inhibitors were used to elucidate the molecular mechanisms underlying these actions, and the results demonstrated that MAPK signaling pathway may play a key role in PM2.5-induced skin damage.
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1. Introduction


Particulate matter (PM), which comprises small-sized particles (a diameter of 2.5 to 10 μm), can easily penetrate human exterior organs, such as the eyes, ears, nose, and skin. Among these barriers, the skin is the largest organ on which floating PM can attach [1]. Many studies have reported that PM can even penetrate the skin cells and cause oxidative stress [2]. Consequently, the skin barrier is directly or indirectly damaged, causing skin thickening and wrinkle formation [3]. In addition, when the integrity of the skin is compromised by PM, pathophysiological processes occur in the epidermal keratinocytes and dermal fibroblasts, leading to processes such as apoptosis and aging [4]. Overexposure of cells to PM can trigger the mitogen-activated protein kinase (MAPK) signaling pathway, which is probably related to skin inflammation [5]. Moreover, previous studies have shown that PM analogs can stimulate reactive oxygen species (ROS) generation, causing inflammation, and natural compounds such as resveratrol and curcumin can inhibit ROS production by blocking phosphorylation of MAPKs [6,7].



The edible seaweed Ishige okamurae is a brown alga that contains phlorotannins, such as diphlorethohydroxycarmalol (DPHC), and is well known for its abundant bioactive compounds that are used as functional products [8]. Several studies have shown that this marine alga exhibits antitumor, antioxidant, antihypertensive, anticoagulant, anti-inflammatory, antidiabetic, and antibacterial activities [9,10]. We previously reported the cytoprotective effects of DPHC on UVB-induced cell damage in human keratinocytes via inhibition of ROS generation and MAPK signaling [11,12]. The skin barrier was disordered by exposure to PM [2,3,4,5]; however, research on the protective effects of DPHC against PM2.5-induced skin damage is rare. In the present study, we aimed to determine the protective effects of DPHC against PM2.5-induced skin damage in vitro and in vivo, and to elucidate the underlying mechanisms mediated by the MAPK signaling pathway.




2. Results


2.1. DPHC Inhibits PM2.5-Induced ROS Generation


The results of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay indicate that DPHC showed no cytotoxicity against human keratinocyte cell line, HaCaT cells at all the tested concentrations (0, 2.5, 5, 10, 20, and 40 µM, Figure 1A). We used 20 µM DPHC as the optimal concentration in the subsequent experiments. Confocal microscopic images showed that PM2.5-exposed cells exhibited the highest fluorescence intensity with 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) staining, which indicates ROS production; however, DPHC inhibited this cellular ROS generation (Figure 1B). Similarly, the blockade of ROS generation by DPHC was confirmed using flow cytometry (Figure 1C). These results showed that DPHC eliminated PM2.5-induced ROS generation.




2.2. DPHC Inhibits Cellular Macromolecule Damage via Inhibiting PM2.5-Induced Oxidative Stress


The results of trypan blue exclusion assay showed that PM2.5 treatment promoted cell death, whereas DPHC reduced the number of dead cells (Figure 2A). Lipid peroxidation caused by PM2.5-induced oxidative stress was analyzed using fluorescent diphenyl-1-pyrenylphosphine (DPPP) oxide (Figure 2B). In PM2.5-exposed cells, the fluorescence intensity of DPPP oxide was higher than that in cells pretreated with DPHC. DPHC also protected cells against PM2.5-induced DNA damage mediated by oxidative stress in the comet assay (Figure 2C). The length of comet tails and percentage of tail fluorescence induced by PM2.5 were significantly reduced in cells pretreated with DPHC. Moreover, condensed 8-oxoguanine (8-oxoG) was detected by analyzing binding with avidin-tetramethylrhodamine isothiocyanate (TRITC), and its generation, which was triggered by PM2.5, was reduced by DPHC pretreatment (Figure 2D). Additionally, the fragmentation of DNA double strand can trigger the phospho-histone H2A histone family member X (H2A.X). The results were confirmed by using western blotting, which showed that PM2.5 treatment induced DNA damage as indicated by the overexpression of phospho-histone H2A.X (Figure 2E). Furthermore, DPHC attenuated protein carbonyl induced by PM2.5-induced oxidative stress (Figure 2F). In the in vivo system, DPHC inhibited lipid peroxidation (Figure 2G) and protein carbonylation (Figure 2H) induced by PM2.5-induced oxidative stress. In addition, PM2.5 increased epidermal height, which indicates that PM2.5 disordered skin histological architecture. However, DPHC protected the skin against oxidative cellular components, and the epidermal height was lower than that in PM2.5-treatment group (Figure 2I). Taken together, these results suggest that DPHC inhibited PM2.5-induced oxidative stress both in vitro and in vivo, and protected the skin from PM2.5-induced damage.




