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Paeoniflorin (PF) possesses multiple biological functions including anti-oxidization. PF is
the major bioactive ingredient of total glycosides of paeony (TGP), which could promote
re-pigmentation of vitiligo. The study was sought to investigate the effects and potential
signaling pathways of PF on hydrogen peroxide (H2O2)-induced oxidative stress in
melanocytes. The results showed that pretreatment with 50 µM PF significantly
inhibited cell apoptosis, enhanced cell viability, and suppressed reactive oxygen
species (ROS) accumulation by enhancing the productions of superoxide dismutase
(SOD) and antioxidant enzymes catalase (CAT). Furthermore, PF activated c-Jun amino
terminal kinase (JNK) and the nuclear factor E2-related factor 2 (Nrf2)/heme oxygenase-1
(HO-1) pathway to counteract H2O2-induced oxidative damage in PIG1 and PIG3V. Taken
together, our study firstly demonstrates that PF resists H2O2-induced oxidative stress in
melanocytes probably by activating JNK/Nrf2/HO-1 signaling, suggesting a potential
therapeutic application of PF on vitiligo.
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INTRODUCTION

Vitiligo is an acquired disorder which characterized by the loss of functional melanocytes in skin
and/or mucosa, and affects 0.5% to 2.0% populations all over the world (Ezzedine et al., 2015; Xie
et al., 2016). Although the etiology has not been fully established, H2O2 induced oxidative stress is a
key factor during the vitiligo onset and progression (Schallreuter et al., 2007). The pathogenic roles
of oxidative damage in vitiligo was reflected in impaired activation of nuclear factor E2-related
factor 2-antioxidant response element (Nrf2-ARE) pathway, elevated lipid peroxidation, CAT and
SOD, etc (Dell'Anna et al., 2007; Liu et al., 2010; Jian et al., 2014; Chang et al., 2017). The
components which are involved in oxidative stress pathway increasingly gained the attentions to
become potential therapeutic targets in the treatment of vitiligo.

The transcription factor Nrf2 plays a key role in the expression of phase II antioxidant enzymes
which was mediated by antioxidant response element (ARE), to prevent cell damage caused by
oxidative stress (Zhang et al., 2014). In response to oxidative stress, Nrf2 can release from Kelch-like
ECH-associating protein 1 (Keap1) and translocates to the nucleus and then upregulating theNQO1
and HO-1 expression. Decreased Nrf2 signaling pathway can lead to the decreased ability of
in.org April 2020 | Volume 11 | Article 5361
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melanocytes to prevent oxidative damage in patients with vitiligo
(Jian et al., 2011; Jian et al., 2014). So elevated Nrf2 expression
may be helpful in the treatment of vitiligo.

PF is a monoterpene glycoside compound, and extracted from
the roots of peony plant (Paeonia lactiflora Pall.) (Wang et al.,
2019). PF is the main bioactive ingredient of total glycosides of
paeony (TGP) and the latter could promote recovery of
depigmentation in patients with vitiligo by increasing CD4+/
CD8+ T lymphocyte ratio and CD4+CD25+ Treg cell level (Ye
et al., 2013; Shen et al., 2019). PF was reported to ameliorate
oxidative stress via activation of AMP-activated protein kinase
(AMPK) (Zhu et al., 2018).

Previous studies revealed that oxidative stress is a pathogenic
factor of vitiligo, TGP has effects on promoting re-pigmentation
of vitiligo lesions, PF can act as a potential antioxidative agent by
activating the Nrf2/HO-1 pathway (Yu et al., 2013) and involved
in the melanin synthesis (Hu et al., 2020). Nevertheless, whether
TGP or PF can decrease the oxidative damage of melanocytes in
vitiligo patients has not yet been studied. In the present study, we
examined the effects of PF on H2O2-induced melanocytes and we
may provide potential therapeutic drugs for vitiligo.
MATERIALS AND METHODS

Cell Culture and Treatment
PIG1 (an immortalized human normal melanocyte cell line) and
PIG3V (a human vitiligo melanocyte cell line) were kindly gifted
from department of Dermatology, Xijing Hospital, Fourth
Military Medical University. The human normal melanocytes
were isolated from neonatal foreskin, and human vitiligo
melanocytes were isolated from non-lesional skin of a vitiligo
patient. These cells were immortalized by retroviral transfection
with HPV16 E6 and E7 genes (Le Poole et al., 1997; Le Poole
et al., 2000). PIG1 and PIG3V were cultured in Medium 254
(Gibco, Grand Island, NY) supplemented with human
melanocyte growth supplement (HMGS) (Gibco), 10% fetal
bovine serum (Biological Industries, Israel), and a penicillin-
streptomycin antibiotic mix (Biological Industries, Israel) at 37°C
in the presence of 5% CO2, as previously reported (Shi et al.,
2016). Oxidative stress in PIG 1 or PIG 3Vwas induced by 1.0
mM H2O2 (Sigma-Aldrich, USA) for 24 h. PF (Sigma-Aldrich,
USA) at the concentration of 50 µM were added 24 h before
H2O2 stimulation. To determine whether JNK pathway play a
role in PF-induced Nrf2 activation, melanocytes were treated
with 25 µM JNK inhibitor (SP600125) (MedChemExpress, USA).

