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Purpose: Vitiligo is a chronic depigmentation disease caused by a loss of functioning melanocytes 
and melanin from the epidermis. Oxidative stress-induced damage to melanocytes is key in the 
pathogenesis of vitiligo. WSY6 is a caffeic acid derivative synthesized from epigallocatechin-3- 
gallate (EGCG). This study is to investigate whether the new chemical WSY6 protected melano-
cytes from H2O2-induced cell damage and to elucidate the underlying molecular mechanism. 
Patients and methods: The present study compared the antioxidative potential of WSY6 with EGCG 
in hydrogen peroxide (H2O2)-treated PIG1 cells. Western blotting was used to study the protein 
expression of cyto-c, cleaved-caspase3, cleaved-caspase9, and the activation of MAPK family 
members, including p38, ERK1/2, JNK and their phosphorylation in melanocytes. ROS assay kit 
to detect intracellular reactive oxygen species production; CCK8 and lactate dehydrogenase leak 
assay to detect cytotoxicity. 
Results: EGCG and WSY6 ameliorated H2O2-induced oxidative stress damage in PIG1 cells in a 
does-dependent manner, while WSY6 was much more effective. WSY6 reduced cellular ROS 
production, cytochrome c release, downregulated caspase-3 and caspase-9 activation. MAPK 
pathway signaling including phosphorylated p38, ERK and JNK were observed under oxidative 
stress and can be much protected by pre-treatment of WSY6. 
Conclusion: These results indicated that WSY6 could be a more powerful antioxidant than EGCG 
and protect melanocytes against oxidative cytotoxicity.   

1. Introduction 

Vitiligo is a skin disorder causing depigmentation of the epidermis [1,2]. Vitiligo not only affects the appearance of the patient, but 
is also accompanied by psychological trauma, which affects the daily life of the patient [3]. Risk factors for vitiligo include a family 
history of vitiligo (~80 % of the risk is hereditary), genetic mutations, and environmental factors [4]. Currently, treating vitiligo is one 
of the most difficult challenges in dermatology. 

Research into the pathogenesis of vitiligo found that autoimmunity and oxidative stress interact to stimulate or accelerate mela-
nocyte loss [5,6]. Oxidative stress plays an essential role in the emergence of a number of chronic disorders such as diabetes and cancer 
by releasing exosomes and provoking inflammatory cytokines, activating innate and adaptive immune responses [7–9]. Moreover, 
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oxidative stress elevates intracellular ROS levels and damages lipids, proteins, and DNA [10]. Hydrogen peroxide (H2O2) accumulates 
in the epidermis at lesion sites at concentrations of ~10-3 M, producing reactive oxygen species (ROS) and leading to acute flares of 
vitiligo. An increase in H2O2 is one of the essential mediators of immunity and plays a significant role in vitiligo development. Elevated 
H2O2 can be used to monitor patients at high risk of developing vitiligo [11,12]. Previous studies have shown that treating melanocytes 
with 1.0 mM H2O2 is the best way to induce oxidative damage continuously, [13,14]. Therefore, this concentration was used in 
subsequent tests. 

Epigallocatechin-3-gallate (EGCG) is the primary ingredient in green tea. Numerous biological and physiological functions of 
EGCG, including antioxidant, anti-inflammatory, anti-atherogenic, and anti-cancer effects, have been reported [15–17]. EGCG reg-
ulates the expression of catalase, superoxide dismutase (SOD) 1, SOD2, and glutathione peroxidase; thus, it has been demonstrated to 
be effective in the prevention of vitiligo [18]. However, EGCG has multiple hydroxyl structures, leading to its poor ability to penetrate 
cell membranes and instability in the environment. These factors in turn decrease the antioxidant capacity in potential clinical 
applications. 

To maximize the utilization and stability of the drug in the human body, our group modified its structure to a caffeic acid derivative 
called WSY6. Caffeic acid is an organic compound belonging to the hydroxyl cinnamic acid group. It is derived from fruits and veg-
etables. Previous studies have shown that caffeic acid and its derivatives could exert various functions, including antioxidant, anti- 
inflammatory, anti-cancer, and immunoregulatory functions [19–21]. Caffeic acid derivatives could reduce the consumption of 
SOD via scavenging ROS, and inhibiting the activities of xanthine oxidase and nitric oxide synthase. The present study investigated 
whether WSY6 could protect melanocytes from oxidative stress-induced damage and its potential mechanisms. 

