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Abstract

:

Skin is a major target of oxidative stress. Increasing evidence suggests that oxidative stress is the cause of melanocyte disappearance in vitiligo, which is an acquired pigmentary skin disorder characterized by patches of skin that have lost pigmentation. New herbal extracts with antioxidant activity are therefore being studied. 6-Shogaol (6-SG), an active compound from ginger, is capable of attenuating oxidative stress-induced ageing and neurotoxicity. Subsequently, to investigate whether 6-SG could protect melanocytes from oxidative stress, cultured human primary epidermal melanocytes (HEMn-MPs) were treated with hydrogen peroxide (H2O2) in the presence or absence of 6-SG. The 6-SG exhibited protective effects against H2O2-induced cell death by reducing oxidative stress. In addition, the 6-SG treatment activated the Nrf2-antioxidant response element signaling pathway by upregulating the mRNA expression of the antioxidant enzyme heme oxygenase 1 (HO-1), and protein expression of Nrf2, NAD(P)H: quinine oxidoreductase 1 (Nqo1), and HO-1. Furthermore, the 6-SG also displayed protective effects on melanocytes against Rhododendrol-induced oxidative stress. We concluded that 6-SG protects melanocytes against oxidative stress in vitro, and its protective effect is associated with the activation of the Nrf2-antioxidant response element signaling pathway. 6-SG, therefore, has potential for use in the prevention of melanocyte loss in the early stages of vitiligo or other pigmentary disorders.
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1. Introduction


Skin is the largest surface barrier organ, providing protection from harmful environmental agents such as pathogens, chemicals, and ultraviolet (UV) light. These external environmental factors directly or indirectly drive the production of various reactive oxidants, which participate in a series of physiological and pathological skin processes. Epidermal melanocytes in the skin are known to be particularly vulnerable to oxidative stress [1]. There is emerging evidence that oxidative stress can perturb the homeostasis in melanocytes and can play a significant role in the pathogenesis of vitiligo.



Vitiligo is an acquired chronic depigmenting disease that affects 0.5–2% of the world population. It is characterized by white depigmented patches in the skin, caused by the loss of functioning melanocytes [2,3]. Vitiligo develops due to the progressive and gradual disappearance of epidermal melanocytes, which is associated with a complex interplay among biochemical, environmental, and immunological events [3,4]. Recently, oxidative stress was shown to play an important role in the development and progression of vitiligo [5,6]. In active vitiligo, high levels of oxidative stress and low levels of enzymatic and non-enzymatic antioxidants were revealed in the blood and skin from patients [7,8,9,10]. Oxidative stress has been discussed as a promising target for vitiligo drug development.



Thus, approaches and treatments using antioxidants to reduce or reverse the oxidative damage in the epidermis and even to achieve re-pigmentation are being studied. With the development of phytoextraction and medicinal chemistry technology, an increasing number of studies on organic antioxidant compounds are being carried out in order to improve the treatment of oxidative stress-associated skin diseases.



Ginger is one of the most widely known spices and a natural antioxidant [11]. It has been used as a traditional medicinal herb for thousands of years to treat many gastrointestinal, stomachic, and rheumatic disorders [12]. Recently, ginger root extract was reported to have a neuroprotective ability in β-amyloid-induced Alzheimer’s disease [13,14,15]. Due to its strong antioxidant and neuroprotective effects, ginger is considered to be a promising product for fighting the effects of aging and neurodegenerative diseases [13,14]. Melanocytes are melanin-producing cells of the skin that are derived from neural crest cells, and in a previous study, in vitro characterization of epidermal melanocyte cultures from vitiligo revealed common features with neurodegenerative diseases [16]. Ginger powder in Ayurvedic medicine [17], and ginger piece erasure in traditional Chinese medicine [18] have proven effective for the treatment of vitiligo.



Several bioactive compounds have been identified in ginger, including 6-gingerol, 8-gingerol, 10-gingerol, and 6-Shogaol (6-SG) [12,19]. Among these ginger compounds, 6-gingerol, the most abundant bioactive compound in ginger, has been extensively studied for its various pharmacological effects including anti-inflammatory, analgesic, antipyretic, chemopreventive, and antioxidant properties [20,21,22]. Interestingly, recent studies have demonstrated that 6-SG exhibited the most potent antioxidant and anti-inflammatory properties [23,24,25]. Given the above, we focused our attention on the properties of 6-SG. The purpose of our study was to investigate whether 6-SG protects human melanocytes from oxidative stress, and to elucidate the underlying molecular mechanism of this protective effect. In the present study, we used H2O2-induced and Rhododendrol-induced oxidative stress in the normal human primary epidermal melanocytes as an in vitro model.