Determination of Cell Viability by
MTS Assay
The MTS assay was determined by the Cell Titer 96AQUeous
One Solution Cell Proliferation Assay (Promega, Madison, WI).
In brief, cells were seeded into 96−well plates (1,500–2,000 cells/
well) overnight, and then treated with PF at concentrations
ranging from 50 µM to 400 µM for 0–3 days. Then MTS kit
was applied and cells were incubated at 37°C for 2 h, absorbance
was read using a microplate reader at 490 nm (BioTek, USA).
Frontiers in Pharmacology | www.frontiersin.org 2
Analysis of Cell Cycle by Flow Cytometry
Cell cycle was detected by PI/RNase staining buffer (BD
Biosciences, USA). PIG1 and PIG3V were seeded in a 6-well
plate (2-2.5×105 cells/well) and treated with 50 µM PF for 24 h.
After dealing with 1.0 mM H2O2 for another 24 h, cells were
harvested and fixed with 70% ethanol over night at 4°C.
Afterwards, cells were washed using PBS, incubated with
propidium iodide (PI)/RNAase staining buffer at room
temperature for 30 min and tested with BD LSRFortessa
instrument (BD Biosciences, USA). Cell cycle was analyzed
using ModFit LT (version 3.3; Verity Software House,
Topshame, ME, USA).

Apoptosis Analysis by Flow Cytometry
PIG1 and PIG3V were plated into 6-well plates at a density of 2-
3×105 cells/well. Cell apoptosis was detected by using Annexin
V−fluorescein isothiocyanate (FITC)/propidium iodide (PI)
staining (BD Biosciences, USA). In brief, after disposal by PF
and H2O2 like cell cycle, cells were harvested and then washed
with cold PBS. After centrifugation, cells were resuspended with
Annexin V−FITC (5 µl) and PI (5 µl) for 15 min in the dark. A
flow cytometer (BD Biosciences, USA) was used to analyze
the samples.

Measurement of ROS
The ROS levels were determined using the ROS assay kit
(Beyotime, China). After drugs treatment, cells were harvested,
and then washed with PBS and stained with 10µM
2',7'−dichlorodihydrofluorescein diacetate (DCFH-DA) for 30
min at room temperature in the dark. After washing with PBS,
the samples were analyzed for the fluorescence of DCF with the
BD LSRFortessa instrument (BD Biosciences, USA).

Detection of SOD and CAT Activities
Cells were treated as described previously. Activities of anti-
oxidative enzymes including CAT and SOD were respectively
detected with Catalase Assay kit (Beyotime, China) and Total
Superoxide Dismutase Assay kit with WST-8 (Beyotime, China),
according to the manufacturer's protocols. Then, the SOD and
CAT activities were normalized to protein levels.

Immunofluorescence Staining
PIG1 and PIG3V were seeded and treated in 12-well plates. After
being washed and fixed, cells were incubated with melanoma
gp100 (Abcam, UK) antibody overnight at 4°C. Following three
washes with PBS, cells were incubated with the goat antirabbit
Alexa Fluor® 594 (IgG H&L) antibody (Abcam, USA) for an
additional 1h in darkness. After rinsing with PBS, Phalloidin
(Cell Signaling Technology, USA) were added to the cells. Then
cells were incubated for 30 min at room temperature, and
nuclear dyed with DAPI (Solarbio, China) for 10 min at room
temperature. Fluorescent images were obtained by the BioSpa
Live Cell Analysis System (BioTek, USA).

Western Blotting Analysis
PIG1 and PIG3V were disposed and then lysed in RIPA buffer
containing 1% PMSF (Beyotime, China) and phosphatase
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inhibitor (Thermo Scientific, USA) for 10 min at 4°C. Cell lysates
were centrifuged at 12000 × g for 10 min at 4°C, and the protein
concentrations were precisely determined using the BCA Protein
Assay Kit (Beyotime, China). Proteins (20 mg) stained with 5×
loading buffer were boiled for 5 min, separated by 12% SDS-
PAGE and then transferred onto polyvinylidene difluoride
membranes (Merck Millipore; Germany). The membranes
were blocked with 5% skim milk (Solarbio, China) for 2 h and
incubated overnight at 4°C with primary antibodies as follows:
total Nrf2, phospho-Nrf2 (p-Nrf2), NAD(P)H: quinone
reductase (NQO1) (Abcam, USA), total c-Jun amino terminal
kinase (total JNK), phospho-JNK, HO-1, and Tublin (Cell
Signaling Technology, USA). After washed extensively with
TBST, the membranes were incubated with goat anti−rabbit or
anti−mouse immunoglobulin G horseradish peroxide conjugated
secondary antibodies (ZSGB-BIO, China) at 37°C for 1 h. Finally,
the bands were assessed by the Bio-Imaging Systems (MF-
ChemiBIS 2.0, Israel).
Frontiers in Pharmacology | www.frontiersin.org 3
Data Analysis
Data analysis was performed by GraphPad Prism version 7.0
software (GraphPad Software, San Diego, CA). One-way
ANOVA was performed for multiple group comparisons and
used the Sidak's multiple comparisons test for the comparison of
two groups. Data was presented as mean ± SD (standard
deviation) for at least three independent experiments. Adjusted
P-value < 0.05 was considered statistically significant.
RESULTS