2. Material and methods 

2.1. Reagents 

EGCG was provided by Sigma-Aldrich (USA). Cell culture reagents were purchased from Thermo Fisher Scientific (USA). CytoTox 
96 Non-Radioactive Cytotoxicity Assay and CellTiter 96 AQueous One Solution Cell Proliferation Assay kits were purchased from 
Promega (USA). All the antibodies used in western blotting were purchased from Cell Signaling Technology (USA). Annexin V-FITC 
Apoptosis Assay Kit, ROS Assay Kit and buffers for western blotting were obtained from Beyotime (China). WSY6 was synthesized and 
provided by Dr Xiaowu Dong (Institute of Pharmacology and Toxicology, College of Pharmaceutical Sciences, Zhejiang University, 
Zhejiang, China). 

2.2. Cell culture and treatment 

Human normal melanocyte PIG1 cells (gifts from Chunying Li, Xijing Hospital) were cultured at 37 ◦C and in the presence of 5 % 
CO2 in DF12 medium supplemented with 10 % fetal bovine serum, antibiotic-antifungal and human melanocyte growth supplement. In 
subsequent experiments, PIG1 cells were plated at 10,000 cells per well in 96-well plates or at 300,000 cells per well in 6-well plates. 

2.3. Cell viability assay 

A nonradioactive cell proliferation assay kit was used to evaluate cell viability. PIG1 cells were pretreated with or without various 
concentrations of EGCG or WSY6 for 1 h. Then, discarded the medium, and cells were treated with 1 mM H2O2 for 1 h. After treatment, 
cells were incubated in medium for 24 h. MTS solution (10 μL) was inoculated into 96-well plates and incubated for 1 h at 37 ◦C. The 
absorbance at 490 nm was then measured using a microplate spectrophotometer SpectraMax190 (USA). The experiments were per-
formed three times independently. 

2.4. Lactate dehydrogenase (LDH) release assay 

LDH release was measured using the CytoTox 96 Non-Radioactive Cytotoxicity Assay kit. The cells were pretreated with EGCG, 
WSY6, p38 inhibitor SB203580, ERK inhibitor U0126 or JNK inhibitor SP600125 for 1 h. Then, discarded the medium, and cells 
treated in the presence or absence of 1 mM H2O2 for 1 h. After treatment, cells were incubated in medium for 24 h. A total of 50 μL 
supernatant solution was added to 50 μL substrate solution for 10–30 min. Next, 50 μL termination solution was added to terminate the 
reaction, and the absorbance was then measured at 490 nm. The LDH release rate was calculated with the following formula: LDH 
release rate = (LDH activity in supernatant/total LDH activity) x 100 %. 

2.5. Annexin V-FITC/PI apoptosis assay 

Apoptosis was measured using the Annexin V-FITC Apoptosis Assay Kit. The cells were inoculated at a density of 3*105 cells/well in 
6-well plates. Pretreated with various concentrations of EGCG and/or WSY6 for 1 h and then treated in the presence or absence of 1 
mM H2O2 for 1 h after discarding the medium. Cells were harvested with 0.05 % trypsin-EDTA solution, resuspended in 100 μL 1X 
binding buffer, and stained with 10 μL annexin V-FITC and 10 μL PI for 15 min in the dark at room temperature. Subsequently, 400 μL 
PBS was added, and the cells were analyzed by BD FACSCalibur flow cytometry (USA). 
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2.6. Measurement of intracellular ROS 

ROS production was monitored by flow cytometry using dichlorodihydrofluorescein diacetate (DCFH-DA) as a label. This dye is 
cleaved in the cells to form non-fluorescent DCFH, which is oxidized by ROS to fluorescent DCF, and the fluorescence intensity of DCF 
is proportional to the quantity of peroxide in the cells. Cells in 6-well plates were treated with EGCG or WSY6 for 1, 2 or 4 h. After 
treatment, cells were treated with H2O2 for 1 h and then incubated with 10 μM DCFH-DA for 30 min at 37 ◦C in the dark. Subsequently, 
the cells were washed three times with PBS and the results were analyzed by flow cytometry with an excitation wavelength of 488 nm 
and an emission wavelength of 530 nm. 