2.3. DPHC Blocks Endoplasmic Reticulum Stress and Autophagy Induced by PM2.5


Recently, we reported that PM2.5-induced oxidative stress resulted in endoplasmic reticulum (ER) stress [13]. ER-Tracker Blue-White DPX is a photostable probe that is selective for the ER and can indicate ER stress. In Figure 3A, PM2.5-treated cells showed bright blue color induced by ER stress; however, DPHC attenuated this effect. The ER plays a very important role in Ca2+ homeostasis and is the main intracellular Ca2+ reservoir [14]. Confocal microscopy was used to analyze the Ca2+ level using fluo-4-acetoxymethyl ester (Fluo-4-AM) staining, and PM2.5-treated cells exhibited higher fluorescence intensity than the control cells did, which was reduced by DPHC (Figure 3B). ER stress induces CCAAT-enhancer-binding protein homologous protein (CHOP), which is involved in apoptosis [15]. Furthermore, under the pressure of ER stress, the glucose-regulated protein 78 (GRP78) activates serine/threonine-protein kinase/endoribonuclease inositol-requiring enzyme 1 (IRE1)-α, protein kinase RNA-like endoplasmic reticulum kinase (PERK), and activating transcription factor 6 (ATF6) signaling pathways, which ultimately promote cell apoptosis [16]. As shown in Figure 3C, ER stress-related proteins such as CHOP, GRP78, and phospho-IRE1 were increased by PM2.5-treatment. However, DPHC decreased the levels of these three proteins. These findings suggested that PM2.5-induced ER stress was inhibited by DPHC pretreatment.



ER stress is also related to autophagy, which is a self-degradative process [17]. Therefore, we also determined whether PM2.5 promotes autophagy. The intracellular acidity caused autophagic lysosomes to exhibit orange/red fluorescent cytoplasmic vesicles, while the nuclei appeared green. In PM2.5-treated cells stained by acridine orange, which is the lysosome marker dye, intracellular vacuoles accumulated dramatically, but this effect was inhibited by DPHC (Figure 3D). In addition, PM2.5 upregulated the protein levels of beclin-1 and light chain 3B (LC3B)-II, which participate in initiating autophagosome formation during autophagy and the processed form of LC3, respectively. However, the expression levels of these two proteins were reduced by DPHC (Figure 3E). These results suggested that DPHC suppressed PM2.5-induced autophagy in skin cells.




2.4. PM2.5-Induced Mitochondrial Damage is Weakened by DPHC


Mitochondrial membrane permeability is related to apoptosis through activation of caspase-associated proteins [18]. Dihydrorhodamine 123 (DHR123), a mitochondria ROS indicator, was used for the measurement of mitochondrial oxidative stress, and the result demonstrated that overexpression of mitochondrial ROS was induced by PM2.5 but reduced by DPHC (Figure 4A). Similarly, mitochondrial Ca2+ levels were increased by PM2.5 but decreased by DPHC in the rhod-2 acetoxymethyl ester (Rhod-2 AM) staining assay (Figure 4B). JC-1 dye was used to detect mitochondrial membrane potential (Δψm), and the red and green fluorescence indicate membrane polarization and depolarization, respectively. Furthermore, the results showed that Δψm depolarization was increased by PM2.5 but was suppressed by DPHC as shown in the confocal microscopy and flow cytometry analyses (Figure 4C,D). In addition, the B-cell lymphoma-2 (Bcl-2) family members control mitochondrial permeability to regulate apoptosis. Therefore, we examined the expression levels of the pro-apoptotic Bcl-associated X protein (Bax) and the anti-apoptotic Bcl-2 proteins. The results illustrated that PM2.5 increased Bax levels and decreased Bcl-2 levels in keratinocytes, which were reversed by DPHC pretreatment (Figure 4E). Therefore, DPHC suppressed PM2.5-induced mitochondrial ROS generation and balanced the membrane permeability.