PF Ameliorates H2O2-Induced Cytotoxicity
in Melanocytes
We first evaluated the toxicity of PF on cell proliferation of PIG1
or PIG3V to select the dose for subsequent experiments.
Concentration of 50 mM was chosen as it did not result in
significant cytotoxicity in both PIG1 and PIG3V (Figure 1A).
A

B

C

FIGURE 1 | PF ameliorates H2O2-induced cytotoxicity in melanocytes. (A) Melanocytes were treated with different concentrations of PF for indicated times. Cell
proliferation was determined by MTS assay. Melanocytes were pretreated with PF for 24 h (B) or 48h (C) and then exposed to 1.0 mM H2O2 for another 24 h. The
cell viability was determined by MTS. All data were presented as the mean ± standard deviation across three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001, ns, not significant. H2O2, hydrogen peroxide; PF, Paeoniflorin; h, hours; M, mol/L.
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Treatment of melanocytes with 1.0 mM H2O2 for 24 h to induce
oxidative stress as previous reports (Jian et al., 2016). The cell
viability was significantly decreased after H2O2 treating for 24 h.
Although pretreatment with PF for 24 h (Figure 1B) did not
reverse the damage, when the treatment extended to 48 h
(Figure 1C), it could significantly increase the cell viability in
H2O2-induced melanocytes. Moreover, the cell viability was
increased treated with PF compared with the control cells both
Frontiers in Pharmacology | www.frontiersin.org 4
24 h and 48 h, Therefore, PF ameliorates H2O2-induced
cytotoxicity in melanocytes.

PF Regulating Cell Cycle Progression in
G2/M Phase in Stressed Melanocytes
We investigated whether H2O2 influenced the cell cycle. After
incubating with H2O2 for 24 h, PIG1 and PIG3V significantly
increased at S phase and G2/M phase, with the fraction of G2/M
A

B

FIGURE 2 | PF regulates cell cycle progression in G2/M phase in stressed melanocytes. Melanocytes were pretreated with PF for 24 h (A) or 48h (B) and exposed
to 1.0 mM H2O2 for another 24 h. The cell cycles were analyzed by flow cytometry assay and the percentages of cells in each stage were shown as the right bar
graphs. All data were presented as the mean ± standard deviation across three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant;
H2O2, hydrogen peroxide; PF, Paeoniflorin; h, hours; M, mol/L.
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https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Yuan et al. Paeoniflorin Resists Stress in Melanocytes
phase increasing from about 5% to 27% in PIG1 and from 17% to
31% in PIG3V when compared to the control groups.
Pretreatment with PF for 24 h caused the S phase decreased
and the G2/M phase increased (Figure 2A), while 48 h did not
(Figure 2B), in the stressed melanocytes, However, PF treated
for 24 h or 48 h both had no influence on the cell cycle compared
to the normal control cells. The results indicated that PF
promoted cell cycle progression in G2/M phase to increase the
cell proliferation in stressed cells.
Frontiers in Pharmacology | www.frontiersin.org 5
PF Ameliorates H2O2-Induced Apoptosis in
Melanocytes
We also investigated whether PF protects melanocytes from H2O2-
induced cell death, flow cytometry analysis was used to quantify
apoptosis in PIG1and PIG3V. After treatment with1.0 mM H2O2

for 24 h, the average percentage of apoptotic cells markedly
increased to about 45% in PIG1 and 14% in PIG3V (Figure 3A).
Pretreatment of PF for 24 h could attenuate apoptosis in both cell
lines (Figure 3A), but 48 h not (Figure 3B). There were no
A

B

FIGURE 3 | PF ameliorates H2O2-induced apoptosis in melanocytes. Melanocytes were treated with PF for 24 h (A) or 48h (B) and then treated with H2O2 for
another 24 h. The cell apoptosis was analyzed by the flow cytometry and each figure shown was representative image from three independent experiments, the
percentages of cells apoptosis were shown as the right bar graphs and the data were presented as the mean ± standard deviation across three independent
experiments. ***P < 0.001. ns, not significant; H2O2, hydrogen peroxide; PF, Paeoniflorin; h, hours; M, mol/L.
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significant differences in apoptosis rates in the PF groups when
compared to the normal control group. These results suggested that
PF can improve H2O2-induced cytotoxicity in melanocytes.