2. Results


2.1. 6-SG Attenuates H2O2-Induced Cytotoxicity in Human Primary Epidermal Melanocytes


First, to determine the appropriate hydrogen peroxide (H2O2) and 6-SG treatment concentrations, normal human primary epidermal melanocytes (HEMn-Mps) were exposed to different concentrations of H2O2 (Figure S1A) or 6-SG (Figure S1B) for 24 h, and cell viabilities were determined by a 3-[4–dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide (MTT) assay. Based on the cell viability data shown in Figure S1A and Figure S1B, H2O2 concentrations of 0.1 mM and 0.2 mM, and 6-SG concentration of 5 µM were chosen for the subsequent experiments, because 0.2 mM H2O2 significantly reduced cell viability and 5 µM 6-SG did not affect cell viability.



Then, to study the cyto-protective effects, HEMn-MPs were treated for 6 h with 5 µM 6-SG, and then exposed to 0.2 mM H2O2 for 140 h. Cell viability was assessed by observing cell morphology (Figure 1A) and performing MTT assays (Figure 1B). Morphological observations with light microscopy indicated that the exposure of melanocytes to 0.2 mM H2O2 for 140 h resulted in obvious membrane blebbing and cell shrinkage. In contrast, 6-SG pre-treatment attenuated these morphological changes in melanocytes (Figure 1A). In addition to the morphological evaluation, the protective effect of 6-SG against H2O2 was confirmed by the MTT assay. The viabilities of 0.2 mM H2O2-treated HEMn-MPs reduced to 26.25% for those not treated with H2O2 (Figure 1B); however, preincubation with 6-SG for 6 h reduced the cytotoxic effects of 0.2 mM H2O2 on melanocytes (Figure 1A).




2.2. 6-SG Attenuates Reduced Melanogenesis in H2O2-Treated Human Primary Epidermal Melanocytes


Next, to investigate the effectiveness of 6-SG on the melanogenesis of the melanocytes that have been suffering oxidative stress, the melanin content and mRNA expression level of the key enzyme in melanogenesis were evaluated. After pretreating HEMn-MPs for 6 h with 5 µM 6-SG and exposing them to 0.2 mM H2O2 for another 140 h, the cells with 0.2 mM H2O2 were markedly less pigmented than the control cells, and 6-SG pretreatment greatly improved the medium color (Figure 2A). Through quantitative analysis, we found that the melanin content in the culture medium and cell lysates was significantly suppressed by the 0.2 mM H2O2 treatment for 140 h, compared to the control cells (Figure 2B,C). However, the cells pretreated with 6-SG significantly attenuated the H2O2-induced suppression of melanogenesis, both in the culture medium and cell lysates (Figure 2B,C).



Tyrosinase is well known as the key enzyme in melanin biosynthesis, catalyzing the only rate-limiting steps in melanogenesis [26]. After pretreating HEMn-MPs for 6 h with 5 µM 6-SG, and after exposure to 0.2 mM H2O2 for 140 h, the expression level of tyrosinase was evaluated by real-time PCR analysis (Figure 2D). The mRNA expression level of tyrosinase significantly decreased in the cells treated with 0.2 mM H2O2 compared with control cells, and 6-SG pretreatment significantly blocked the H2O2-induced decrease in tyrosinase expression (Figure 2D). Microphthalmia-associated transcription factor (MITF) is known as the main transcription factor regulating tyrosinase expression [27]. Thus, the expression level of MITF was also evaluated by real-time PCR analysis (Figure 2E). The MITF mRNA expression significantly decreased in those cells treated with 0.2 mM H2O2 compared with the control cells, and 6-SG pretreatment significantly reversed the H2O2-induced decrease in MITF expression (Figure 2E).




2.3. 6-SG Reduces H2O2-Induced Oxidative Stress in Human Epidermal Melanocytes


We used the cell-permeable CellROX® Green Reagent to detect oxidative stress and observe the real-time visualization of intracellular oxidative stress in living melanocytes by green fluorescence. As shown in Supplementary Video S1, oxidative stress in HEMn-MPs was detected using CellROX® Green reagent during exposure to 0.2 mM H2O2 for the first 12 h, where an obvious increase in green fluorescence was observed. However, as shown in Supplementary Video S2, in cells with 5 µM 6-SG pretreatment for 6 h, the H2O2-induced green fluorescence accumulation was markedly attenuated. The presentative images were taken 24 h after the indicated treatments (Figure 3). In conclusion, 6-SG preincubation markedly attenuates H2O2-induced cell death and oxidative stress in melanocytes.




