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Nigella sativa L. seeds have been traditionally utilized in Chinese folk medicine for centuries
to treat vitiligo. This study revealed that the ethanolic extract of Nigella sativa L. (HZC) en-
hances melanogenesis and mitigates oxidative stress-induced cellular senescence and dys-
function in melanocytes. In accordance with established protocols, the ethanol fraction from
Nigella sativa L. seeds was extracted, concentrated, and lyophilized to evaluate its herbal ef-
fects via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays, tyros-
inase activity evaluation, measurement of cellular melanin contents, scratch assays, senes-
cence-associated f-galactosidase (SA-pB-gal) staining, enzyme-linked immunosorbent assay
(ELISA), and Western blot analysis for expression profiling of experimentally relevant pro-
teins. The results indicated that HZC significantly enhanced tyrosinase activity and melanin
content while notably increasing the protein expression levels of Tyr, Mitf, and gp100 in
B16F10 cells. Furthermore, HZC effectively mitigated oxidative stress-induced cellular senes-
cence, improved melanocyte condition, and rectified various functional impairments associ-
ated with melanocyte dysfunction. These findings suggest that HZC increases melanin syn-
thesis in melanocytes through the activation of the MAPK, PKA, and Wnt signaling pathways.
In addition, HZC attenuates oxidative damage induced by H,0, therapy by activating the nuc-
lear factor E2-related factor 2-antioxidant response element (Nrf2-ARE) pathway and enhan-
cing the activity of downstream antioxidant enzymes, thus preventing premature senescence
and dysfunction in melanocytes.

1. Introduction

including reduced melanin synthesis, decreased dendrite size, di-
minished adhesion, and compromised migration ability. Con-

Vitiligo is an acquired pigmentary disorder of unknown eti-
ology, characterized by the development of white macule-like
skin lesions resulting from structural and functional disruption of
melanocytes '. Although this chronic condition does not directly
threaten patients’ lives, it significantly impacts their psychologic-
al well-being and quality of life, potentially increasing the risk of
psychiatric disorders. Regarding the pathogenesis of vitiligo, nu-
merous researchers have identified oxidative stress-induced
melanocyte toxicity and melanocyte shedding as key factors *
The oxidative stress theory posits that reactive oxygen species
(ROS) attack melanocytes, disrupting their normal metabolic pro-
cesses, proliferation, and differentiation. This leads to premature
senescence and impairment of normal physiological functions ?,

* Corresponding author.
E-mail addresses: ifmtjoel@163.com (W. Zhang); zjcpu2016@163.com (J.
Zhou)
® These authors contributed equally to this work.
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sequently, these factors contribute to melanocyte loss, reduced
melanin content in the affected area, and the formation of charac-
teristic white spots.

Melanocytes are dendritic cells found in various human tis-
sues, including the skin, mucous membranes, retina, soft men-
inges, gallbladder, and ovaries, where melanin is produced in
melanocyte melanosomes *. Melanin, the primary determinant of
skin and hair color in humans, also protects the skin from DNA
damage caused by UV radiation °. The process of melanogenesis
is influenced by several signaling pathways, such as MAPK,
cAMP/PKA, Wnt/p-catenin, PI3K/Akt, and SCF/c-Kit pathways °.
Research has shown that vitiligo patients exhibit disrupted ex-
pression of melanogenesis-regulating factors in lesions, leading
to hypopigmentation and the formation of white spots ”°. In the
human epidermis, a single melanocyte associates with 10-36 sur-
rounding keratinocytes through dendrites, forming a melanin
unit structure. This structure facilitates the transport of melanin
from melanocytes to keratinocytes for skin coloration. Addition-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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ally, the extension of dendrites enables melanocytes to adhere
fully to the basal layer . Melanocyte detachment occurs when
these cells become vulnerable to mechanical stress due to
weakened adhesion to keratinocytes or the basal lamina '. This
process affects multiple intracellular signaling pathways, indu-
cing detachment from the basal layer and eventual transepiderm-
al loss, resulting in a reduction of melanocyte numbers and the
formation of white spots. When exposed to external stimuli, the
transepidermal loss of melanocytes with weakened adhesion
primarily involves two aspects: loss of dendrites and defective
adhesion. Kumar et al. observed that melanocytes in active viti-
ligo lesions were predominantly in a detached state, with micro-
scopic examination revealing large, retracted dendrites in the
perinuclear region, making patients susceptible to mechanical
stress-induced transepidermal loss of melanocytes . Cadherins,
a family of transmembrane proteins, mediate Ca**-dependent cell-
cell adhesion ", epithelial-type calreticulin (E-cadherin) is a
primary mediator of adhesion between melanocytes and kerat-
inocytes in the normal human epidermis. Cario et al. repor-
ted that multiple factors cause a reduction in E-cadherin expres-
sion in vitiligo lesions, resulting in decreased melanocyte adhe-
sion °.

The nuclear factor E2-related factor 2-antioxidant response
element (Nrf2-ARE) pathway represents a crucial defense mech-
anism against oxidative stress damage in cells, playing a signific-
ant role in mitigating such damage in melanocytes . Nrf2, a
member of the CNC (Cap-N-Collar) transcription factor family,
regulates the expression of various antioxidant factors, including
GCL, HO-1, and NQO1 ", Under normal physiological conditions,
Nrf2 remains in a relatively inhibited state, bound to the cyto-
plasmic chaperone protein Keapl. Upon oxidative stimulation,
Nrf2 and Keapl dissociate, with Nrf2 undergoing phosphoryla-
tion by various protein kinases. Subsequently, Nrf2 translocates
to the nucleus, where it binds to nuclear-associated proteins and
recognizes ARE genes. This process activates downstream antiox-
idant-related proteins, thereby exerting potent antioxidant ef-
fects '°.