PF Attenuates H2O2-Induced Oxidative
Stress in Melanocytes
We pre-treated PIG1 or PIG3V with PF for 24 h and then
challenged the cells with H2O2 for another 24 h. Afterwards,
Frontiers in Pharmacology | www.frontiersin.org 6
related markers involving in oxidant stress were detected. The
specific marker of oxidant stress ROS significantly increased after
H2O2 irritation for 24 h and PF could markedly reduce it (Figure
4A). The activities of antioxidant enzymes SOD and CAT
significantly decreased in H2O2-induced cells, and PF pre-
treatment for 24 h could abrogate the inhibition effects of
oxidative stress (Figures 4B, C). The levels of ROS were
decreased and the concentrations of SOD and CAT were
A

B

C

FIGURE 4 | PF attenuates H2O2-induced oxidative stress in melanocytes. Melanocytes were pretreated with PF for 24 h and exposed to 1.0 mM H2O2 for another
24 h. (A) The ROS production were analyzed by the flow cytometry. The activities of antioxidant enzymes SOD (B) and CAT (C) were respectively detected with
Catalase Assay kit and Total Superoxide Dismutase Assay kit with WST-8 assay. All data were presented as the mean ± standard deviation across three
independent experiments. **P < 0.01, ***P < 0.001. ns, not significant; ROS, reactive oxygen species; SOD, superoxide dismutase; CAT, catalase; H2O2, hydrogen
peroxide; PF, Paeoniflorin; h, hours; M, mol/L.
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increased after PF treated for 24 h compared to the control cells.
Therefore, these results suggest that PF is able to reduce ROS and
activate the antioxidant enzymes to potentiate melanocytes
antioxidant capacities.
PF Promotes Dendrite Formation and
Melanosome Transport Under H2O2-
Induced Oxidative Damage
Actin cytoskeleton involved in the formation of new melanocyte
dendrites as the process needs actin polymerization (Sit and
Manser, 2011). Dual immunofluorescence of F-actin and
Frontiers in Pharmacology | www.frontiersin.org 7
melanosome was used to evaluate if PF influences the
formation of dendrites and melanin synthesis. The dendrite
lengths of PIG1 and PIG3V significant shortened and the
melanosomes decreased when cells were treated with 1.0 mM
H2O2, compared with untreated cells. Treating with PF can
increase the length of dendrites and make melanosome scatter
to the tips in stressed cells, the results showed that PF probably
decreased the actin polymerization to partly increase the lengths
of dendrites. Moreover, the results revealed that F-actin mainly
distributed at the cell periphery and melanosomes mainly
aggregated around the nucleus. Co-localization of F-actin with
melanosomes near the nucleus region and dendrites of both
A

B

FIGURE 5 | PF promotes dendrite formation and melanosome transport under H2O2-induced oxidative damage. Melanocytes were exposed to PF for 24 h and
were further treated with H2O2 for another 24 h. The dendrite lengths were increased and contained more melanosomes in both stressed PIG1 (A) and PIG3V (B)
when pre-treated with PF compared to H2O2 treated only. Then cells were fixed and stained with antibodies recognizing F-actin (phalloidin, green) and melanosome
(gp100, red). Nuclei were counterstained with DAPI (blue). Immunofluorescence was used to determine the localization and expression of melanosomes and F-actin
in the cells. Scalebar = 20µm. H2O2, hydrogen peroxide; PF, Paeoniflorin.
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PIG1 and PIG3V (Figure 5) which suggested that F-actin may
not be a key regulator of melanosome trafficking. Taken together,
the results indicated that PF may promote dendrite extension by
inhibiting the actin polymerization and melanin synthesis.

PF Activates Nrf2/HO-1 Pathway in H2O2-
Treated Melanocytes
Nrf2 and its target genes which known as phase-II enzymes, are
critical in regulating oxidative stress (Nguyen et al., 2009). To
determine whether PF activates this signaling system in H2O2-
induced oxidative stress, we assessed the levels of Nrf2, p- Nrf2,
and its main downstream antioxidant enzymes, NQO1, and HO-1
(Figure 6A). The results showed that pretreatment with PF can
significantly augmented Nrf2 and HO-1 expressions, but not p-
Nrf2 and NQO1, in H2O2-induced PIG1 or PIG3V, compared to
H2O2 only groups. Besides, PF treatment did not result in different
Frontiers in Pharmacology | www.frontiersin.org 8
expressions of Nrf2, p- Nrf2, NQO1 and HO-1 when compared to
control group. Moreover, the Nrf2 expression had a significant
reduction when cells were treated with only H2O2, compared to
control group in PIG1. These results suggest that PF possibly
activated the Nrf2/HO-1 pathway to counteract H2O2-induced
oxidative damage in PIG1 and PIG3V.