2.5. PM2.5 Accelerates Apoptotic Cell Death


Hoechst 33342 staining is used to visualize condensed nuclei in apoptotic cells and PM2.5 induced accumulation of apoptotic bodies, whereas DPHC pre-treatment diminished these effects (Figure 5A). Additional evidences showed that PM2.5 promoted the expression of cleaved caspase-9 and caspase-3 (Figure 5B), which suggested that caspase activation may be involved in cell apoptosis. The effect was attenuated by DPHC. In addition, PM2.5 significantly increased the sub-G1 phase cells compared with that in the control group, and this effect was inhibited by DPHC (Figure 5C). To confirm the effect of caspase activation on apoptosis, we used the irreversible caspase inhibitor, Z-VAD-FMK. Notably, Z-VAD-FMK, DPHC, or both decreased the number of apoptotic cells (Figure 5D). Thus, these results indicated that DPHC exhibits cytoprotective effects on PM2.5-induced apoptosis.




2.6. DPHC Regulates PM2.5-Induced Apoptosis via MAPK Signaling Pathways


To further explore the potential involvement of MAPK signaling pathways in PM2.5-mediated modulation of apoptosis, MAPK-related proteins, extracellular signal-regulated kinase (ERK), p38, and c-Jun N-terminal kinase (JNK) were detected using western blotting. The results showed that PM2.5 increased the formation of phospho-ERK1/2, phospho-p38, and phospho-JNK compared to the levels in control cells. However, phosphorylation of these proteins was reversed by DPHC pretreatment (Figure 6A). In addition, after pretreatment of cells with U0126, SB203580, and SP600125 (inhibitors of ERK, p38, and JNK, respectively), apoptotic bodies were detected using Hoechst 33342 staining (Figure 6B). The results showed that all the inhibitors decreased PM2.5-induced apoptotic bodies, similar to cells pretreated with DPHC. Therefore, DPHC inhibited MAPK signaling pathway and prevented PM2.5-induced apoptosis.





3. Discussion


Previous studies showed that DPHC suppressed ROS generation by blocking matrix metalloproteinase (MMP)-1 expression [12] and activating the nucleotide excision repair system to inhibit UVB-induced DNA damage in human HaCaT cells [19]. DPHC exhibits antioxidant [8,20], antiviral [21], hypoglycemic [22], and anti-melanogenesis effects [23], as well as protective action against gamma ray radiation [24]. Studies have also shown that PM2.5 may penetrate the skin barrier and damage the keratinocytes [25,26]. We tested the protective effects of DPHC on PM2.5-induced skin damage in this study. DPHC, as a phlorotannin, showed no toxicity to human HaCaT cells from concentrations ranging from 2.5 to 40 µM. In addition, our previous studies showed that DPHC inhibited both superoxide anions and hydroxyl radicals directly at 20 µM [11]. Therefore, in the subsequent experiments, we used DPHC at 20 µM as the test concentration. A recent study demonstrated that PM2.5 changed the morphology of keratinocytes because of ROS overproduction, which damaged the intracellular antioxidant system [27]. In our recent study [13], we conducted experiments with 25, 50, 75, and 100 µg/mL of PM2.5 for 24 h in cells and 50, 100, 200, and 400 µg/mL of PM2.5 for 7 consecutive days in animals. Because 50 µg/mL in vitro and 100 µg/mL in vivo showed skin damage, we evaluated the effect of PM2.5 on skin damage at 50 µg/mL in cells and at 100 µg/mL in animal model. We investigated PM2.5-induced intracellular ROS production in keratinocytes and the results showed that PM2.5 promoted ROS generation, lowered cell viability, and damaged cell structures such as DNA, and induced lipid peroxidation. However, DPHC blocked intracellular ROS generation, increased cell viability, and protected the cell structure. In vivo experiments also proved that polyunsaturated fatty acid oxidation and protein carbonylation as well as epidermal height were increased by PM2.5; nevertheless, the generation of these two substances and increase in epidermal height were inhibited by DPHC.