2.4. 6-SG Activates Intrinsic Antioxidant Defense Response in Human Epidermal Melanocytes


6-SG is known to have its own antioxidant system. The nuclear factor E2-related factor (Nrf2)-antioxidant response element (ARE) is the most important pathway in protecting cells from oxidative stress [28,29]. It is a transcription factor that regulates the expression of antioxidant enzymes in response to oxidative stress [30]. The key downstream ARE antioxidant enzymes of Nrf2 include the heme oxygenase 1 (HO-1) and NAD(P)H: quinine oxidoreductase 1 (Nqo1) [29]. Therefore, after the 140 h treatment with 0.1 mM H2O2 with or without 6-SG pretreatment, the level of the antioxidant gene HO-1 (Figure 4A,B) and Nrf2 (Figure 4C) in melanocytes was analyzed by real-time PCR. The results demonstrated that the expression levels of HO-1 and Nrf2 were significantly downregulated in H2O2-treated cells (Figure 4A,C), and the H2O2-induced downregulation of HO-1 and Nrf2 was reversed by 6-SG pretreatment (Figure 4B,C). Following that, the expression of Nrf2 and HO-1, as well as Nqo1 protein levels, were evaluated using Western blot analyses in HEMn-MPs, after a 140 h treatment with 0.1 mM H2O2 with or without 6-SG preincubation (Figure 4D). The H2O2 treatment induced a marked decrease in Nrf2, HO-1, and Nqo1 protein expression, whereas 6-SG pretreatment reversed the H2O2-induced a decrease in these proteins (Figure 4C).




2.5. 6-SG Protects Melanocytes Against Rhododendrol-Induced Oxidative Stress


Rhododendrol [4-(4-hydroxyphenyl)-2-butanol, Rhododenol®] was previously used as a skin-whitening cosmetic. These cosmetics were withdrawn from the market in 2013 after Rhododendrol reportedly caused a depigmentation disorder [31]. A previous report suggested that the toxicity of Rhododendrol towards melanocytes is caused by its tyrosinase-catalyzed oxidation and the production of cytotoxic reactive oxygen species (ROS) [32,33,34]. In the present study, we investigated whether 6-SG could protect melanocytes against Rhododendrol-induced cytotoxicity (Figure 5). After pretreating HEMn-MPs for 6 h with 5 µM 6-SG, and after subsequent exposure to 1 mM-3 mM Rhododendrol for 140 h, cell viabilities were assessed by the MTT assay (Figure 5A), and the gene expression level of tyrosinase was evaluated by real-time PCR analysis (Figure 5B). We found that 6-SG pretreatment significantly attenuated Rhododendrol-induced cell death in cultured melanocytes (Figure 5A). The mRNA expression level of tyrosinase significantly decreased in cells which were treated with 1 mM Rhododendrol, compared with control cells, and 6-SG pretreatment significantly blocked the Rhododendrol-induced decrease in tyrosinase expression (Figure 5B).





3. Discussion


In this study, we demonstrated that 6-SG attenuated H2O2-induced cell damage in human epidermal melanocytes by activating the Nrf2-ARE pathway. This study discovered a novel protective effect of 6-SG on human melanocytes, suggesting that 6-SG may have potential for the treatment of pigmentary disorder diseases. In the current study, we used H2O2 (Figure 1, Figure 2, Figure 3 and Figure 4) and Rhododendrol (Figure 5) injury HEMn-MPs cellular models to study the effects of 6-SG on oxidative stress. We found that pretreatment with 6-SG provided protection to HEMn-MPs from H2O2 or Rhododendrol-induced damage. Consistent with previous reports, we found that H2O2 is cytotoxic to HEMn-MPs in a dose-dependent pattern (Figure S1A). The cell viability of HEMn-MPs incubated with H2O2 increased significantly after pretreatment with 6-SG. In addition, 6-SG also attenuated the H2O2-induced oxidative stress in HEMn-MPs, confirming the protective effect of 6-SG against oxidative stress in HEMn-MPs. The Nrf2-ARE pathway, including HO-1 and Nqo1, protects melanocytes and reduces cytotoxicity caused by oxidative stress [35]. In this study, 6-SG was shown to protect human melanocytes from H2O2-induced oxidative stress by activating the Nrf2-ARE pathway.



Previous studies have shown that H2O2 is closely related to the onset, as well as the progression of vitiligo [6]. A recent study has shown that H2O2 decreases the antioxidant capability in the epidermis of vitiligo patients [36]. In vitiligo, H2O2 was reported to oxidize melanogenesis-related hormones and factors, such as epidermal ACTH, α-MSH, and β-endorphin, resulting in the loss of their functions via the promotion of pigmentation in melanocytes [37]. Furthermore, H2O2-mediated oxidation is also reported to affect calcium binding, disrupting calcium homeostasis and l-phenylalanine-uptake in the epidermis in acute vitiligo [38]. In addition, impaired Nrf2 signaling, decreased antioxidative enzyme levels, including HO-1, and increased oxidative stress have been reported in patients with vitiligo [39,40,41,42]. Recently, Nrf2, one of the most critical antioxidant enzymatic systems, and its downstream target genes were found to be up-regulated in non-lesional vitiligo skin biopsies, suggesting that a consistently higher Nrf2-dependent transcriptional activity is required for the maintenance of redox homeostasis in disease-free epidermis. Thus, the activation of antioxidative mechanisms is essential for the protection of melanocytes against oxidative stress in patients with vitiligo.