JNK/Nrf2 Signaling Mediates Antioxidative
Effects of PF on H2O2-Induced Melanocytes
Previous studies showed that JNK is an important upstream
regulator of Nrf2 (Xu et al., 2006; Yao et al., 2007). Thus, we
further studied the ability of PF to upregulate the JNK, and p-
JNK. We found that PF potentiated JNK under oxidative stress
compared to H2O2 alone group (Figure 6B). Cells treated with
SP600125 (JNK inhibitor) can decrease Nrf2 expression in PIG1,
but increased the expression of Nrf2 in PIG3V (Figure 6C) (P <
A

B

C

FIGURE 6 | PF activates JNK/Nrf2/HO-1 pathway in H2O2-treated melanocytes. Melanocytes were treated with PF for 24 h and further treated with H2O2 for another
24 h. (A) Western blots of total Nrf2, p-Nrf2, and its downstream antioxidant enzymes, NQO1, and HO-1. (B) The protein levels of JNK and p-JNK, (C) The levels of Nrf2
and HO-1 proteins in melanocytes treated with SP600125 and PF followed by H2O2. The quantitative analysis of Nrf2, p-Nrf2, NQO1, and HO-1 (A), JNK and p-JNK (B),
and Nrf2 and HO-1 (C) using Tublin as normalization were showed at the right, respectively, all data are presented as mean ± standard deviation. n = 3 per group,
*P < 0.05, **P < 0.01, ns, not significant; H2O2, hydrogen peroxide; PF, Paeoniflorin; M, mol/L; h, hours; JNK, c-Jun N-terminal kinase. p-, phosphorylated.
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0.05). Therefore, PF exerts its antioxidative effects may through
JNK/Nrf2/HO-1 signaling pathway in H2O2-treated melanocytes.
DISCUSSION

The present study found PF at 50 µM significantly increased cell
viability, decreased ROS and enhanced antioxidant enzymes
SOD and CAT in stressed cells. Furthermore, we found that
PF resulted in significant increase of endogenous anti-oxidant
JNK, Nrf2, and HO-1 in stressed cells. Inhibition of JNK can
markedly impaired the expression of Nrf2 in PIG1, but increased
it in PIG3V (Figure 7). Previous studies have shown that
upregulation of Nrf2/HO-1 could increase the capability to
cope with H2O2-induced stress damage in PIG3V (Jian et al.,
2014). Our results were consistent with previous findings and
showed the functional activation of antioxidant signaling
pathway by PF.

Oxidative damage can result in the development of vitiligo
and deleterious effects, ROS can lead to apoptosis of both
melanocytes and keratinocytes in vitiligo epidermis (Bellei
et al., 2013; Yang et al., 2017). Pradhan et al. found the level of
ROS was significantly elevated in vitiligo patients when
compared to healthy controls (Pradhan et al., 2014). It has
been reported that TGP could promote re-pigmentation in
vitiligo patients by improving the CD4+/CD8+ T lymphocyte
ratio and the CD4+CD25+ Treg level in peripheral blood (Ye
et al., 2013; Shen et al., 2019). A recent study demonstrated that
PF can enhance melanin synthesis by the extracellular signal-
regulated kinase (ERK)/cAMP-response element binding
(CREB) pathway with up-regulation of microphthalmia-
associated transcription factor (MITF) and tyrosinase-related
protein 1 (TRP-1) (Hu et al., 2020). In addition to the
immunomodulatory and melanin synthesis effects (Ye et al.,
Frontiers in Pharmacology | www.frontiersin.org 9
2013; Hu et al., 2020). Our study showed that PF can suppress
ROS accumulation and other oxidative markers in melanocytes
which suggested that PF possesses anti−oxidative capacity and
may be a potential medicine of vitiligo treatment.

Melanocytes had the ability to form dendrites and by which
melanosomes can be transported to surrounding keratinocytes to
contribute to skin darkening. The length and numbers of
melanocyte dendrites will markedly influence the process of
melanosomes transport. (Sulaimon and Kitchell, 2003;
Yamaguchi et al., 2007). Our immunofluorescence analysis
confirmed that melanocyte dendrites were elongated and
melanosomes are distributed around the nucleus and the tips
when stressed cells were pretreated with PF. When combining
these immunofluorescence results with pathway results, it
suggests that PF may inhibit the actin polymerization to
induces dendrite elongation, Moreover, PF promotes dendrite
formation and melanin synthesis probably by increasing the
JNK/Nrf2/HO-1 pathway in both cell lines.

Previous study showed that under oxidative stress, Nrf2 will
dissociates from Keap1, and binds to ARE to activate the
expression of HO-1 and NQO1. Defective Nrf2 activation in
melanocytes involved in the onset of vitiligo (Kobayashi and
Yamamoto, 2005; Jian et al., 2014). We found that PF increased
the Nrf2/HO-1 expression in H2O2-induced melanocytes to
reduce the oxidative damage. The Nrf2 expression can be
enhanced by JNK in PIG1, in contrast, be reduced by JNK in
PIG3V which may cause insufficient activation of Nrf2-ARE
pathway to coping with oxidative stress.