ER stress plays a crucial role in intracellular dysfunction and may be induced by PM2.5 [15]. In ER transmembrane protein regulation, GRP78 facilitates misfolded protein refolding of mainly PERK, IRE-1α, and ATF6 [28]. These results showed that DPHC suppressed PM2.5-induced ER stress and balanced Ca2+ dynamics, which is essential to ER function. In addition, PM2.5 induced the phosphorylation of IRE-1 and upregulated protein levels of GRP78 and CHOP, which indicated that PM2.5 activated the ER stress pathway in HaCaT cells. Furthermore, these effects were reversed by DPHC. A previous review reported that ER stress may induce cell death through autophagy [29]. In the autophagic process, various autophagy-related genes (ATGs) including ATG5, beclin-1, and the microtubule-associated protein LC3B play a very important role. Beclin-1 is involved in nucleation of phagophore and formation of autophagosomes [30]. Therefore, we detected the protein levels of beclin-1 and LC3- II, which were increased by PM2.5; however, DPHC decreased this effect.



In addition to ER stress, mitochondrial dysfunction is related to intracellular ROS generation and causes cell damage. Previous studies proved that elevated ROS levels induced by UVA irradiation also decrease the Δψm, which induces the generation of cytochrome c and apoptosis-related factors [31]. Our results demonstrated that PM2.5 not only induced mitochondrial ROS generation, but also caused mitochondrial swelling. In addition, PM2.5 promoted the protein levels of Bax, which is an apoptosis-related protein, and blocked the level of Bcl-2, an anti-apoptotic protein. However, DPHC reversed all these effects, suggesting that it protected cells against PM2.5-induced mitochondrial damage.



Because PM2.5 may be related to cell apoptosis, we examined nuclear condensation, which is one of the characteristics of apoptotic cells. The result showed that PM2.5 promoted the development of apoptotic bodies and activated caspases-3 and 9, two key apoptotic proteins. However, DPHC inhibited cell apoptosis, which suggested that it protected the cells from apoptosis by regulating the levels of apoptosis-associated proteins.



Previously, p38 MAPK was shown to degrade Bcl-2 and activate Bax, resulting in mitochondrial-mediated apoptotic cell death [32,33,34]. Therefore, we detected the expression levels of MAPK signaling-associated proteins. Phosphorylation of ERK p38 and JNK was upregulated by PM2.5 and downregulated by DPHC pretreatment. The effects of MAPK signaling were further explored using ERK, p38, and JNK inhibitors. DPHC pretreatment reduced apoptotic cell number. MAPK signaling-related inhibitors also contributed to reducing the number of apoptotic bodies, which indicated that DPHC may inhibit cell death through the MAPK signaling pathway.




4. Materials and Methods


4.1. PM2.5 Preparation


There have been reports that PM2.5 in Korea mainly originates from incomplete coal combustion and diesel vehicle exhausts [35,36]. Therefore, we used PM2.5, which is a standard diesel PM (SRM 1650b) issued by the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA). It was purchased from Sigma-Aldrich (St. Louis, MO, USA). The 1650b diesel PM was mainly composed of polycyclic aromatic hydrocarbons (PAHs) and nitro-PAHs. PM2.5 was dispersed in dimethyl sulfoxide (DMSO) to obtain a 25 mg/mL stock solution, which was sonicated for 30 min to avoid agglomeration of the suspended PM2.5 particles. Experiments were performed with the stock solution within 1 h to avoid variability in PM2.5 composition in solution. In real-world settings, the human skin is exposed to airborne particulate matter. Considering the limitations of laboratory research, the cells were exposed to solutions of PM2.5. In our recent report, PM2.5 induced morphological damage at 50 μg/mL in cell system and at 100 μg/mL in the animal system [13]. Therefore, we used 50 μg/mL of PM2.5 in cell system and 100 μg/mL in animal system for this study.




4.2. Cell Culture


The human keratinocyte cell line HaCaT was obtained from Cell Lines Service (Heidelberg, Germany) and cultured at 37 °C in a 5% CO2 incubator exposed to a humidified atmosphere. The cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% heat-inactivated fetal bovine serum and antibiotic–antimycotic solution (100 units/mL penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin B, Gibco, Life Technologies Co., Grand Island, NY, USA).