Ginger is a popular, globally used spice and food preservative, that is also considered to be a life-promoting herb. It has been used in traditional medicine to treat various diseases [12,43]. In the last decade, research on the components of ginger has significantly increased. Among its components, 6-SG has displayed numerous pharmacological properties, including antioxidant, anti-inflammatory, anti-neuroinflammatory, anti-cathartic, anti-neoplastic, and hypotensive [12,44,45]. The present study demonstrates for the first time the antioxidant activity of 6-SG via the induction of Nrf2/ARE-mediated antioxidant enzyme HO-1 and Nqo1 pathway in cultured cells.




4. Materials and Methods


4.1. Reagents


Hydrogen peroxide (H2O2) was purchased commercially from WAKO (Osaka, Japan) and diluted with PBS. 6-SG was purchased commercially from Sigma (St. Louis, MO, USA) and dissolved in dimethyl sulfoxide (DMSO). Rhododendrol was obtained from Kanebo (Tokyo, Japan) and dissolved in DMSO.




4.2. Cell Culture


Normal human neonatal epidermal melanocytes from a moderately pigmented donor (HEMn-MP) were purchased from Invitrogen (Thermo Fisher Scientific, Carlsbad, CA, USA), and cultured in Medium 254 (M-254-500; Thermo Fisher Scientific) supplemented with 1% (v/v) human melanocyte growth supplement (Thermo Fisher Scientific) at 37°C in an atmosphere containing 5% (v/v) CO2. The melanocytes were used at passages 6–8. Cells were seeded into 6-well plates at a density of 5 × 105 cells/well 12 h before treatment. Cells were treated with H2O2 at 0.1 mM and 0.2 mM (final concentration), 6-SG at 5 µM (final concentration), or Rhododendrol at 1 mM, 1.5 mM and 3 mM (final concentration) for certain periods prior to extraction of RNA and protein. Because oxidative stress has been well known to trigger an endogenous antioxidant defense system at the early stage (2 h–72 h) by itself [46], we evaluated the antioxidative ability of our agents at a later stage after a longer treatment time (140 h).




4.3. Cell Viability Assay


HEMn-MPs (1 × 104 cells/well) were cultured in 96-well flat-bottom tissue culture plates. After experimental treatments, cells were washed three times with cold PBS, and cell viability was evaluated using a Cell Count Reagent SF colorimetric assay (Nacalai Tesque, Kyoto, Japan). Briefly, 10 μL of Cell Count Reagent SF was added to each well, and cells were incubated for 2 h at 37 °C. Cell viability was determined colorimetrically by measuring OD450 with a microplate reader (Model 550: Bio-Rad Laboratories, Hercules, CA, USA). The percentage of viable cells was calculated as follows: percentage viable cells = T/C × 100, where T is the mean OD450 of the treated group, and C is the absorbance of the control group.




4.4. Melanin Content Assay


To determine melanin content, cells were dissolved in 200 μL of 1 N NaOH for 30 min at 100ºC to solubilize the melanin, which was then quantified in cell suspensions by recording the absorbance at 405 nm as described previously [47]. Melanin content was calculated and corrected based on cell number.




4.5. RNA Isolation and Real-Time RT-PCR Analysis


Total RNA from cell pellets was isolated using the Maxwell® 16 LEV simplyRNA Tissue Kit (Promega, Madison, WI, USA) following manufacturer’s instructions. The integrity of the RNA was verified by gel electrophoresis. Total RNA (100 ng) was reverse-transcribed into first-strand cDNA (ReverTra Ace® qPCR RT Master Mix, TOYOBO, Osaka, Japan). The primers used for real-time PCR were as follows: Tyrosinase, 5′-TGACTCCAATTAGCCAGTTCCT-3′ (sense) and 5′-GACAGCATTCCTTCTCCATCAG-3′ (antisense); HO-1, 5′-CGAGCATAAATGTGACCGGC-3′ (sense) and 5′-CTCTGACAAATCCTGGGGCA-3′ (antisense); and GAPDH, 5′GACAGTCAGCCGCATCTTCT-3′ (sense) and 5′-GCGCCCAATACGACCAAATC-3′ (antisense). Each reaction was performed in triplicate.




4.6. Western Blot Analysis


Proteins from cell pellets were extracted, and 5 μg of extracted proteins was used for Western blotting analysis as described previously [48]. The following primary antibodies were used at a concentration of 1:1000: anti-Nrf2 (#12721, Cell Signaling Technology, Beverly, MA, USA), anti-Nqo1 (#3187, Cell Signaling Technology), anti-HO-1 (#70081, Cell Signaling Technology), and anti-GAPDH (#2118, Cell Signaling Technology). GAPDH was used as a loading control.