In conclusion, we determined that PF may activate the JNK/
Nrf2/HO-1 pathway to protect melanocytes from oxidative
damage. The effective concentration of paeoniflorin in the
epidermis of vitiligo patient needs further study, as finding the
optimal minimal doses of PF can reduce the potential risk of
adverse effects and decrease patient's economic burden.
FIGURE 7 | The signaling pathway network by which PF resists H2O2-induced oxidative stress in melanocytes. PF may depended on the JNK/Nrf2/HO-1 pathway
to reduce oxidative damage which was reflected in suppressing reactive oxygen species (ROS) accumulation and enhancing the productions of superoxide
dismutase (SOD) and antioxidant enzymes catalase (CAT), therefore, PF inhibited cell apoptosis and promoted cell proliferation., Moreover, PF promoted dendrite
extension probably by inhibiting the actin polymerization in stressed cells. In addition, JNK increased the Nrf2 expression in PF-pretreated PIG1, but inhibited the
expression of Nrf2 in PF-pretreated PIG3V under oxidative stress. Pathway Builder Tool 2.0 was used to draw this picture.
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Additional studies are needed to further confirm the ability of PF
in the treatment of vitiligo.
DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/
supplementary material.
AUTHOR CONTRIBUTIONS

Designed and performed the article: JY. Data analysis: JY, YL, SJ,
YF, HW, and YW. RQ and H-DC participated in revising the
manuscript. Provide approval for publication of the content:
Frontiers in Pharmacology | www.frontiersin.org 10
YW, RQ, and H-DC. All authors contributed to manuscript
revision, and read and approved the submitted version.
FUNDING

This work was supported by the National Natural Science Fund
(Grant number 81972940) and Liaoning Province Natural
Science Fund (Grant number 2019-ZD-0763)
ACKNOWLEDGMENTS

The authors would like to thank Yang Yang (Department of
Dermatology, The First Hospital of China Medical University)
for her assistance with the trial.
REFERENCES

Bellei, B., Pitisci, A., Ottaviani, M., Ludovici, M., Cota, C., Luzi, F., et al. (2013).
Vitiligo: a possible model of degenerative diseases. PLoS One 8, e59782.
doi: 10.1371/journal.pone.0059782

Chang, Y. Q., Li, S. L., Guo, W. N., Yang, Y. Q., Zhang, W. G., Zhang, Q., et al.
(2017). Simvastatin Protects Human Melanocytes from H2O2-Induced
Oxidative Stress by Activating Nrf2. J. Invest. Dermatol. 137, 1286e1296.
doi: 10.1016/j.jid.2017.01.020

Dell'Anna, M. L., Ottaviani, M., Albanesi, V., Vidolin, A. P., Leone, G., Ferraro, C., et al.
(2007). Membrane lipid alterations as a possible basis for melanocyte degeneration
in vitiligo. J. Invest. Dermatol. 127, 1226e33. doi: 10.1038/sj.jid.5700700

Ezzedine, K., Eleftheriadou, V., Whitton, M., and van, Geel, N. (2015). Vitiligo.
Lancet 386, 74e84. doi: 10.1016/S0140-6736(14)60763-7

Hu, M., Chen, C., Liu, J., Cai, L., Shao, J., Chen, Z., et al. (2020). The melanogenic
effects and underlying mechanism of paeoniflorin in human melanocytes and
vitiligo mice. Fitoterapia 140, 104416. doi: 10.1016/j.fitote.2019.104416

Jian, Z., Li, K., Liu, L., Zhang, Y., Zhou, Z., Li, C., et al. (2011). Heme oxygenase-1
protects humanmelanocytes fromH2O2-induced oxidative stress via the Nrf2-
ARE pathway. J. Invest. Dermatol. 131, 1420–1427. doi: 10.1038/jid.2011.56

Jian, Z., Li, K., Song, P., Zhu, G. N., Zhu, L. F., Cui, T. T., et al. (2014). Impaired
Activation of the Nrf2-ARE Signaling Pathway Undermines H2O2-Induced
Oxidative Stress Response: A Possible Mechanism for Melanocyte Degeneration
in Vitiligo. J. Invest. Dermatol. 134, 2221–2230. doi: 10.1038/jid.2014.152

Jian, Z., Tang, L., Yi, X., Liu, B., Zhang, Q., Zhu, G., et al. (2016). Aspirin induces
Nrf2-mediated transcriptional activation of haem oxygenase-1 in protection of
human melanocytes from H2O2 -induced oxidative stress. J. Cell. Mol. Med. 20,
1307–1318. doi: 10.1111/jcmm.12812

Kobayashi, M., and Yamamoto, M. (2005). Molecular mechanisms activating the
Nrf2-Keap1 pathway of antioxidant gene regulation. Antioxid. Redox Signal. 7,
385–394. doi: 10.1089/ars.2005.7.385