2.7. Immunoblotting 

PIG1 cells were inoculated in 6-well plates and pretreated with various concentrations of EGCG and/or WSY6 for 1 h, then dis-
carded the medium and treated the cells with the presence or absence of 1 mM H2O2 for 1 h. After cell treatment, the cells were washed 
twice with PBS and then lysed with RIPA buffer containing 1 mM phenylmethanesulfonylfluoride (PMSF). Proteins were extracted 
from the PIG1 cells and quantified using the BCA Protein Assay Kit. Equal amounts of protein were separated by 4–20 % SDSPAGE and 
then transferred from the gel to the NC membrane. The prepared protein samples were transferred onto nitrocellulose membranes at 
30 μg per channel by 10 % SDS-PAGE treatment. Immediately thereafter, the membranes were blocked with blocking buffer (5 % 
nonfat skim milk, 10 mM Tris-HCl, 150 mM NaCl and 0.1 % Tween-20, pH 7.5) for 1 h at room temperature. The membranes were then 

Fig. 1. Synthesis of Caffeic acid derivative WSY6 from EGCG. (A) The chemical structure of EGCG and WSY6. (B) The synthetic process of WSY6.  
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incubated overnight at 4 ◦C with the primary antibody, followed by incubation with Proteins were visualized using the fluorescent dye- 
labeled IRDye® 680RD- or IRDye® 800CW-coupled secondary antibodies for 1 h at room temperature in the dark. The density of the 
protein bands was measured using Odyssey infrared imaging system (USA). 

2.8. Statistical analysis 

Statistical analyses were performed using GraphPad Prism software (version 8.0). One- or two-way ANOVA followed by Tukey’s 
post hoc test was used for comparisons between multiple groups. All data are expressed as mean ± SD. P < 0.05 was considered to 
indicate a statistically significant difference. 

3. Results 

3.1. EGCG and WSY6 attenuate H2O2-induced cytotoxicity in PIG1 cells 

The chemical structures of EGCG and its derivative WSY6 are presented in Fig. 1A. Fig. 1B shows the synthetic process of WSY6. The 
potential effect of WSY6 on the viability of PIG1 cells was examined in the present study. The survival of PIG1 cells remained un-
changed after treatment with 0.39–50 μM WSY6 for 24 h. Treatment with 100 μM WSY6 caused a slight decrease in cell viability 
(Fig. 2A). To investigate whether WSY6 exerts cytoprotective effects, cells were pretreated with EGCG or WSY6 (6.25, 12.5 and 25 μM), 
followed by 1 mM H2O2. Treatment with EGCG and WSY6 significantly reduced the cytotoxicity produced by H2O2 on PIG1 cells. 
WSY6 at a concentration of 25 μM offered maximal protection against H2O2 (Fig. 2B). Fig. 2C indicated that exposure of PIG1 cells to 
H2O2 resulted in significant cell apoptosis. Pretreatment with EGCG or WSY6 mitigated the H2O2-induced morphological changes. The 
effect of WSY6 was more pronounced than that of EGCG (Fig. 2C). 