4.7. Oxidative Stress Assessment


For cultured human primary epidermal melanocytes, oxidative stress was detected by live imaging using CellROX® Green Reagent (#C10444, Thermo Fisher Scientific Inc., MA, USA). Cells were treated with 5 µM CellROX® Green Reagent for 30 min and then washed with PBS twice, applied with the indicated treatments, and then subjected to live cell imaging by phase contrast and confocal fluorescence microscopy (Keyence Biozero confocal microscope: Keyence Co., Osaka, Japan).




4.8. Statistical Analysis


The experiments were repeated at least three times. Data are presented as mean ± SD. Statistical analysis was conducted using two-way analysis of variance for interactions between variables. Unpaired Student’s t-test (Microsoft Excel: Microsoft Corp., Redmond, WA, USA) was used for comparisons between two groups. p-values < 0.05 were considered statistically significant.





5. Conclusions


In conclusion, our results show that 6-SG pretreatment protected melanocytes against H2O2-induced oxidative stress via activating the Nrf2 pathway and induction of Nrf2 and HO-1 expression. This study improves our understanding of the molecular mechanism of the beneficial effect of ginger in the treatment of vitiligo patients. These findings demonstrate that 6-SG has potential for use as an antioxidant agent in the prevention and treatment of vitiligo or other oxidative stress-associated pigmentary disorders.








Supplementary Materials


Supplementary Materials can be found at https://www.mdpi.com/1422-0067/21/10/3537/s1.





Author Contributions


L.Y. and I.K. conceived the project and designed and interpreted experiments. F.Y., L.T. and L.Y. performed the experiments. L.Y. and I.K. provided resources and supervision, and F.Y. together with L.Y. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Denat, L.; Kadekaro, A.L.; Marrot, L.; Leachman, S.A.; Abdel-Malek, Z.A. Melanocytes as instigators and victims of oxidative stress. J. Investig. Dermatol. 2014, 134, 1512–1518. [Google Scholar] [CrossRef] [PubMed]

	



Taieb, A.; Picardo, M. Clinical practice. Vitiligo. N. Engl. J. Med. 2009, 360, 160–169. [Google Scholar] [PubMed]

	



Picardo, M.; Dell’Anna, M.L.; Ezzedine, K.; Hamzavi, I.; Harris, J.E.; Parsad, D.; Taieb, A. Vitiligo. Nature reviews. Dis. Prim. 2015, 1, 15011. [Google Scholar]

	



Taieb, A. Intrinsic and extrinsic pathomechanisms in vitiligo. Pigment. Cell Res. 2000, 13, 41–47. [Google Scholar] [CrossRef]

	



Maresca, V.; Roccella, M.; Roccella, F.; Camera, E.; Del Porto, G.; Passi, S.; Grammatico, P.; Picardo, M. Increased sensitivity to peroxidative agents as a possible pathogenic factor of melanocyte damage in vitiligo. J. Investig. Dermatol. 1997, 109, 310–313. [Google Scholar] [CrossRef]

	



Schallreuter, K.U.; Moore, J.; Wood, J.M.; Beazley, W.D.; Gaze, D.C.; Tobin, D.J.; Marshall, H.S.; Panske, A.; Panzig, E.; Hibberts, N.A. In vivo and in vitro evidence for hydrogen peroxide (H2O2) accumulation in the epidermis of patients with vitiligo and its successful removal by a UVB-activated pseudocatalase. J. Investig. Dermatol. Symp. Proc. 1999, 4, 91–96. [Google Scholar] [CrossRef]

	



Passi, S.; Grandinetti, M.; Maggio, F.; Stancato, A.; De Luca, C. Epidermal oxidative stress in vitiligo. Pigment Cell Res. 1998, 11, 81–85. [Google Scholar] [CrossRef]

	



Yildirim, M.; Baysal, V.; Inaloz, H.S.; Can, M. The role of oxidants and antioxidants in generalized vitiligo at tissue level. J. Eur. Acad. Dermatol. Venereol. JEADV 2004, 18, 683–686. [Google Scholar] [CrossRef]

	



Yildirim, M.; Baysal, V.; Inaloz, H.S.; Kesici, D.; Delibas, N. The role of oxidants and antioxidants in generalized vitiligo. J. Dermatol. 2003, 30, 104–108. [Google Scholar] [CrossRef]

	



Akoglu, G.; Emre, S.; Metin, A.; Akbas, A.; Yorulmaz, A.; Isikoglu, S.; Sener, S.; Kilinc, F. Evaluation of total oxidant and antioxidant status in localized and generalized vitiligo. Clin. Exp. Dermatol. 2013, 38, 701–706. [Google Scholar] [CrossRef]

	



Yanishlieva, N.V.; Marinova, E.; Pokorny, J. Natural antioxidants from herbs and spices. Eur. J. Lipid Sci. Technol. 2006, 108, 776–793. [Google Scholar] [CrossRef]