China has a rich history of utilizing herbs for medicinal pur-
poses, particularly in treating skin-related ailments. This tradi-
tion dates back thousands of years. Nigella sativa L., a species of
the Nigella genus in the Ranunculaceae family, has been extens-
ively used as a medicinal herb by the Uyghur people. According to
Uyghur Medicinal records, Nigella sativa L. exhibits numerous be-
neficial properties, including the ability to induce dryness and
heat, stimulate hair growth, enhance pigmentation, and demon-
strate anti-inflammatory, antioxidant, immunomodulatory, antic-
ancer, neuroprotective, antimicrobial, antihypertensive, cardi-
oprotective, antidiabetic, gastroprotective, nephroprotective, and
hepatoprotective effects. The plant’s pharmacological activities
are primarily attributed to its chemical constituents, which in-
clude quercetin, kaempferol, thymoquinone, thymohydroquin-
one, thymol, carvacrol, nigellicine, and a-hederin ' In the Ningx-
ia Region of China, Nigella sativa L. has shown remarkable effic-
acy in treating vitiligo, particularly in repigmenting skin lesion
areas. Sarac et al. reported improved pigmentation rates in viti-
ligo patients using a Nigella sativa L. emulsion '*. Additionally, Ali
et al. demonstrated that Nigella sativa L. significantly reduced
skin lesion size in vitiligo patients compared with fish oil treat-
ment . However, the precise mechanism of action of Nigella
sativa L. seeds remains unclear, though it may be related to its an-
tioxidant properties. In this study, we found that an ethanolic ex-
tract of Nigella sativa L. seed (HZC) promoted melanogenesis in
B16F10 cells. HZC influences melanogenesis by activating the
MAPK, PKA, and Wnt pathways, and exerts an antioxidant effect
via the Nrf2-ARE signaling pathway. This action corrects reduced
melanogenesis in B16F10 cells in a model of premature senes-
cence and detached melanocytes, improving cell status, mitigat-
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ing premature senescence, and enhancing B16F10 cell migration
ability, dendriticization, and cell adhesion.

2. Materials and methods

2.1. Chemicals and reagents

L-3,4-dihydroxyphenylalanine (L-DOPA) (purity = 98%) and
H,0, (purity 3 wt.% in H,0) were obtained from Sigma Aldrich
(St. Louis, MO, USA); sodium hydroxide (NaOH) (purity = 96%)
was obtained from XiLONG SCIENTIFIC (Guangzhou, China),
penicillin/streptomycin (P/S) was obtained from Biosharp (He-
fei, China); and Dulbecco’s modified Eagle medium (DMEM) and
fetal bovine serum (FBS) were purchased from Gibco (Grand Is-
land, NY, USA). Cell lysis buffer, a BCA protein assay Kkit, a senes-
cence f-galactosidase staining kit (SA-f-Gal), actin-tracker green,
and a mitochondrial membrane potential assay kit with JC-1 were
acquired from Biyotime (Shanghai, China). A glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody was procured from
Thermo Fisher Science (Shanghai, China). Mitf, Tyr, p-p38, t-p38,
p-ERK1/2, t-ERK1/2, p-JNK, t-JNK, CREB, p-CREB, and gp100
were obtained from Abcam (Cambridge, UK). Keap1, Nrf2, HO-1,
NQO1, Cdc42, E-cadherin, p53, p21, p-GSK-3-B, t-GSK-3-B,
Racl1/2/3, B-catenin, and A-f-catenin were sourced from Cell Sig-
naling Technology (Danvers, MA, USA). The total superoxide dis-
mutase (T-SOD) activity assay kit, malondialdehyde (MDA) color-
imetric assay kit, glutathione peroxidase (GSH-Px) activity assay
kit, and catalase (CAT) activity assay kit were obtained from Elab-
science (Wuhan, China). All other reagents used were of the
highest quality available.

2.2. Plant material

The Nigella sativa L. seeds were procured from the Ningxia
Hui Medical Research Institute, China. The chief pharmacist, Ting
He, of the Ningxia Hui Medicine Research Institute conducted the
identification of the plants.

2.3. Methods

2.3.1. Preparation of the ethanolic extract of HZC

The Nigella sativa L. plants underwent a series of preparat-
ory steps. They were initially sieved (60 mesh) to remove impur-
ities, then crushed into a coarse powder and sieved again (24
mesh). A mixture of 250 g of the processed plant material and
700 mL of ethanol was prepared and left to soak overnight. The
resulting leachate was collected using a percolation column,
maintaining a controlled flow rate of 2-3 mL per 100 g of herb.
Subsequently, the leachate was concentrated at 40 °C using a
rotary evaporator to remove the solvent. The concentrated solu-
tion was then transferred to a lyophilization mixture and subjec-
ted to pre-freezing at —60 °C for 4 h. Following this, the formal ly-
ophilization procedure was conducted. The final samples were
recovered and stored at -20 °C until they were required for use
in the study.

2.3.2. Cell culture and model establishment

Mouse B16F10 melanoma cells were obtained from the
Chinese Academy of Sciences (CAS), China. The cells were cul-
tured in Dulbecco’s modified Eagle medium (DMEM) supplemen-
ted with 10% FBS and 1% penicillin/streptomycin, and main-
tained in a 37 °C incubator with 5% CO, *’. Following the induc-
tion of premature senescence and detachment of B16F10 cells,
they were cultured in DMEM supplemented with 2.5% FBS and
exposed to H,0, at a final concentration of 0.4 mmol-L™" for 12 h.
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2.3.3. Cell viability assay

Cell viability was assessed through the reduction of 3-(4,5-di-
methylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) to
formazan by mitochondrial enzymes in viable cells. The proced-
ure was as follows: after a 48-h incubation of cells in a 96-well
plate, 200 uL of MTT solution (0.5 mg:mL™") was added to each
well. The cells were then incubated at 37 °C in 5% CO, for 4 h.
Subsequently, the MTT solution was removed, and 150 pL of
DMSO was added to each well. The optical density (OD) was
measured using a spectrophotometer (Thermo Scientific, USA) at
570 nm after pre-shaking for 5 min *'.

