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Abstract

Vitiligo is a chronic acquired depigmenting disorder characterized by progressive
melanocyte loss. Its pathogenesis involves a multifactorial interplay among oxidative
stress, impaired melanocyte regeneration, immune-mediated cytotoxicity, and neuroen-
docrine dysregulation. In recent years, traditional Chinese medicine (TCM)-derived active
ingredients have attracted increasing research interest as potential interventions for vitiligo,
although most isolated compounds remain at the preclinical stage. This review summarizes
pharmacological and natural compounds applied in vitiligo treatment and highlights their
regulatory mechanisms on core pathogenic modules. A comprehensive analysis of natural
and semisynthetic active ingredients is provided, covering their preclinical and clinical
evidence, mechanisms of action, and therapeutic relevance. Multiple ingredients, including
baicalein, quercetin, curcumin, paeoniflorin, kaempferol, glycyrrhizin, and epigallocatechin-
3-gallate (EGCG), have demonstrated antioxidant, anti-inflammatory, immunomodulatory,
and neuroprotective effects that are involved in the pathogenesis of vitiligo. Some TCM-
derived interventions, such as Ginkgo biloba L. extract and compound glycyrrhizin, have
been evaluated clinically, whereas most isolated active compounds, including baicalein
and quercetin, remain at the preclinical stage. Overall, TCM-derived active ingredients
represent a promising therapeutic strategy for vitiligo. However, continued translational
and clinical research is still required to optimize formulations, dosing regimens, and safety
profiles, thereby facilitating their integration into routine clinical practice.

Keywords: vitiligo; traditional Chinese medicine; oxidative stress; immunomodulation;
neuro—immune-skin axis

1. Introduction

Vitiligo is an acquired pigmentary skin disorder affecting 0.5-2% of the global pop-
ulation. It is characterized by progressive loss of melanocytes and formation of white
patches on the skin, which significantly impacts patients” quality of life, often leading to
social stigma, anxiety, and reduced self-esteem [1]. The pathogenesis of vitiligo is heteroge-
neous and involves interactions among genetic susceptibility [1], environmental factors
such as oxidative stress [2-5], chemical exposure [6], immune-mediated melanocyte de-
struction [7,8], impaired melanocyte adhesion and regeneration [1], and neuroendocrine
factors [1]. Oxidative stress contributes to melanocyte injury in vitiligo by impairing the
Nrf2-mediated antioxidant system and reducing the activity of enzymes, including catalase
(CAT) and glutathione peroxidase (GSH-Px) [2-5]. Certain chemicals, particularly phenolic
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and catecholic compounds, may cause chemical leukoderma or trigger vitiligo-like depig-
mentation [6]. Damaged melanocytes expose autoantigens, activating CD8* T cells, which
in turn produce inflammatory cytokines and promote targeted melanocyte destruction [7,8].
Concurrently, surrounding keratinocytes secrete abundant chemokines that further en-
hance T-cell recruitment, while psychological stress amplifies local inflammation via the
neuro-immune-skin axis [9,10]. The synergistic effects of multiple targets collectively make
vitiligo a difficult-to-treat skin disease.

In recent years, bioactive compounds derived from traditional Chinese medicine
(TCM) have emerged as promising candidates due to their multi-target properties. Exten-
sive evidence has suggested their potential anti-vitiligo effects, such as curcumin [11,12],
epigallocatechin-3-gallate [13,14], and other constituents. Numerous studies have also
elucidated their mechanisms of action. Baicalein restores redox balance via Nrf2-
mediated antioxidant signaling [15]. Quercetin inhibits melanocyte ferroptosis through the
Nrf2 /glutathione peroxidase 4 (GPX4) axis [16]. Demethylzeylasteral reduces immune-
mediated cytotoxicity by suppressing JAK/STAT signaling [17]. 3,5-Dicaffeoylquinic acid
promotes melanin synthesis in B16 cells through Wnt/ 3-catenin pathway activation [18].
Although existing studies have elucidated the therapeutic applications and potential mech-
anisms of various TCM active compounds in vitiligo, a systematic synthesis of this evidence
remains lacking.

Current first-line treatments for vitiligo include topical corticosteroids, calcineurin
inhibitors, NB-UVB phototherapy, and recently JAK inhibitors (e.g., ruxolitinib) [19-22].
Topical corticosteroids and calcineurin inhibitors suppress local T-cell activation and inflam-
matory cytokine production [1,23], while NB-UVB promotes Treg induction, melanocyte
migration, and modulation of the inflammatory microenvironment [24,25]. JAK in-
hibitors block IFN-y signaling and reduce CXCL10-mediated recruitment of autoreactive
CD8* T cells [23,26]. Notably, TCMs share certain immunomodulatory properties with
these conventional agents, including regulation of T-cell subsets and suppression of pro-
inflammatory cytokines [17,27-31]. However, TCMs offer distinctive advantages that are
not typically observed in first-line therapies, such as potent antioxidant effects via Nrf2 path-
way activation [15,32-34], direct promotion of melanogenesis through tyrosinase /MITF
upregulation [18,35], and multi-target holistic regulation that addresses the heterogeneous
pathogenesis of vitiligo [27,36-38]. These unique properties position TCMs as a valuable
therapeutic strategy with the potential to achieve more sustained repigmentation and
improved outcomes, particularly when integrated with existing treatment modalities.