	



Afzal, M.; Al-Hadidi, D.; Menon, M.; Pesek, J.; Dhami, M.S. Ginger: An ethnomedical, chemical and pharmacological review. Drug Metab. Drug Interact. 2001, 18, 159–190. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, G.F.; Zhang, Z.Y.; Lu, L.; Xiao, D.Q.; Zong, S.H.; He, J.M. Protective effects of ginger root extract on Alzheimer disease-induced behavioral dysfunction in rats. Rejuvenation Res. 2013, 16, 124–133. [Google Scholar] [CrossRef] [PubMed]

	



Ha, S.K.; Moon, E.; Ju, M.S.; Kim, D.H.; Ryu, J.H.; Oh, M.S.; Kim, S.Y. 6-Shogaol, a ginger product, modulates neuroinflammation: A new approach to neuroprotection. Neuropharmacology 2012, 63, 211–223. [Google Scholar] [CrossRef]

	



Lee, C.; Park, G.H.; Kim, C.Y.; Jang, J.H. [6]-Gingerol attenuates beta-amyloid-induced oxidative cell death via fortifying cellular antioxidant defense system. Food Chem. Toxicol. 2011, 49, 1261–1269. [Google Scholar] [CrossRef]

	



Bellei, B.; Pitisci, A.; Ottaviani, M.; Ludovici, M.; Cota, C.; Luzi, F.; Dell’Anna, M.L.; Picardo, M. Vitiligo: A possible model of degenerative diseases. PLoS ONE 2013, 8, e59782. [Google Scholar] [CrossRef]

	



Donata, S.; Kesavan, M.; Austin, S.; Mohan, K.S.; Rajagopalan, K.; Kuttan, R. Clinical trial of certain ayurvedic medicines indicated in vitiligo. Anc. Sci. Life 1990, 9, 202–206. [Google Scholar]

	



She, J.; Bai, Y.; Liu, Z. Clinical Observation on The Curative Effect of Plum Blossom Needle, Ginger and Acupoint Injection of Autologous Venous Blood in The Treatment of Vitilligo. J. Pract. Tradit. Chin. Intern. Med. 2012, 2012, 40. [Google Scholar]

	



Shukla, Y.; Singh, M. Cancer preventive properties of ginger: A brief review. Food Chem. Toxicol. 2007, 45, 683–690. [Google Scholar] [CrossRef]

	



Suekawa, M.; Ishige, A.; Yuasa, K.; Sudo, K.; Aburada, M.; Hosoya, E. Pharmacological studies on ginger. I. Pharmacological actions of pungent constitutents, (6)-gingerol and (6)-shogaol. J. Pharm. 1984, 7, 836–848. [Google Scholar]

	



Kim, E.C.; Min, J.K.; Kim, T.Y.; Lee, S.J.; Yang, H.O.; Han, S.; Kim, Y.M.; Kwon, Y.G. [6]-Gingerol, a pungent ingredient of ginger, inhibits angiogenesis in vitro and in vivo. Biochem. Biophys. Res. Commun. 2005, 335, 300–308. [Google Scholar] [CrossRef] [PubMed]

	



Koo, K.L.; Ammit, A.J.; Tran, V.H.; Duke, C.C.; Roufogalis, B.D. Gingerols and related analogues inhibit arachidonic acid-induced human platelet serotonin release and aggregation. Thromb. Res. 2001, 103, 387–397. [Google Scholar] [CrossRef]

	



Dugasani, S.; Pichika, M.R.; Nadarajah, V.D.; Balijepalli, M.K.; Tandra, S.; Korlakunta, J.N. Comparative antioxidant and anti-inflammatory effects of [6]-gingerol, [8]-gingerol, [10]-gingerol and [6]-shogaol. J. Ethnopharmacol. 2010, 127, 515–520. [Google Scholar] [CrossRef] [PubMed]

	



Weng, C.J.; Wu, C.F.; Huang, H.W.; Ho, C.T.; Yen, G.C. Anti-invasion effects of 6-shogaol and 6-gingerol, two active components in ginger, on human hepatocarcinoma cells. Mol. Nutr. Food Res. 2010, 54, 1618–1627. [Google Scholar] [CrossRef] [PubMed]

	



Peng, F.; Tao, Q.; Wu, X.; Dou, H.; Spencer, S.; Mang, C.; Xu, L.; Sun, L.; Zhao, Y.; Li, H.; et al. Cytotoxic, cytoprotective and antioxidant effects of isolated phenolic compounds from fresh ginger. Fitoterapia 2012, 83, 568–585. [Google Scholar] [CrossRef]

	



Prota, G. Progress in the chemistry of melanins and related metabolites. Med. Res. Rev. 1988, 8, 525–556. [Google Scholar] [CrossRef]

	