2.3.4. Tyrosinase activity assay

Tyrosinase activity was assessed using the L-DOPA oxidation
assay as described by Smith et al. *. Briefly, B16F10 cells, either
drug-treated or untreated, underwentlysis in a cold buffer. Fol-
lowing centrifugation (12 000 r-min™" for 15 min), protein con-
centration was determined via the BCA method. Subsequently, 30
ug of supernatant protein was transferred to a 0.5 mL centrifuge
tube, and the volume was adjusted to 100 pL using pH 6.8 PBS
buffer. After vortexing, the mixture was added to a 96-well plate
containing 100 pL of 0.1% L-DOPA solution. The plate was then
incubated at 27 °C for 1 h in a light-protected oven. Finally, the
absorbance was measured at 475 nm using a spectrophotometer
(Thermo Scientific, USA).

2.3.5. Melanin content assay

The melanin content was quantified using the NaOH cleav-
age method 2 in B16F10 cells, both treated and untreated with
the drug, after lysis in a cold buffer. Following centrifugation
(12 000 r-min™" for 15 min) and collection of the melanin precip-
itate, the melanin was solubilized in 1 mol-L™* NaOH solution con-
taining 10% DMSO at 85 °C for 20 min. The relative melanin con-
tent was subsequently determined by measuring the absorbance
at 405 nm using a spectrophotometer (Thermo Scientific, USA).

2.3.6. Western blot analysis

The B16F10 cells underwent three washes in phosphate-buf-
fered saline before lysis in cold buffer (4 °C, 20 min). The lysed
cells were transferred to centrifuge tubes and subjected to centri-
fugation (4 °C, 12 000 r-min™", 10 min). Subsequently, the protein
content of each lysate aliquot was quantified via the BCA method.
Proteins were then separated using SDS polyacrylamide gel elec-
trophoresis and transferred onto polyvinylidene fluoride mem-
branes. These membranes were blocked with 5% skim milk and
incubated with primary antibodies overnight at 4 °C, followed by
a 1-h incubation with secondary antibodies at 25 °C. Protein visu-
alization was achieved using an enhanced chemiluminescence de-
tection system (Tanon4160, China). Band shadow areas were
quantified using Image] software (National Institutes of Health,
Bethesda, MD, USA). The Western blot results presented here are
representative of at least three independent experiments.

2.3.7. Zebrafish assay

The zebrafish experimental protocol was approved by the an-
imal care institution. Adult zebrafish were acquired from Shang-
hai Fishbio Co., Ltd. (Shanghai, China). The zebrafish were main-
tained in accordance with the Zebrafish Book *. Specifically, the
water temperature was regulated at approximately 28.5 °C, with
a daily cycle of 14 h of light and 10 h of darkness. The fish were
fed twice daily, once in the morning and once in the evening. Em-
bryos were cultured at 28.5 °C in a light incubator and were sub-
jected to treatment with PTU (0.2 mmol-L™) or various concen-
trations (0.10-100 pumol-L™") of HZC from 9 to 60 hpf, or left un-
treated. The effects of HZC on zebrafish were observed via stereo-
microscopy (Leica M205 FCA, Germany).
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2.3.8. Cell scratch assay

Initially, cells were cultivated in a 6-well plate until they
reached approximately 90% confluence. Subsequently, a 10 pL
pipette tip was utilized to create three parallel lines with a per-
pendicular line on the plate’s bottom. The cells were then re-
moved by washing the plate three times with PBS. Observation
points were selected for imaging, with the initial scratch width
recorded at 0 h. Images were captured at various time points to
document cell healing progress. The extent of cell healing was ob-
served and recorded using a Nikon eclipse ts2 inverted micro-
scope (Nikon, Japan).

2.3.9. Senescence-associated p-galactosidase (SA-f-gal) analysis
and action-tracker green staining

Following treatment of B16F10 cells, senescence was evalu-
ated using a SA-f-gal activity kit (Beyotime Institute of Biotech-
nology, Shanghai, China). Additionally, action-tracker green
staining was conducted (excitation wavelength 496 nm, emission
wavelength 516 nm). The staining results were visualized using a
Nikon Eclipse TS2 inverted microscope (Nikon, Japan) and a
fluorescence microscope (Evident, USA).

2.3.10. ROS levels in cells and zebrafish

The cells in the 24-well plates were incubated with DMEM
containing 10% FBS for 24 h. Subsequently, different concentra-
tions of HZC (1, 10, 20 pg'mL™") were added, and the medium was
replaced with DMEM containing 2.5% FBS for 48 h. After remov-
ing the medium and washing the cells twice with PBS, H,0; at a
final concentration of 0.4 mmol-L™" in 2.5% FBS was added. The
cells were then incubated for 12 h. Following incubation, the me-
dium was removed, and the level of intracellular ROS in the
treated cells was detected (excitation wavelength 488 nm, emis-
sion wavelength 525 nm) using fluorescence microscopy (Evid-
ent, USA) and spectrophotometry (Therom Scientific, USA). In
zebrafish, ROS were stained using DCFH-DA, and the embryo
status and changes in ROS levels were observed under a fluores-
cence microscope (ZEISS, Germany).

2.3.11. Enzyme-linked immunosorbent assay (ELISA) kits for the de-
termination of oxidative stress-related indicators

After treatment, B16F10 cells were harvested and processed
according to the protocols provided with the SOD, MDA, CAT, and
GSH kits (Elabscience, China). A spectrophotometer (Thermo Sci-
entific, USA) was utilized to measure the absorbance, and sub-
sequently, the levels of SOD, MDA, CAT, and GSH-Px in the
B16F10 cells were quantified.