Le Poole, I. C., Van Den Berg, F. M., van den Wijngaard, R. M., Galloway, D. A.,
van Amstel, P. J. , Buffing, A. A., et al. (1997). Generation of a human
melanocyte cell line by introduction of HPV16 E6 and E7 genes Vitro. Cell.
Dev. Biol. Anim. 33, 42–49. doi: 10.1007/s11626-997-0021-6

Le Poole, I. C., Boissy, R. E., Sarangarajan, R., Chen, J., Forristal, J. J., Sheth, P.,
et al. (2000). PIG3V, an immortalized human vitiligo melanocyte cell line,
expresses dilated endoplasmic reticulum Vitro. Cell. Dev. Biol. Anim. 36, 309–
319. doi: 10.1290/1071-2690(2000)036<0309:PAIHVM>2.0.CO;2

Liu, L., Li, C., Gao, J., Li, K., Zhang, R., Li, C., et al. (2010). Promoter variant in the
catalase gene is associated with vitiligo in Chinese people. J. Invest. Dermatol.
130, 2647e53. doi: 10.1038/jid.2010.192

Nguyen, T., Nioi, P., and Pickett, C. B. (2009). The Nrf2-antioxidant response
element signaling pathway and its activation by oxidative stress. J. Biol. Chem.
284, 13291–13295. doi: 10.1074/jbc.R900010200
Pradhan, R., De, S., Choudhary, N., Mukherjee, S., Chatterjee, G., Ghosh, A., et al.
(2014). Can systemically generated reactive oxygen species help to monitor
disease activity in generalized vitiligo? A pilot study. Indian. J. Dermatol. 59,
547–551. doi: 10.4103/0019-5154.143506

Schallreuter, K. U., Gibbons, N. C., Zothner, C., Abou Elloof, M. M., and Wood, J. M.
(2007). Hydrogen peroxidemediated oxidative stress disrupts calcium binding on
calmodulin: more evidence for oxidative stress in vitiligo. Biochem. Biophys. Res.
Commun. 360, 70–75. doi: 10.1016/j.bbrc.2007.05.218

Shen, F., Zheng, Q., Xie, S. Q., Jiang, W. C., and Lai, Y. X. (2019). Effect of Total
Glucosides Combined with NB-UVB for Vitiligo. Liaoning J. Traditional Chin.
Med. 46, 1199–1201. doi: 10.13192/j.issn.1000-1719.2019.06.026

Shi, Q., Zhang, W., Guo, S., Jian, Z., Li, S., Li, K., et al. (2016). Oxidative stress-induced
overexpression of miR-25: the mechanism underlying the degeneration of
melanocytes in vitiligo. Cell Death Differ. 23, 496–508. doi: 10.1038/cdd.2015.117

Sit, S. T., and Manser, E. (2011). Rho GTPases and their role in organizing the
actin cytoskeleton. J. Cell. Sci. 124, 679–683. doi: 10.1242/jcs.064964

Sulaimon, S. S., and Kitchell, B. E. (2003). The biology of melanocytes. Vet.
Dermatol. 14, 57–65. doi: 10.1046/j.1365-3164.2003.00327.x

Wang, J. S., Huang, Y., Zhang, S. P., Yin, H. J., Zhang, L., Zhang, Y. H., et al.
(2019). A Protective Role of Paeoniflorin in Fluctuant HyperglycemiaInduced
Vascular Endothelial Injuries through Antioxidative and Anti-Inflammatory
Effects and Reduction of PKCb1. Oxid. Med. Cell. Longev. 10;2019, 5647219.
doi: 10.1155/2019/5647219

Xie, H., Zhou, F., Liu, L., Zhu, G., Li, Q., and Li, C. (2016). Vitiligo: how do
oxidative stress-induced autoantigens trigger autoimmunity? J. Dermatol. Sci.
81, 3–9. doi: 10.1016/j.jdermsci.2015.09.003

Xu, C., Yuan, X., Pan, Z., Shen, G., Kim, J. H., Yu, S., et al. (2006). Mechanism of action
of isothiocyanates: the induction of ARE-regulated genes is associated with
activation of ERK and JNK and the phosphorylation and nuclear translocation of
Nrf2. Mol. Cancer. Ther. 5, 1918–1926. doi: 10.1158/1535-7163.MCT-05-0497

Yamaguchi, Y., Brenner, M., and Hearing, V. J. (2007). The regulation of skin
pigmentation. J. Biol. Chem. 282, 27557–27561. doi: 10.1074/jbc.R700026200

Yang, Y., Li, S., Zhu, G., Zhang, Q., Wang, G., Gao, T., et al. (2017). A similar local
immune and oxidative stress phenotype in vitiligo and halo nevus. J. Dermatol.
Sci. 87, 50–59. doi: 10.1016/j.jdermsci.2017.03.008

Yao, P., Nussler, A., Liu, L., Hao, L., Song, F., Schirmeier, A., et al. (2007).
Quercetin protects human hepatocytes from ethanol-derived oxidative stress
by inducing heme oxygenase-1 via the MAPK/Nrf2 pathways. J. Hepatol. 47,
253–261. doi: 10.1016/j.jhep.2007.02.008

Ye, R., Nie, L. P., Hu, X. P., Huang, X. T., and Jiang, X. J. (2013). Clinical Effect and
Relevant Experimental Study in Patients with Sporadic Vitiligo by the
Combination of Total Glucosides of Paeony and Pimecrolimus. Chin. J.
Dermatol. Venerol. Integ. Trad. W Med. 12, 155–157.