4.3. Cell Viability


MTT assay was used to assess the cytotoxicity of DPHC on HaCaT cells. Cells (1.0 × 105 cells/well) were plated on a 24-well plate, incubated for 16 h, and exposed to 2.5, 5, 10, 20, or 40 µM DPHC. The MTT stock solution (2 mg/mL) was added, and the cells were incubated for another 4 h to yield formazan crystals. After dissolving the crystals in DMSO, the absorbance was detected at 540 nm using a scanning multi-well spectrophotometer.




4.4. Animal Experiments


HR-1 hairless male mice (OrientBio, Kyungki-do, Republic of Korea) were used for the in vivo experiments under the guidelines for the care and use of laboratory animals at Jeju National University (Jeju, Republic of Korea; permit number: 2017-0026). The mice were randomly divided into the following three groups (n = 4 each): control; PM2.5-treated; and DPHC (200 µM) + PM2.5-treated or DPHC (2 mM) + PM2.5-treated groups. Skin patches were created on the dorsal part for sampling to analyze skin damage-related molecules. PM2.5 was prepared at a concentration of 100 μg/mL, loaded on propylene glycol, and then spread on a nonwoven polyethylene pad over a 1 cm2 area. Then, the mouse dorsal skin was placed in continuous contact with the pads for 7 days, followed by immediate dissection of the treated tissue for histological and biochemical analyses.




4.5. Determination of ROS


H2DCFDA was used to detect the levels of intracellular ROS and DHR123 was used for mitochondrial ROS [13]. Cells were seeded for 16 h and then treated with 20 µM DPHC, PM2.5 (50 µg/mL), or both at 37 °C for another 24 h. The data were obtained after staining the cells with H2DCFDA (Molecular Probes, Eugene, OR, USA) and DHR123 (Molecular Probes) for 30 min at 37 °C. A laser scanning confocal microscope with the FV10-ASW viewer 4.2 software (Carl Zeiss, Oberkochen, Germany) was use for imaging analysis, while the stained cells were counted using a high-performance flow cytometer.




4.6. Trypan Blue Staining


To detect the cytoprotective effect of DPHC against PM2.5-induced cell damage, we used trypan blue exclusion assay, which cannot stain live cells with intact cell membranes [13]. Cells were seeded and then treated with DPHC, PM2.5, or both for 24 h. Then, the cell suspension was incubated with 5 µL 0.1% trypan blue solution for 5 min at room temperature and a light microscope was used to count the number of viable and dead cells.




4.7. Lipid Peroxidation Assay


Lipid peroxidation was detected by reacting with the fluorescent probe DPPP (Molecular Probes). Then, images of the cellular fluorescent product were captured using confocal microscope.




4.8. Comet Assay


DNA strand breakage was determined using alkaline single cell gel electrophoresis [37]. Harvested cells were mounted on slides, coated with agarose gel, and immersed in lysis buffer. After staining with ethidium bromide, the slides were observed using a fluorescence microscope equipped with the image analysis software (Kinetic Imaging, Komet 5.5, Liverpool, UK). Images of damaged and undamaged DNA were captured as comet tail and head, respectively. The percentage of total fluorescence in the comet tail and the tail length of 50 cells per slide were recorded.




4.9. Detection of 8-Oxoguanine


To detect the oxidative modification of bases in DNA, 8-oxoG level was detected [13]. Cells were fixed in the chamber slides, and the 8-oxoG level was estimated by staining with avidin-TRITC conjugate (Sigma-Aldrich). Images were obtained using confocal microscope.




4.10. Western Blotting


Cell lysates were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the separated proteins were transferred onto pure nitrocellulose blotting membrane (Pall Gelman Laboratory, Ann Arbor, MI, USA). The membranes were incubated with primary antibodies against phospho-H2A.X (Ser139), CHOP, beclin-1, LC3B, caspase-3, caspase-9, ERK, JNK (Cell Signaling Technology, Beverly, MA, USA), GRP78, Bax, phospho-p38 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho-IRE1 (Abcam, Cambridge, MA, USA), and actin (Sigma-Aldrich), followed by incubating with a corresponding secondary antibody (Pierce, Rockford, IL, USA). The Amersham enhanced chemiluminescence plus western blotting detection system (GE Healthcare Life Sciences, Buckinghamshire, UK) was used to detect the protein bands.