2.3.12. Mitochondrial membrane potential assay

JC-1 serves as a fluorescent probe for assessing mitochondri-
al membrane potentials. Under normal physiological conditions,
JC-1 forms aggregates in the mitochondrial matrix, emitting red
fluorescence. However, when the mitochondrial membrane po-
tential decreases, JC-1 fails to aggregate in the matrix and instead
exists as a monomer, emitting green fluorescence. The ]C-1
monomer has an excitation wavelength of 514 nm and an emis-
sion wavelength of 529 nm, while the JC-1 polymer exhibits an
excitation wavelength of 585 nm and an emission wavelength of
590 nm **.

2.3.13. Statistical analysis

All data are presented as the mean * standard error of the
mean (SEM). Each experiment was conducted in triplicate or
more. Statistical analysis was performed using one-way ANOVA
with Tukey’s post hoc test for multiple comparisons. P < 0.05 was
considered statistically significant. All statistical analyses were
conducted using GraphPad Prism 9.4.1 software (GraphPad Soft-
ware, USA).
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3. Results

3.1. HZC promotes melanogenesis

3.1.1. HZC promotes melanogenesis in zebrafish

The change in melanin content in zebrafish serves as a highly
visible indicator for assessing the effectiveness of HZC. 1-Phenyl 2-
thiourea (PTU), a tyrosinase (Tyr) inhibitor, is widely utilized to
suppress pigmentation and enhance optical transparency in
zebrafish (Danio rerio) embryos **. To investigate its impact on
melanogenesis, we administered HZC to PTU-treated zebrafish.
The findings revealed that melanogenesis was significantly inhib-
ited in the PTU model group, while the melanin content of
zebrafish in the PTU water group (where the culture medium was
replaced with egg water after PTU modeling) showed partial res-
toration compared to the model group. Furthermore, in the drug
group (where the culture medium was replaced with egg water
containing 30 pg-mL™" HZC after PTU modeling), zebrafish exhib-
ited a marked increase in (Fig. 1A).
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3.1.2. Effect of HZC on cell viability and melanin biosynthesis

The impact of HZC on cell viability was assessed using the
MTT assay. Following 48 h of HZC treatment, no cytotoxicity was
observed at concentrations of 1, 10, and 20 pg-mL™ (Fig. 1B). The
effects of HZC (at concentrations of 1, 10, and 20 pg-mL™) on tyr-
osinase activity in B16F10 cells were evaluated through L-DOPA
oxidation (Fig. 1C), while its effects on melanogenesis were de-
termined by NaOH cleavage (Fig. 1D). The findings demonstrated
that HZC significantly enhanced both tyrosinase activity and
melanin content in B16F10 cells.

3.1.3. HZC promotes the expression of gp100, Mitf and Tyr in
B16F10 cells

The glycoprotein 100 (gp100) is associated with the forma-
tion of melanosome fibrils and plays a crucial role in melano-
some maturation. Microphthalmia-associated transcription factor
(Mitf), a key transcriptional regulator, governs melanocyte
growth and development. Tyrosinase (Tyr) functions as the crit-
ical rate-limiting enzyme in melanin synthesis and is regulated by
Mitf *>** *. Melanin biosynthesis levels can be indirectly as-
sessed through the measurement of Mitf, gp100, and Tyr. Con-
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trations (0,1, 10, 20 pug-mL™") of HZC. The cell growth inhibition was determined by MTT assay. (C) Effects of different concentrations (0, 1, 10, 20 pg-mL™") of HZC treat-
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sequently, we employed Western blot analysis to evaluate the im-
pact of varying concentrations of HZC (1, 10, 20 pg-mL™") on the
expression of Mitf, gp100, and Tyr, the principal proteins in-
volved in melanogenesis in B16F10 cells. The results indicated
that HZC enhanced the protein expression of gp100, Mitf, and
Tyr, with the most pronounced effect observed at an HZC concen-
tration of 10 pg-mL™" (Fig. 1E).

3.2. Effect of HZC on melanogenesis proteins in B16F10 cells

3.2.1. Effect of HZC on the MAPK pathway in B16F10 cells

Numerous studies have demonstrated the association
between the MAPK pathway and melanogenesis. MAPKs com-
prise a family of serine/threonine protein kinases * activated by
external signals or stimuli. Current research on MAPK family sig-
naling primarily focuses on four subfamilies: ERK, c-Jun N-ter-
minal kinase JNK, p38 mitogen-activated protein kinase (p38
MAPK), and ERK5 *’. The MAPK pathway is involved in regulat-
ing the expression of Mitf, a key transcription factor in melano-
genesis. The MAPK pathway plays a crucial role in regulating the
expression of Mitf, a key transcription factor in melanogenesis *'.
Consequently, this study investigated the effect of HZC on MAPK
pathway proteins. The effects of HZC on three pathways —p38,
ERK1/2, and JNK-MAPK—were examined using Western blot as-
say. The results indicated that the p38, ERK1/2, and J]NK-MAPK
pathways were activated, with elevated levels of p-p38,
p-ERK1/2, and p-JNK observed after 5 min of HZC treatment
(Fig. 2A).

3.2.2. Effect of HZC on the PKA pathway in B16F10 cells

The PKA signaling pathway, a cAMP-dependent protein
kinase pathway, plays a crucial role in promoting Mitf expression
through CREB phosphorylation *"*. Additionally, this pathway is
instrumental in regulating melanocyte dendritization and the
formation of cross-linked melanocytes **. To investigate the im-
pact of HZC on the PKA pathway, we conducted a Western blot
analysis. The results revealed that after 30 min of HZC exposure,
the PKA pathway was activated, leading to a significant increase
in p-CREB levels (Fig. 2B).