Following H2O2 stimulation, LDH leakage to the medium was significantly increased, indicating that H2O2 induced robust cyto-
toxicity in PIG1 cells (Fig. 2D). Pretreatment with EGCG or WSY6 robustly ameliorated H2O2-induced LDH leakage in PIG1 cells 

Fig. 2. Protective effect of WSY6 on H2O2-induced cytotoxicity. (A) PIG1 cells were treated with various concentrations of WSY6 for 24 h and cell 
viability was determined by MTS assay. (B) PIG1 cells were pretreated with or without various concentrations of EGCG or WSY6 for 1 h. Then, cells 
were treated with 1 mM H2O2 for 1 h. After treatment, cells were incubated in medium for 24 h and the cell viability was determined by MTS assay. 
(C) The effect of EGCG or WSY6 on H2O2-induced morphological change in PIG1 cells. Scale bar is 100 μm. (D) Determination of the viability of 
PIG1 cells by an LDH release assay. Dates were presented as the mean ± SD. (n = 3/group, Data were compared using One-Way ANOVA, ns: no 
significant difference, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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Fig. 3. Inhibitory effect of WSY6 on H2O2-induced apoptosis and ROS generation in PIG1 cells. (A) Cellular ROS level was assayed by DCF-DA as the 
label and analyzed with flow cytometry. PIG1 cells were pretreated with or without EGCG and WSY6 at the concentration of 25 μM for 1 h, 2 h or 4 h 
and then treated with 1 mM H2O2 for 1 h. After treatment, the cells were incubated with 10 μM of DCF-DA at 37 ◦C for 30 min in the dark. PIG1 cells 
were pretreated with or without EGCG or WSY6 at the indicated concentrations for 1 h and then treated with 1 mM H2O2 for 1 h. After treatment, 
cells were incubated in medium for 24 h. (B) Effects of EGCG and WSY6 on H2O2-induced cytochrome c release, caspase-3 and caspase-9 activation. 
(Uncropped gel blots are shown in the Supplementary file) (C) Quantitative analysis of cyto c, cleaved-caspase3 and cleaved-caspase9. (D and E) 
Cellular apoptosis was assayed by annexin V-FITC and PI counterstaining and analyzed with flow cytometry. The representative flow cytometry 
figures were shown in D and the apoptosis rates were shown in E. Results were expressed as the mean ± SD. (n = 3/group, Data were compared 
using One-Way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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(Fig. 2D). The cytoprotective effects of EGCG and WSY6 were both concentration-dependent (Fig. 2D). In addition, the cytoprotective 
effect of WSY6 was more robust compared with that of EGCG (Fig. 2D). 

3.2. EGCG and WSY6 protect PIG1 cells from H2O2-induced apoptosis and decreased intracellular ROS production 

ROS content in PIG1 cells was determined by DCFHDA staining and flow cytometry. Fig. 3A revealed that the intracellular ROS 
levels (DCF-DA intensity) were increased when PIG1 cells were treated with 1 mM H2O2. Remarkably, pretreatment with EGCG and 
WSY6 potently attenuated the extent of the increase in ROS (Fig. 3A). The effects by EGCG and WSY6 were both time-dependent 
(Fig. 3A). In response to H2O2 stimulation, cytochrome c is released from mitochondria to cytosol, activating the caspase cascade 
and provoking apoptosis [21–23]. Caspase-9 and caspase-3 were activated in H2O2-treated PIG1 cells, as their levels were elevated 
significantly (Fig. 3B and C). Importantly, EGCG and WSY6 pretreatment reduced the accumulation of cytochrome c in H2O2-treated 
PIG1 cells in a concentration-dependent manner (Fig. 3B and C). Moreover, pre-incubation with EGCG and WSY6 led to a substantial 
decrease in cleaved caspase-3. FITC-PI staining showed that the apoptosis rate of PIG1 cells increased after 1 mM H2O2 treatment. 
Different concentrations of EGCG and WSY6 inhibited the apoptosis of PIG1 cells in a concentration-dependent manner (Fig. 3D and E). 