Yasumoto, K.; Yokoyama, K.; Shibata, K.; Tomita, Y.; Shibahara, S. Microphthalmia-associated transcription factor as a regulator for melanocyte-specific transcription of the human tyrosinase gene. Mol. Cell Biol. 1995, 15, 1833. [Google Scholar] [CrossRef]

	



Motohashi, H.; Yamamoto, M. Nrf2-Keap1 defines a physiologically important stress response mechanism. Trends Mol. Med. 2004, 10, 549–557. [Google Scholar] [CrossRef]

	



Kaspar, J.W.; Niture, S.K.; Jaiswal, A.K. Nrf2:INrf2 (Keap1) signaling in oxidative stress. Free Radic. Biol. Med. 2009, 47, 1304–1309. [Google Scholar] [CrossRef]

	



Nguyen, T.; Nioi, P.; Pickett, C.B. The Nrf2-antioxidant response element signaling pathway and its activation by oxidative stress. J. Biol. Chem. 2009, 284, 13291–13295. [Google Scholar] [CrossRef]

	



Tokura, Y.; Fujiyama, T.; Ikeya, S.; Tatsuno, K.; Aoshima, M.; Kasuya, A.; Ito, T. Biochemical, cytological, and immunological mechanisms of rhododendrol-induced leukoderma. J. Dermatol. Sci. 2015, 77, 146–149. [Google Scholar] [CrossRef] [PubMed]

	



Ito, S.; Ojika, M.; Yamashita, T.; Wakamatsu, K. Tyrosinase-catalyzed oxidation of rhododendrol produces 2-methylchromane-6,7-dione, the putative ultimate toxic metabolite: Implications for melanocyte toxicity. Pigment Cell Melanoma Res. 2014, 27, 744–753. [Google Scholar] [CrossRef] [PubMed]

	



Miyaji, A.; Gabe, Y.; Kohno, M.; Baba, T. Generation of hydroxyl radicals and singlet oxygen during oxidation of rhododendrol and rhododendrol-catechol. J. Clin. Biochem. Nutr. 2017, 60, 86–92. [Google Scholar] [CrossRef] [PubMed]

	



Gabe, Y.; Miyaji, A.; Kohno, M.; Hachiya, A.; Moriwaki, S.; Baba, T. Substantial evidence for the rhododendrol-induced generation of hydroxyl radicals that causes melanocyte cytotoxicity and induces chemical leukoderma. J Dermatol. Sci. 2018, 91, 311–316. [Google Scholar] [CrossRef] [PubMed]

	



Jian, Z.; Li, K.; Liu, L.; Zhang, Y.; Zhou, Z.; Li, C.; Gao, T. Heme oxygenase-1 protects human melanocytes from H2O2-induced oxidative stress via the Nrf2-ARE pathway. J. Investig. Dermatol. 2011, 131, 1420–1427. [Google Scholar] [CrossRef]

	



Hasse, S.; Gibbons, N.C.; Rokos, H.; Marles, L.K.; Schallreuter, K.U. Perturbed 6-tetrahydrobiopterin recycling via decreased dihydropteridine reductase in vitiligo: More evidence for H2O2 stress. J. Investig. Dermatol. 2004, 122, 307–313. [Google Scholar] [CrossRef]

	



Spencer, J.D.; Gibbons, N.C.; Rokos, H.; Peters, E.M.; Wood, J.M.; Schallreuter, K.U. Oxidative stress via hydrogen peroxide affects proopiomelanocortin peptides directly in the epidermis of patients with vitiligo. J. Investig. Dermatol. 2007, 127, 411–420. [Google Scholar] [CrossRef]

	



Spencer, J.D.; Gibbons, N.C.; Bohm, M.; Schallreuter, K.U. The Ca2+-binding capacity of epidermal furin is disrupted by H2O2-mediated oxidation in vitiligo. Endocrinology 2008, 149, 1638–1645. [Google Scholar] [CrossRef]

	



Guan, C.P.; Wei, X.D.; Chen, H.Y.; Zhang, L.; Zhou, M.N.; Xu, A.E. Abnormal nuclear translocation of nuclear factor-E2 related factor 2 in the lesion of vitiligo. Zhonghua Yi Xue Za Zhi 2008, 88, 2403–2406. [Google Scholar]

	



Guan, C.P.; Zhou, M.N.; Xu, A.E.; Kang, K.F.; Liu, J.F.; Wei, X.D.; Li, Y.W.; Zhao, D.K.; Hong, W.S. The susceptibility to vitiligo is associated with NF-E2-related factor2 (Nrf2) gene polymorphisms: A study on Chinese Han population. Exp. Dermatol. 2008, 17, 1059–1062. [Google Scholar] [CrossRef]

	



Qiu, L.; Song, Z.; Setaluri, V. Oxidative stress and vitiligo: The Nrf2-ARE signaling connection. J. Invest Dermatol. 2014, 134, 2074–2076. [Google Scholar] [CrossRef] [PubMed]