3.2.3. Effect of HZC on the Wnt pathway in B16F10 cells

The Wnt pathway plays a crucial role in melanocyte progres-
sion and differentiation, with Wnt proteins promoting the devel-
opment of neural crest cells into pigment cells ***°. g-Catenin,
a key downstream effector of the Wnt pathway, undergoes
phosphorylation by CK1 at the Ser45 site. This phosphorylation
event triggers subsequent phosphorylation of $-catenin by GSK-
38 *»*> ¥, Mutations at these sites enhance f-catenin stability.
Active-fS-catenin (unphosphorylated at Ser45) plays a vital role in
stabilizing B-catenin adsorption and is functionally active in cell-
cell adhesion, mediating its transcriptional activity through the
canonical Wnt signaling pathway. When Wnt proteins bind to
their receptors, cytoplasmic [-catenin stabilization increases,
leading to its translocation to the nucleus. There, f-catenin inter-
acts with LEF/TCF transcription factors to regulate Mitf tran-
scription ***. To determine the effects of HZC on Wnt pathway-
related proteins at various time points, we conducted a Western
blot analysis. The results revealed that the Wnt pathway was ac-
tivated after 6 h of HZC treatment, with significantly elevated
levels of p-GSK-38, B-catenin, and active-f-catenin (Fig. 2C).

3.3. Effect of HZC on B16F10 cells under oxidative stress
3.3.1. Effect of HZC on the viability of B16F10 cells under oxidative

stress
B16F10 cells in the logarithmic growth phase were seeded
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Fig. 2 Effect of HZC on melanogenesis proteins in B16F10 cells. (A) Effects of HZC
on the activity of MAPK signaling pathways in melanoma cells B16F10, the p38,
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into 96-well plates and incubated in DMEM supplemented with
10% FBS in an incubator (37 °C, 5% CO,) for 24 h. Subsequently,
the medium was replaced with DMEM containing 2.5% FBS, and
HZC was added to final concentrations of 1, 10, and 20 ug-mL'l.
The cells were then incubated for 48 h. Following this, the medi-
um was removed, and the cells were washed twice with PBS.
DMEM containing 2.5% FBS and H,0, at a final concentration of
0.4 mmol-L™* was added, and the cells were incubated for an addi-
tional 12 h. The impact of HZC on B16F10 cell viability was as-
sessed using the MTT assay. The results indicated that HZC pre-
treatment did not significantly affect the viability of H,0,-treated
B16F10 cells (Fig. 3A).

3.3.2. HZC promotes melanin biosynthesis in B16F10 cells under ox-
idative stress
We investigated the effects of HZC H,0, treatment on tyros-
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inase activity and melanogenesis in B16F10 cells using L-DOPA
oxidation and NaOH cleavage, respectively. The results demon-
strated that H,0, treatment decreased B16F10 tyrosinase activ-
ity and melanin content, which was mitigated by HZC pretreat-
ment. Notably, an HZC concentration of 20 pg-mL™ significantly
ameliorated the H,0,-induced decrease in melanin content. HZC
pretreatment dose-dependently increased B16F10 tyrosinase
activity and melanin production in H,0,-treated B16F10 cells
(Fig. 3B). We examined the effects of pretreatment with varying
HZC concentrations (1, 10, 20 ug-mL™") on the expression of key
melanogenesis-related proteins, Tyr, Mitf, and gp100, in H,0,-
treated B16F10 cells via the Western blot assay. As illustrated in
Fig. 3C, H,0, treatment reduced the expression of these key pro-
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teins in B16F10 cells. However, HZC pretreatment dose-depend-
ently attenuated this decrease in protein expression, with the
most pronounced effect observed at an HZC concentration of
20 ug'mL™.

3.3.3. HZC ameliorates the motility of B16F10 cells under oxidative
stress

Melanocytes are a crucial component of the epidermis, sus-
ceptible to various internal and external factors. Any environ-
mental anomaly in cell growth, proliferation, differentiation, mi-
gration, or melanin synthesis can lead to irregularities in melan-
in formation and deposition, resulting in pigmentation disord-
ers *. Vitiligo is characterized by the absence of melanocytes at
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Fig. 3 Effect of HZC on B16F10 cells under oxidative stress. (A) Effect of HZC (0, 1, 10, 20 pg-mL™) on cell viability in H,0,-treated B16F10 for 48 h. (B) Effect of HZC (0, 1,
10, 20 pg-mL™") on tyrosinase activity and melanin synthesis in H,0,-treated B16F10 for 48 h. (C) WB determination of the effect of HZC(0, 1, 10, 20 pg-mL™") on the protein
levels of Mitf, Tyr, and gp100 in H,0,-treated B16F10. (D) Effects of HZC on the closure of a pseudo-“wound” field produced by B16F10. (E) Effects of HZC on the B-galactosi-
dase activity of H,0,-treated B16F10. (F) WB determination of the effect of HZC on the protein levels of p53 and p21 in H,0,-treated B16F10. Results are presented as mean
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the site of the lesion, and it has been found that the recovery of
pigmentation at the site of the lesion in patients with advanced
vitiligo relies on the production of melanocytes that migrate from
nonlesion sites **. Following pretreatment with HZC (1, 10, 20
ug-mL™), H,0,-treated B16F10 cells underwent scratch assays,
with resulting wounds photographed and observed using an in-
verted microscope at 0, 12, and 24 h. The scratch assay demon-
strated that B16F10 cells gradually migrated into the cell-free
area after the appearance of scratches caused by external dam-
age (Fig. 3D). H,0, stimulation decreased the migration ability of
B16F10 cells, while HZC pretreatment mitigated this effect and
promoted the migration of H,0,-treated B16F10 cells into the cell-
free area, thereby accelerating scratch repair.