3.3. EGCG and WSY6 suppress the activation of p38 MAPK in PIG1 cells 

To further explore the molecular mechanisms underlying the relevant effects, the changes in the expression of key components of 
the MAPK signaling cascade after H2O2 treatment were examined, including p38 MAPK, extracellular signal-regulated kinase 1/2 
(ERK1/2) and c-Jun N-terminal kinase (JNK). H2O2 caused increased phosphorylation of p38 MAPK, ERK and JNK. The phosphory-
lation of these kinases increased at 10 min after treatment and gradually decreased thereafter (Fig. 4A and B). SB203580 (a p38 MAPK 
inhibitor) moderately ameliorated LDH leakage triggered by H2O2. By contrast, U0126 (an ERK inhibitor) and SP600125 (a JNK 
inhibitor) did not protect against H2O2-caused cytotoxicity in PIG1 cells. Single treatment with SB203580, U0126 or SP600125 did not 
significantly alter LDH leakage (Fig. 4C). To investigate whether EGCG or WSY6 affect the phosphorylation levels of p38 MAPK, PIG1 
cells were pretreated with EGCG or WSY6 and then exposed to H2O2 for different times (10, 30 and 60 min). As shown in Fig. 4D and E, 
pretreatment with EGCG and WSY6 hindered H2O2-induced p38 MAPK phosphorylation in a time-dependent manner. 

4. Discussion 

Vitiligo is a depigmentation skin disease characterized by the loss of functional melanocytes and epidermal melanin. The patho-
genesis of vitiligo is markedly complex, and is associated with disorders in genetics, autoimmune responses, oxidative stress and 
inflammation, among others. Oxidative stress plays an important role in the pathogenesis of vitiligo, both as an initiating factor and as 
a driving factor [24]. Due to previous research on the etiological mechanisms of vitiligo, antioxidants and anti-autoimmunity strategies 
have been explored as new therapies for vitiligo [25–27]. 

ROS include superoxide anion, hydroxyl radical and H2O2, among others [28]. ROS can be produced by mitochondria and per-
oxidases during normal cellular metabolism. The production of ROS may be significantly exacerbated under pathological conditions, 
such as inflammation and cancer, and when exposed to exogenous factors (such as UV light or chemicals). The skin is the largest organ 
in contact with the environment, and UV exposure makes melanocytes more likely to generate excess ROS when synthesizing melanin 
[1,4,5,29,30]. Previous studies have found that the entire epidermis of patients with vitiligo could be in a state of oxidative stress due 
to the accumulation of a large quantity of H2O2 [31]. 

Recent studies have shown that, in individuals with a genetic predisposition, oxidative stress may be an initiating factor of vitiligo, 
triggering melanocyte apoptosis, inducing a specific immune response to self-antigens and further destroying melanocytes [1,5,29]. In 
addition, the antioxidant activity of melanocytes may be reduced, and after being attacked by ROS, melanocytes are prone to 
apoptosis, and an autoimmune response is initiated, which may cause further melanocyte apoptosis [1,5,29]. 

EGCG, an effective component of green tea, possesses antioxidant properties [32–34]. Previous studies have found that EGCG has 
strong antioxidant, anti-angiogenic and anti-tumor effects, and can treat periodontitis by interfering with the expression of IL-6 and 
IL-10 [35–38]. EGCG works by regulating reactive oxygen species (ROS) levels, affecting antioxidative enzyme expression, has a 
positive effect on improving human and animal fertility [12]. EGCG inhibits the expression of anti-apoptosis-related proteins by 
down-regulating NFκB [39,40], promotes tumor cell apoptosis [12]. However, the bioavailability of EGCG is notably low; thus, 
improving its utilization is crucial [41]. The current study revealed that the caffeic acid derivative WSY6 synthesized from EGCG was a 
more effective antioxidant in protecting melanocytes from oxidative injury. 