	



Jian, Z.; Li, K.; Song, P.; Zhu, G.; Zhu, L.; Cui, T.; Liu, B.; Tang, L.; Wang, X.; Wang, G.; et al. Impaired activation of the Nrf2-ARE signaling pathway undermines H2O2-induced oxidative stress response: A possible mechanism for melanocyte degeneration in vitiligo. J. Investig. Dermatol. 2014, 134, 2221–2230. [Google Scholar] [CrossRef] [PubMed]

	



Ademiluyi, A.O.; Oboh, G.; Ogunsuyi, O.B.; Akinyemi, A.J. Attenuation of gentamycin-induced nephrotoxicity in rats by dietary inclusion of ginger (Zingiber officinale) and turmeric (Curcuma longa) rhizomes. Nutr. Health 2012, 21, 209–218. [Google Scholar] [CrossRef]

	



Bhandari, U.; Kanojia, R.; Pillai, K.K. Effect of ethanolic extract of Zingiber officinale on dyslipidaemia in diabetic rats. J. Ethnopharmacol. 2005, 97, 227–230. [Google Scholar] [CrossRef] [PubMed]

	



Ajith, T.A.; Nivitha, V.; Usha, S. Zingiber officinale Roscoe alone and in combination with alpha-tocopherol protect the kidney against cisplatin-induced acute renal failure. Food Chem. Toxicol. 2007, 45, 921–927. [Google Scholar] [CrossRef]

	



Shang, H.; Yang, D.; Zhang, W.; Li, T.; Ren, X.; Wang, X.; Zhao, W. Time course of Keap1-Nrf2 pathway expression after experimental intracerebral haemorrhage: Correlation with brain oedema and neurological deficit. Free Radic. Res. 2013, 47, 368–375. [Google Scholar] [CrossRef]

	



Yang, F.; Yang, L.; Wataya-Kaneda, M.; Yoshimura, T.; Tanemura, A.; Katayama, I. Uncoupling of ER/Mitochondrial Oxidative Stress in mTORC1 Hyperactivation-Associated Skin Hypopigmentation. J. Investig. Dermatol. 2018, 138, 669–678. [Google Scholar] [CrossRef]

	



Yang, L.L.; Murota, H.; Serada, S.; Fujimoto, M.; Kudo, A.; Naka, T.; Katayama, I. Histamine Contributes to Tissue Remodeling via Periostin Expression. J. Investig. Dermatol. 2014, 134, 2105–2113. [Google Scholar] [CrossRef]








[image: Ijms 21 03537 g001 550] 





Figure 1. Viability of cultured human epidermal melanocytes after exposure to the indicated treatment with ^6-Shogaol (6-SG) for 140 h. (A) Cultured cell observation under bright-field microscopy; (B) Cell viability evaluation by MTT assay. White bar in (A), 50 µm. Data in (B) represent the results of three independent experiments. Data are shown as mean ± SD. ***, p < 0.01. 
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Figure 2. Melanin synthesis in cultured human epidermal melanocytes after 140 h exposure to the indicated treatments with 6-SG. (A) Photography of cultured cells with medium; (B) Melanin content quantification by melanin content assay in culture medium; (C) Melanin content quantification by melanin content assay in cell lysates; (D) Tyrosinase and (E) MITF) mRNA expression level evaluation by real-time PCR analyses with normalization to that of GAPDH. Data (B, C, D and E) represent the results of three independent experiments. Data are shown as mean ± SD. ***, p < 0.01. 
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Figure 3. Oxidative stress in cultured human epidermal melanocytes. Oxidative stress in cultured cells was detected by CellROX® Green reagent after exposure to the indicated treatments with 6-SG for 24 h. Cultured cells were photographed by phase-contrast and confocal fluorescence microscopy. Typical images obtained in three independent experiments are shown. White bar = 50 µm. 
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Figure 4. Expression level of endogenous anti-oxidant response genes in cultured human epidermal melanocytes after exposure to the indicated treatments with 6-SG for 140 h. (A,B,C) mRNA expression analyses using real-time PCR; (D) Protein expression analyses using Western blot. Data in (A), (B) and (C) represent the results of three independent experiments. Data in (A), (B) and (C) are shown as mean ± SD, normalized to GAPDH. n.s., no significant difference; ***, p < 0.01. Representative Western blot (of three independent experiments performed) are shown, GAPDH was used as a loading control. 
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Figure 5. Cell viability and melanogenesis-related gene expression in cultured human epidermal melanocytes after exposure to the indicated treatment with 6-SG for 140 h. (A) Cell viability assessment by MTT assay; (B) Tyrosinase mRNA expression level analyses using real-time PCR. Data in (A) and (B) represent the results of three independent experiments. Data are shown as mean ± SD. ***, p < 0.01. Data in (B) are normalized to GAPDH. 
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