4.11. Protein Carbonylation Assay


Protein carbonyl level was measured to detect the oxidative modification of proteins [37]. Cells and mouse skin lysates were analyzed to detect protein oxidation using an OxiselectTM protein carbonyl enzyme-linked immunosorbent assay (ELISA) kit (Cell Biolabs, San Diego, CA, USA), according to the manufacturer’s instructions.




4.12. 8-Isoprostane Assay


To detect the oxidative modification of lipids, 8-isoprostane level was measured [38]. The levels of 8-isoprostane in the mouse skin tissue was assayed using the OxiselectTM 8-iso-prostaglandin F2α ELISA kit (Cell Biolabs, San Diego, CA, USA), according to the manufacturer’s instructions.




4.13. ER Staining


The fluorescent images of the ER were acquired using confocal microscope after reacting with an ER-tracker blue-white DPX dye (Molecular Probes) [39].




4.14. Quantification of Ca2+ Level


Cells were stained with Fluo-4-AM or Rhod-2 AM (Molecular Probes) to detect intracellular or mitochondrial Ca2+ respectively. The Fluo-4-AM fluorescence was assessed using confocal microscopy and Rhod-2 AM was detected using flow cytometer.




4.15. Mitochondrial Δψ Membrane Potential (Δψm) Analysis


Δψm was analyzed by staining with 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1, Invitrogen, Carlsbad, CA, USA), a lipophilic cationic fluorescence dye [40]. After pretreatment with DPHC, the cells were exposed to PM2.5 for another 5 h. Then, the cells were stained with JC-1, and analyzed using confocal microscopy and flow cytometry.




4.16. Acridine Orange Morphology Assay


To analyze autophagy, the cells were reacted with acridine orange (Invitrogen) for 15 min and fluorescence was measured using a fluorescence microscope (BH2-RFL-T3; Olympus, Tokyo, Japan). Depending on acidity, autophagic lysosomes appeared as orange/red fluorescent cytoplasmic vesicles, while the nuclei were stained green [27].




4.17. Hoechst 33342 Staining


To detect the apoptotic body, the DNA-specific fluorescent dye Hoechst 33342 was used [40]. Cells were pre-treated with 20 µM DPHC, the inhibitors, or both for 1 h, followed by PM2.5 for another 24 h. The stimulated cells were stained with Hoechst 33342 (Sigma-Aldrich) and visualized using a fluorescence microscope. Then, the images of proportions of the apoptotic cells were acquired using a CoolSNAP-Pro color digital camera (Media Cybernetics, Rockville, MD, USA).




4.18. Detection of Sub-G1-Phase Cells


To determine the number of apoptotic cells, sub-G1 hypo-diploid cells were assessed using flow cytometric analysis [24]. Harvested cells were immersed in 70% ethanol at 4 °C for 30 min and then they were incubated in a mixture of 50 mg/mL propidium iodide (PI) and 50 μg/mL RNase A in the dark at 37 °C for another 30 min. Finally, the cells were counted using a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).




4.19. Statistical Analysis


The statistical significance among the different groups was analyzed using the Tukey’s tests with the SigmaStat version 3.5 software (Systat Software Inc., San Jose, CA, USA). All the data were expressed as the means ± standard error, and a p < 0.05 was considered statistically significant.