Fig. 4. Effects of WSY6 on H2O2-induced MAPK activation. (A) PIG1 cells were pretreated with 1 mM H2O2 for various times (0, 10, 20, 30, 60 or 
120min). Levels of phosphorylated p38 (p-p38), total p38 (p38), phosphorylated ERKs (p-ERKs), total ERKs (ERKs), phosphorylated JNKs (p-JNKs) 
and total JNKs (JNKs) were examined by Western blots. (Uncropped gel blots are shown in the Supplementary file) (B) Quantitative analysis of p- 
p38/p38, p-JNK/JNK and p-ERK/ERK. (C) Effects of MAPK inhibitors on cell viability. The cells were pretreated with the p38 inhibitor SB203580, 
ERK inhibitor U0126 or JNK inhibitor SP600125 for 1 h and then treated in the presence or absence of 1 mM H2O2 for 1 h. After treatment, cells 
were incubated in medium for 24 h. Cell viability was determined with an LDH release assay. (D) PIG1 cells were pretreated with or without EGCG 
and WSY6 for 1 h, and then treated with 1 mM H2O2. Cells were collected at different time points and analyzed by Western blot for the phos-
phorylation of p38 MAPK. (Uncropped gel blots are shown in the Supplementary file) (E) Quantitative analysis of p-p38 and p38. (n = 3/group, Data 
were compared using One-Way ANOVA, ns: no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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The present study investigated the contribution and potential mechanism of action of EGCG and WSY6 on H2O2-induced oxidative 
stress and cellular damage in PIG1 cells. EGCG and WSY6 acted as cytoprotective agents by reducing intracellular ROS levels. Exposure 
of melanocytes to H2O2 increase intracellular ROS, which have a latent toxic effect on the cells [42]. The melanocytes of vitiligo 
patients cannot remove oxidative stress from the cells; thus, adding antioxidants to the cells could be an effective treatment method. 
H2O2was shown to induce a large quantity of ROS in melanocytes [43]. Pretreatment with EGCG or WSY6 ameliorated ROS accu-
mulation by H2O2. We previously found in vivo experiments that EGCG had a positive therapeutic effect in an animal model of vitiligo 
and significantly reduced the histopathological changes in the skin [41]. Previous studies have revealed that tea polyphenol like EGCG 
directly chelates ROS-amplifying free transition metals (iron, copper) and also inhibits pro-oxidant enzymes [44]. In line with these 
findings, the results of this cell experiment also showed that EGCG had antioxidant effects. Pretreatment with EGCG or WSY6 inhibited 
H2O2-induced cytochrome c release and caspase cleavages. EGCG or WSY6 also decreased the activation of p38 MAPK, protected 
against cell apoptosis and restored cell viability. Importantly, WSY6 had a superior therapeutic profile than EGCG, possibly due to its 
superior bioavailability. Of note, only 3 samples were performed for each group, a larger sample size should deliver more accurate 
results. 

Stimulation by oxidative stress triggers apoptosis via the mitochondrial pathway [45]. Caspases, key regulators of the apoptotic 
cascade, are able to cleave specific substrates in the caspase-activated mitochondrial pathway. Among the caspase family members, 
caspase-3 is an important mediator [46]. Mitochondria release cytochrome c to the cytosol, which then forms a complex that activates 
caspase-9, which in turn activates caspase-3 [47]. In the present study, EGCG and WSY6 decreased H2O2-induced caspase-3 and 
caspase-9 cleavage, and reduced the level of released cytochrome c in PIG1 cells. Therefore, the cytoprotective effects of EGCG and 
WSY6 may be due to the inhibition of the caspase-apoptosis cascade. More direct evidence is required in future studies to confirm this 
theory. 

MAPK family members, including p38, ERK1/2 and JNK, are activated by various extracellular stimuli. MAPKs are closely asso-
ciated with melanogenesis in mammals [48,49]. In addition, ROS could activate the ERK and JNK cascades [50,51]. Mitochondrial 
dysfunction and ROS accumulation can activate the p38 MAPK signaling pathway [52]. Moreover, ROS-mediated apoptosis upre-
gulates the p38 signaling pathway, which enhances the inflammatory response and further exacerbates cell death [53,54]. In the 
current study, H2O2 activated p38, ERK1/2 and JNK, and pretreatment with EGCG and WSY6 inhibited p38 phosphorylation. 
Therefore, EGCG and WSY6 protected melanocytes by hindering the activation of p38. However, only moderate effects were observed 
using a p38 MAPK inhibitor, suggesting the need for further research beyond the proposed mechanism. 

5. Conclusion 

In summary, these findings suggest that EGCG and WSY6 ameliorated H2O2-induced oxidative stress damage in melanocytes. WSY6 
was more effective than EGCG in protecting melanocytes from H2O2. WSY6, as a potential therapeutic medicine, protects melanocytes 
damage from oxidative stress, which hints that WSY6 is a promising therapeutic medicine for vitiligo treatment. 
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