Yu, J., Zhu, X., Qi, X., Che, J., and Cao, B. (2013). Paeoniflorin protects human
EA.hy926 endothelial cells against gamma-radiation induced oxidative injury
April 2020 | Volume 11 | Article 536

https://doi.org/10.1371/journal.pone.0059782
https://doi.org/10.1016/j.jid.2017.01.020
https://doi.org/10.1038/sj.jid.5700700
https://doi.org/10.1016/S0140-6736(14)60763-7
https://doi.org/10.1016/j.fitote.2019.104416
https://doi.org/10.1038/jid.2011.56
https://doi.org/10.1038/jid.2014.152
https://doi.org/10.1111/jcmm.12812
https://doi.org/10.1089/ars.2005.7.385
https://doi.org/10.1007/s11626-997-0021-6
https://doi.org/10.1290/1071-2690(2000)036%3C0309:PAIHVM%3E2.0.CO;2
https://doi.org/10.1038/jid.2010.192
https://doi.org/10.1074/jbc.R900010200
https://doi.org/10.4103/0019-5154.143506
https://doi.org/10.1016/j.bbrc.2007.05.218
https://doi.org/10.13192/j.issn.1000-1719.2019.06.026
https://doi.org/10.1038/cdd.2015.117
https://doi.org/10.1242/jcs.064964
https://doi.org/10.1046/j.1365-3164.2003.00327.x
https://doi.org/10.1155/2019/5647219
https://doi.org/10.1016/j.jdermsci.2015.09.003
https://doi.org/10.1158/1535-7163.MCT-05-0497
https://doi.org/10.1074/jbc.R700026200
https://doi.org/10.1016/j.jdermsci.2017.03.008
https://doi.org/10.1016/j.jhep.2007.02.008
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Yuan et al. Paeoniflorin Resists Stress in Melanocytes
by activating the NF-E2-related factor 2/heme oxygenase-1 pathway. Toxicol.
Lett. 218, 224–234. doi: 10.1016/j.toxlet.2013.01.028

Zhang, H., Liu, Y.-Y., Jiang, Q., Li, K.-R., Zhao, Y.-X., Cao, C., et al. (2014).
Salvianolic acid A protects RPE cells against oxidative stress through activation
of Nrf2/HO-1 signaling. Free. Radic. Biol. Med. 69, 219–228. doi: 10.1016/
j.freeradbiomed.2014.01.025

Zhu, X., Wang, K., Zhou, F. F., and Zhu, L. (2018). Paeoniflorin attenuates at RAL-
induced oxidative stress, mitochondrial dysfunction and endoplasmic
reticulum stress in retinal pigment epithelial cells via triggering Ca2
+/CaMKII-dependent activation of AMPK. Arch. Pharm. Res. 41, 1009–
1018. doi: 10.1007/s12272-018-1059-6
Frontiers in Pharmacology | www.frontiersin.org 11
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Yuan, Lu, Wang, Feng, Jiang, Gao, Qi, Wu and Chen. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
April 2020 | Volume 11 | Article 536

https://doi.org/10.1016/j.toxlet.2013.01.028
https://doi.org/10.1016/j.freeradbiomed.2014.01.025
https://doi.org/10.1016/j.freeradbiomed.2014.01.025
https://doi.org/10.1007/s12272-018-1059-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Paeoniflorin Resists H2O2-Induced Oxidative Stress in Melanocytes by JNK/Nrf2/HO-1 Pathway
	Introduction
	Materials and Methods
	Cell Culture and Treatment
	Determination of Cell Viability by MTS Assay
	Analysis of Cell Cycle by Flow Cytometry
	Apoptosis Analysis by Flow Cytometry
	Measurement of ROS
	Detection of SOD and CAT Activities
	Immunofluorescence Staining
	Western Blotting Analysis
	Data Analysis

	Results
	PF Ameliorates H2O2-Induced Cytotoxicity in Melanocytes
	PF Regulating Cell Cycle Progression in G2/M Phase in Stressed Melanocytes
	PF Ameliorates H2O2-Induced Apoptosis in Melanocytes
	PF Attenuates H2O2-Induced Oxidative Stress in Melanocytes
	PF Promotes Dendrite Formation and Melanosome Transport Under H2O2-Induced Oxidative Damage
	PF Activates Nrf2/HO-1 Pathway in H2O2-Treated Melanocytes
	JNK/Nrf2 Signaling Mediates Antioxidative Effects of PF on H2O2-Induced Melanocytes

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