5. Conclusions


In conclusion, our study showed that PM2.5 accelerated skin cell death by generating ROS, damaging complex macromolecules, and destroying the structure of cellular organelles (Figure 7). During this process, ER stress, mitochondrial depolarization, and lysosome generation were promoted, but DPHC protected the skin cells against PM2.5-induced damage through the MAPK signaling pathway. All these results enhance the understanding of the mechanisms underlying PM2.5-induced destruction of the skin, and demonstrate the potential usefulness of DPHC in protecting the skin from PM2.5 exposure.
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Figure 1. Diphlorethohydroxycarmalol (DPHC) reduced reactive oxygen species (ROS) generation. (A) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to determine cell viability after treating HaCaT cells with DPHC (0, 2.5, 5, 10, 20 and 40 µM) for 24 h. ROS generated by PM2.5 (fine particulate matter with a diameter ≤ 2.5 µm) were detected using 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) staining (25 µM). (B) Confocal microscopy and (C) flow cytometry were performed to detect intracellular ROS after H2DCFDA staining; * p < 0.05 and #p < 0.05 compared to control and PM2.5-treated groups, respectively. 
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Figure 2. DPHC protected cells against PM2.5-induced damage of macromolecules. (A) Cell viability was analyzed using trypan blue assay. (B) Confocal microscopy was used to analyze lipid peroxidation after diphenyl-1-pyrenylphosphine (DPPP) staining (5 μM). (C) Comet assay was used to evaluate DNA damage. (D) Avidin-tetramethylrhodamine isothiocyanate (TRITC) (1:200) bound to 8-oxoguanine in DNA was determined using confocal microscopy. (E) Cells lysates were analyzed for H2A.X expression using western blotting with actin as loading control. Protein carbonylation was analyzed using a protein carbonyl ELISA kit both (F) in vitro and (H) in vivo. (G) Lipid peroxidation was determined using 8-isoprostaglandin F2α ELISA kit in vivo. (I) The mouse epidermal heights were assessed, and images were obtained from every group. Scale bars, 20 μm. * p < 0.05 compared to control groups; #p < 0.05 compared to PM2.5-treated groups. 
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Figure 3. DPHC suppressed PM2.5-induced endoplasmic reticulum (ER) stress and autophagy. Cells were stained with (A) ER-Tracker Blue-White DPX staining (1 μM) and (B) Fluo-4-AM (1 μM) to evaluate ER stress and intracellular Ca2+ levels, respectively, using confocal microscopy. (C) CCAAT-enhancer-binding protein homologous protein (CHOP), glucose-regulated protein 78 (GRP78), and phospho-inositol-requiring enzyme 1 (IRE1) were detected using western blotting. (D) Autophagy was detected using acridine orange (5 μM) with fluorescence microscopy. (E) Cell lysates analyzed for protein expression of beclin-1 and LC3B-II using western blotting; * p < 0.05 and #p < 0.05 compared to control and PM2.5-treated groups, respectively. 
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Figure 4. PM2.5-induced mitochondrial damage was blocked by DPHC. (A) Mitochondrial ROS was assessed using confocal microscopy after staining with dihydrorhodamine 123 (DHR123) (10 μM). (B) Mitochondrial Ca2+ levels were analyzed by Rhod-2 AM staining (1 μM) using flow cytometry. (C, D) Mitochondrial membrane potential (Δψm) was detected by JC-1 staining (2 μM) using confocal microscopy and flow cytometry, separately. (E) Cell lysates were analyzed for Bax and Bcl-2 protein expression using western blotting; * p < 0.05 and #p < 0.05 compared to control and PM2.5-treated groups, respectively. 
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Figure 5. DPHC inhibited PM2.5-induced cell apoptosis. (A, D) Cells were pretreated with DPHC, pan caspase inhibitor, Z-VAD-FMK (30 μM), or both for 1 h, followed by PM2.5 treatment for another 24 h. Apoptotic body formation was detected using Hoechst 33342 staining (20 μM); apoptotic bodies are indicated by arrows. (B) Cell lysates were analyzed for protein levels of caspase-9 and caspase-3 using western blotting. (C) Sub-G1 cells were counted using flow cytometry with PI staining; * p < 0.05, #p < 0.05, and ##p < 0.05 compared with control, PM2.5-exposed, and PM2.5-exposed plus DPHC-pretreated cells, respectively. 
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Figure 6. DPHC prevented PM2.5-induced cell apoptosis via mitogen-activated protein kinase (MAPK) signaling pathway. (A) Cell lysates were analyzed to detect phosphorylation of ERK, p38 MAPK, and c-Jun N-terminal kinase (JNK) using western blotting. (B) Analysis of Hoechst 33342-stained apoptotic cells after treatment with U0126 (50 nM), SB203580 (SB, 10 μM), and SP600125 (SP, 5 μM), which are inhibitors of ERK, p38 MAPK, and JNK, respectively; * p < 0.05 and #p < 0.05 compared with control and PM2.5-exposed cells, respectively. 
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Figure 7. Schematic diagram showing the protective mechanism of DPHC on PM2.5-induced skin damage. Skin exposed to PM2.5 generates excessive reactive oxygen species (ROS) production, which leads to mitochondrial dysfunction, endoplasmic reticulum (ER) stress, autophagy, and even apoptosis. However, DPHC triggers cytoprotective mechanism by blocking oxidative stress cellular components and inhibiting MAPK signaling apoptotic pathway. 
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