3.3.4. HZC ameliorates oxidative stress-induced premature cell sen-
escence in B16F10 cells

Following pretreatment of B16F10 cells with HZC (1, 10, 20
ug-mL™) for 48 h, the medium was removed, and cells were
washed twice with PBS. DMEM supplemented with 2.5% FBS was
added to achieve a final H,0, concentration of 0.4 mmol-L™, and
the mixture was incubated for 12 h. The cells were then stained
with f-galactosidase (SA-f-gal) to analyze the effect of HZC on the
premature decrease in H,0,-treated cells. H,0, treatment in-
creased the percentage of B16F10 cells with positive staining, sig-
nificantly differing from the control group. After 48 h of HZC pre-
treatment, the percentage of positively stained cells was notably
lower than in the model group, with the most protective effect
observed at 10 pg-mL™ HZC concentration (Fig. 3E). To further
investigate HZC'’s ability to ameliorate senescence in H,0,-treated
B16F10 cells, we examined the effects of pretreatment with vari-
ous HZC concentrations (1, 10, 20 ug-mL™) on the expression of
senescence-related proteins p53 and p21 via the Western blot as-
say. The results indicated that H,0, stimulation significantly in-
creased p53 and p21 protein expression (Fig. 3F). However, HZC
pretreatment mitigated this effect, with the HZC-treated group
showing significantly decreased p53 and p21 expression com-
pared to the model group.

3.4. Effect of HZC on the detachment of B16F10 cells under oxidat-
ive stress

3.4.1. HZC ameliorates the attenuation of dendritization in B16F10
cells under oxidative stress

In the cell matrix, actin polymerizes to form microfilaments,
which are highly conserved proteins prevalent in eukaryotic cells,
and microtubules, which are intermediate fibers that together
form the cytoskeleton. Research indicates that microfilaments are
associated with various functions, including cell division, adhe-
sion, and motility **. Phalloidin, which specifically binds to F-
actin, is commonly utilized to detect cytoskeletal morphology **.
This study employed an actin-tracker green probe for loading,
and fluorescence microscopy (Evident, USA) to observe cyto-
skeletal changes in H,0,-treated B16F10 cells after pretreatment
with HZC (1, 10, or 20 pg-mL™). Control group B16F10 cells ex-
hibited normal morphology with an irregular pike shape and pro-
nounced dendritization. H,0, treatment resulted in reduced
B16F10 dendritization, with noticeably decreased dendrite
length and number (Fig. 4A). HZC mitigated this decrease in
dendritization, with dendrite length and number comparable to
the control group. The most significant improvement was ob-
served at an HZC concentration of 10 pg-mL™. Rac1/2/3 and
Cdc42, two distinct subfamilies of the Rho protein family *, play
crucial roles in melanocyte dendritization and migratory capa-
city *. Previous research has shown that Rac1/2/3 promotes the
formation and elongation of plate-like pseudopods, while Cdc42
encourages the development and extension of filamentous
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Fig. 4 Effect of HZC on the detachment of B16F10 cells under oxidative stress.
(A) Effects of HZC on cytoskeleton of H,0,-treated B16F10. (B) Effect of HZC on
the protein levels of Rac1/2/3, Cdc42 in H,0,-treated B16F10 cells. (C) Effect of
HZC on the protein levels of E-cadherin in H,0,-treated B16F10. Results are
presented as mean + SEM (n = 3). *P < 0.05, "P < 0.01, "*P < 0.001 vs control; P <
0.05,"P < 0.01, P < 0.001 vs model.

pseudopods; both proteins inhibit actin depolymerization, stabil-
ize cytoskeletal proteins, and positively regulate dendrite forma-
tion *" . Further investigation of HZC’s effect on the cytoskelet-
on of H,0,-treated B16F10 cells via the Western blot analysis re-
vealed that H,0, treatment led to downregulation of Rac1/2/3
and Cdc42 protein expression in B16F10 cells. HZC pretreatment
dose-dependently ameliorated this decrease in protein expres-
sion, with the most pronounced improvement occurring at a con-
centration of 20 pg-mL™" HZC (Fig. 4B).

3.4.2. HZC ameliorates reduced B16F10 cell adhesion under oxidat-
ive stress

E-cadherin serves as a primary mediator of adhesion
between melanocytes and Kkeratinocytes in normal human epi-
dermis **. Western blot analysis was employed to evaluate the ef-
fects of pretreatment with varying concentrations of HZC (1, 10,
20 pg'mL™") on E-cadherin protein expression in H,0,-treated
B16F10 cells. H,0, treatment resulted in decreased protein ex-
pression of E-cadherin in B16F10 cells. However, HZC mitigated
this reduction in protein expression, with the most significant im-
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provement observed at a concentration of 10 pg-mL™ (Fig. 4C).

3.5. HZC ameliorates elevated intracellular ROS levels in B16F10
cells under oxidative stress

Following 48 h treatment of B16F10 cells with 1, 10, 20
pg-mL™ HZC, the medium was replaced with DMEM containing
2.5% FBS and H,0, at a final concentration of 0.4 mmol-L™", and
the cells were incubated for 12 h. HZC pretreatment for 48 h mit-
igated the H,0,-induced elevation in intracellular ROS levels,
demonstrating a significant protective effect on B16F10 cells (Fig.
5A). In vitro experiments indicated that HZC inhibited ROS pro-
duction in B16F10 cells under oxidative stress. Subsequently,
HZC was applied to zebrafish to examine its effect on ROS genera-
tion under oxidative stress. ROS staining in zebrafish using DCFH-
DA (10 umol-L™") and observation under a fluorescence micro-
scope (Evident, USA) revealed that H,0, treatment significantly
increased fluorescence intensity, indicating elevated ROS content
compared to the control group. Conversely, HZC pretreatment at-
tenuated the H,0,-induced increase in ROS in zebrafish (Fig. 5C).

3.6. HZC ameliorated oxidative damage in B16F10 cells

MAD is a common product of lipid peroxidation in vivo and
serves as an indirect indicator of the extent of oxidative damage
to cells **. Under normal physiological conditions, antioxidant en-
zymes such as SOD, CAT, and GSH-Px eliminate ROS produced by
cells, thereby preventing oxidative stress-induced cellular dam-
age *’. This study utilized a relevant assay kit to measure the
levels of these oxidative stress-related biochemical indicators in
H,0,-treated B16F10 cells exposed to HZC. The results revealed
that H,0, treatment led to a significant increase in MAD levels in
B16F10 cells, indicating elevated oxidative damage. Additionally,
the levels of SOD, CAT, and GSH-Px were altered in the H,0,
treatment group compared to the control group. Notably, pre-
treatment with HZC was able to reverse these effects and mitig-
ate the oxidative damage to the cells (Fig. 6A).

The mitochondrial membrane potential serves as a key indic-
ator of mitochondrial activity, reflecting its functional state. To
examine the impact of HZC on mitochondrial function in H,0,-
stimulated B16F10 cells, we employed JC-1 staining to assess
changes in the mitochondrial membrane potential. Following
H,0, treatment, a significant reduction in red fluorescence in-
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Fig. 5 HZC ameliorates elevated intracellular ROS levels in B16F10 cells under
oxidative stress. (A) The protective effect of HZC on H,0,-induced ROS generation.
(B) Effects of HZC on ROS level of Zebrafish. Zebrafish were treated with egg wa-
ter containing HZC (30 pg-mL™) for 24 h, then H,0, (0.5 mmol-L™") for 4 h. DCFH-
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*P <0.01, P < 0.001 vs control; P <0.05, P<0.01, "P<0.001 vs model.
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tensity was observed in B16F10 cells, indicative of mitochondrial
dysfunction (Fig. 6B). Notably, HZC pretreatment effectively mit-
igated the H,0,-induced decrease in mitochondrial membrane
potential. These findings demonstrate that HZC pretreatment ex-
erts a protective effect against mitochondrial dysfunction in H,0,-
treated B16F10 cells.

3.7. HZC activates the Nrf2-ARE pathway

Nigella sativa L., a widely utilized traditional medicine, has
demonstrated antioxidant properties °'. Previous studies have re-
ported that Nigella sativa L. seed extract provides oxidative pro-
tection through the Nrf2-ARE pathway in neurodegenerative dis-
eases °*. To elucidate the potential mechanism of HZC's antioxid-
ant effect in melanocytes, we examined the expression of Nrf2
pathway-related proteins Nrf2, Keapl, HO-1, and NQO1 in
B16F10 cells using Western blot analysis. Our findings revealed
that HZC increased the expression of antioxidant enzymes HO-1
and NQO1, suggesting an antioxidant role through the activation
of the Nrf2-ARE pathway in B16F10 cells (Fig. 7).

4. Discussion

Oxidative stress is a stress response caused by a large accu-
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“P<0.01, P <0.001 vs model.

mulation of ROS in the body, in which the degree of oxidation in
the body is greater than the degree of antioxidant oxidative
stress; this stress response is a stressful reaction caused by the
accumulation of large amounts of ROS in the body *’. Extensive
research has demonstrated that oxidative stress is implicated in
the development of various diseases, including inflammation, tu-
mors, neurological disorders, and stress-induced aging ***’. Con-
sequently, enhancing the body’s antioxidant mechanisms and
preventing excessive ROS accumulation are crucial steps in the
prevention and treatment of related diseases. The Nrf2-ARE sig-
naling pathway is currently the most extensively studied cellular
antioxidant protection mechanism. Nrf2, a nuclear transcription
factor, binds to Keap1 under normal physiological conditions, re-
maining largely inhibited in the cytoplasm. Upon oxidative stimu-
lation, these two proteins dissociate, allowing Nrf2 to be phos-
phorylated by protein kinases. Nrf2 then translocates to the nuc-
leus, where it recognizes and binds to AREs, initiating the tran-
scription of various downstream antioxidant genes. These down-
stream antioxidant factors include NQO1, HO-1, CAT, SOD, and
GSTs °****. Nigella sativa L., a member of the Ranunculaceae
family, has a long history of medicinal use among the Uygur
people. Its seeds, characterized by a dry, mature taste that is pun-
gent and warm, are traditionally used to treat various ailments,
including headaches, eczema, tinnitus, forgetfulness, menstrual
irregularities, and lactation issues. Recent studies have demon-
strated the significant effect of Nigella sativa L. seeds on the
repigmentation of skin lesions in vitiligo patients. However, the
underlying mechanism remains unexplored. Therefore, we have
comprehensively investigated the effects of Nigella sativa L. seeds
in the treatment of vitiligo, including the mechanism by which
they influence melanin formation. Zebrafish embryos, being
transparent in their early stages, allow for direct observation of
melanin production under an in vivo microscope, making them an
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ideal live animal model for screening melanin production *. In
this study, we first prepared HZC, an alcoholic extract of Nigella
sativa L.. We used a zebrafish embryo PTU model to verify the ef-
fect of HZC on melanogenesis in vivo, and the results demon-
strated that HZC promoted melanogenesis in this model (Fig. 1A).
To verify the effect of Nigella sativa L. extract on melanogenesis in
vitro, we conducted experiments on the melanoma cell line
B16F10. The results showed that HZC increases the viability of
B16F10 cells and significantly enhances tyrosinase activity and
melanogenesis (Figs. 1B-1D). We further verified that HZC upreg-
ulated the expression of the melanogenesis-related proteins
gp100, Mitf, and Tyr through Western blot analysis. Moreover,
we found that HZC affects melanogenesis by activating the MAPK,
PKA, and Wnt-f-catenin pathways (Figs. 1E, 2A-2C).

Vitiligo is a chronic condition characterized by the appear-
ance of white patches on the skin’s surface, where oxidative
stress stimulation induces premature cellular senescence, lead-
ing to melanocyte damage and vitiligo development. This study
treated B16F10 cells with 0.4 mmol-L™ H,0, to establish a model
of premature melanocyte senescence and detachment, and ex-
amined the effect of HZC pretreatment on these cells. Initially,
MTT experiments showed no significant increase in cell viability
in the HZC pretreated group compared to the control group. Sub-
sequently, we confirmed that HZC has a promelanogenic effect on
H,0,-treated B16F10 cells. H,0, treatment significantly de-
creased tyrosinase activity, melanin content, and expression of
key melanogenic proteins in B16F10 cells, which was amelior-
ated by HZC (Figs. 3A-3C). Furthermore, cell scratch repair ex-
periments demonstrated that H,0, treatment reduced B16F10
cell motility, while HZC pretreatment improved this phenomen-
on, promoting cell migration to the cell-free area and accelerat-
ing scratch repair (Fig. 3D) *. Activation of p53 leads to periplas-
mic cell cycle arrest, DNA repair, or apoptosis. In response to cer-
tain forms of DNA damage, p53 activates the transcription of its
downstream gene, the cyclin-dependent kinase (CDK) inhibitor
p21 . To examine cellular senescence, we performed in situ f-
galactosidase staining of B16F10 cells, revealing that the senes-
cence rate of H,0,-treated B16F10 cells was significantly higher
than the control, and HZC pretreatment mitigated this alteration
(Fig. 3E). Western blot analysis showed that the expression of
senescence-related proteins p53 and p21 was significantly elev-
ated in H,0,-treated B16F10 cells, while HZC pretreatment de-
creased the expression of these proteins (Fig. 3F), indicating that
HZC alleviates H,0,-induced premature senescence in B16F10
cells. Dendritic loss and adhesion defects are the primary causes
of melanocyte detachment. We investigated the effect of HZC on
the detachment of H,0,-treated B16F10 cells. Ghost pen cyclic
peptide staining revealed that H,0, treatment decreased dendrit-
ic arborization of B16F10 cells, with a significant reduction in
dendritic length and number; HZC pretreatment ameliorated this
decrease, increasing dendritic length and number (Fig. 4A). West-
ern blot analysis demonstrated that H,0, treatment of B16F10
cells resulted in the downregulation of Rac1/2/3 and Cdc42 pro-
tein expression (Fig. 4B), which was dose-dependently amelior-
ated by HZC pretreatment. Finally, we determined the expres-
sion of E-cadherin, a key protein involved in melanocyte adhe-
sion, and the results showed that HZC pretreatment ameliorated
the H,0,-induced decrease in E-cadherin expression in B16F10
cells (Fig. 4C).

The skin, functioning as a barrier between the external envir-
onment and the human body, is subjected to oxidative stress
from both internal and external sources. Excessive ROS genera-
tion can adversely affect melanocytes, disrupting their normal
metabolism, proliferation, and differentiation, potentially lead-
ing to premature cellular senescence and epidermal cell shed-
ding *°. This study evaluated oxidative stress-related indices in
H,0,-treated B16F10 cells to explore the potential mechanisms
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of HZC intervention in premature melanocyte senescence and de-
tachment. Initially, DCFH-DA staining revealed that HZC signific-
antly reduces H,0,-induced ROS increase in B16F10 cells,
thereby improving the oxidative damage status of melanocytes
(Fig. 5A). Subsequently, zebrafish treated with H,0, and loaded
with DCFH-DA probe demonstrated HZC'’s in vivo antioxidant ca-
pacity, significantly reducing ROS levels and promoting antioxid-
ant activity (Fig. 5C). Organisms possess various antioxidant mo-
lecules, including superoxide dismutase (SOD), CAT, and GSH-Px.
SOD converts superoxide anions to O, and H,0,, while CAT and
GSH-Px catalyze the formation of H,0 and O,; these enzymes col-
lectively scavenge ROS and restore oxidation-reduction equilibri-
um *, Further investigation of HZC's effects on biochemical in-
dices in B16F10 cells revealed that HZC reduced H,0,-induced
MDA level increase and alleviated cellular oxidative damage, po-
tentially through increased activity of antioxidant enzymes SOD,
CAT, and GSH-Px (Fig. 6A). Mitochondria, as cellular energy meta-
bolism centers and primary sites of oxidative phosphorylation,
metabolize approximately 90% of cellular oxygen. While aerobic
respiration generates ATP, it simultaneously produces substan-
tial 0%, the main ROS source in the body. Under normal physiolo-
gical conditions, mitochondrial ROS are catalyzed to H,0 and O,
by antioxidant enzyme systems. Maintaining mitochondrial struc-
tural and functional integrity is crucial for basic cellular func-
tions *’. JC-1 staining demonstrated that HZC pretreatment effect-
ively ameliorated H,0,-induced reduction in mitochondrial mem-
brane potential (MMP), thus preserving melanocyte mitochondri-
al function integrity (Fig. 6B). Under normal physiological condi-
tions, Nrf2 protein levels are low due to Keap1-targeted ubiquit-
ination-dependent proteasomal degradation. Oxidative stress
modifies certain Keapl sensor cysteines, affecting its structure
and Nrf2 binding, allowing newly synthesized Nrf2 to accumu-
late and translocate to the nucleus, activating target genes includ-
ing HO-1 and NQO1 *>°* . Western blot analysis revealed that
HZC activates the Nrf2-ARE pathway, promoting downstream an-
tioxidant enzyme expression and exerting antioxidant effects
(Fig. 7A).

5. Conclusion

In conclusion, HZC demonstrated not only anti-inflammatory,
antimicrobial, and antineurological properties but also exhibited
potent antioxidative stress effects without cytotoxicity. This anti-
oxidative stress effect can be attributed to HZC'’s activation of the
Nrf2-ARE pathway, which enhances downstream antioxidant en-
zyme activity, mitigates oxidative damage, and intervenes in
melanocyte premature senescence and detachment. Further-
more, the study revealed that HZC promoted melanin production
through activation of the MAPK, PKA, and Wnt-f-catenin path-
ways, improving the condition of H,0,-treated melanocytes and
restoring melanocyte function. These findings suggest HZC as a
potential candidate for vitiligo treatment. However, further re-
search is required to determine whether Nigella sativa L. acts
through single or multiple components and to address safety con-
siderations.
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