In this review, we first summarize the clinical evidence for TCM-derived bioactive
compounds in vitiligo treatment; then, we discuss their regulatory mechanisms on vi-
tiligo pathogenic targets, including the modulation of redox balance, immune responses,
melanocyte regeneration, and neuro-immune—skin interactions. Based on these findings,
we construct a therapeutic landscape centered on vitiligo disease targets, illustrating the
multi-target actions of bioactive compounds. This review aims to provide a strategic
reference for future TCM-based drug development for vitiligo.

2. Methods

This review was conducted as a review. The literature was identified through sys-
tematic searches of the PubMed and Web of Science, covering publications from Jan-
uary 2000 to July 2026. Search terms included combinations of the following keywords:
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“vitiligo”, “leukoderma”, “melanocyte”, “autoimmunity”, “melanogenesis”, “pigmen-

/i /i

tation”, “repigmentation”, “traditional Chinese medicine”, “Chinese herbal medicine”,
77 " 17 "

“Uyghur medicine”, “medicinal plant”, “herbal formula”, “botanical extract”, “natural
product”, “bioactive compound”, “oxidative stress”, “Nrf2”, “mitochondrial dysfunction”,
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“autophagy”, “ferroptosis”, “immune regulation”, “JAK/STAT”, “chemokine”, and “neuro-
immune-skin axis”. Only English-language publications were considered for inclusion.
Eligible publications included original research articles, clinical trials, observational studies,
and peer-reviewed review articles. Conference abstracts, dissertations, books, editorials,
and commentaries were excluded.

Titles and abstracts were screened independently by two authors, and full texts were
retrieved for potentially relevant articles. Disagreements were resolved through discussion
or consultation with a third author. Additional relevant publications were identified by
manually screening the reference lists of included articles. The final selection was based on
relevance to the scope of this review, prioritizing high-quality evidence (e.g., randomized
controlled trials for clinical aspects and mechanistic studies with robust experimental
design for basic research).

We acknowledge that as a review, our selection was not exhaustive and may be subject
to selection bias; therefore, we have revised our language throughout the manuscript to
present our findings as an overview of representative evidence rather than a complete or
comprehensive summary of the entire field. Negative or inconclusive findings have been
included where available to provide a balanced perspective.

3. Clinical Translation and Evidence-Based Advances

3.1. Human Clinical Evidence
3.1.1. Topical Therapy

A small randomized, double-blind, placebo-controlled pilot study reported that topical
turmeric cream reduced lesion size and improved lesion appearance after four months
of treatment [11], but another systematic review on curcumin did not establish curcumin
as a validated photosensitizer for vitiligo-specific phototherapy [12]. These data support
curcumin/turmeric as a candidate adjunct, but not yet as a clinically established sensitizer
for phototherapy.

Chemical modification offers a strategy to overcome the pharmacokinetic limitations
of natural polyphenols, particularly low lipophilicity and poor transdermal permeability.
Peracetylation has been shown to increase epigallocatechin-3-gallate (EGCG) bioavail-
ability, and AcEGCG is rapidly converted intracellularly to EGCG [39]. Topical 0.5%
AcEGCG cream was associated with repigmentation and stabilization of depigmentation
in two patients with vitiligo [14]. A clinical study comparing topical EGCG with topi-
cal pimecrolimus detected no statistically significant between-group difference in VASI
improvement [13]. However, because the study was not designed as an equivalence or
non-inferiority trial, the absence of a statistically significant difference does not establish
equivalent or comparable efficacy.

In addition to these antioxidants, natural plant-derived oils may be useful in the
treatment of anatomically sensitive areas. Nigella sativa L. seed oil, rich in thymoquinone,
has antioxidant and immunomodulatory activity. A clinical study evaluating topical Nigella
sativa L. seed oil cream for vitiligo reported repigmentation in facial, acral, and genital
regions. Notably, in genital areas, >50% repigmentation was achieved in seven of eight
patients, with no adverse effects reported during the 6-month study; however, the small
sample size and lack of a placebo group preclude firm conclusions regarding safety [40].

3.1.2. Systemic Therapy

A randomized double-blind trial and an open-label pilot study collectively support
Ginkgo biloba L. extract (EGb) as a systemic antioxidant adjunct in vitiligo management,
demonstrating its ability to halt disease progression and induce repigmentation in some pa-
tients [41,42]. Compound glycyrrhizin (CG) has accumulated substantial clinical evidence
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as an immunomodulator in vitiligo. A meta-analysis of 39 randomized controlled trials
(RCTs) involving 3,994 patients reported improved repigmentation with CG-containing
combination therapy, while pooled adverse-event incidence was not increased (RR = 0.79,
95% CI: 0.62-1.00, P = 0.05); however, long-term safety remains insufficiently estab-
lished [43]. A recent RCT further supports CG as a potential steroid-sparing strategy
for vitiligo in children. In this comparative study, oral CG (OCG, 50-150 mg/d) and oral
prednisone (OP), each combined with phototherapy, both produced VASI improvement at
week 52, and no statistically significant between-group difference was detected. However,
given the small sample size (n = 50) and limited follow-up, these findings indicate short-
term tolerability rather than established long-term safety in children [44]. In a retrospective
study, adding TGP improved clinical outcomes, including greater repigmentation in head
and neck lesions and reduced serum oxidative stress markers, compared with NB-UVB
plus corticosteroid alone [45]. However, the independent contribution of TGP requires
prospective validation.

Oral TCM preparations have been evaluated in both clinical and preclinical settings. In
a prospective study of 233 patients with segmental vitiligo, Yigi Qubai granules combined
with a 308 nm excimer laser produced higher response and repigmentation rates than either
treatment alone [46]. By contrast, a single case report described spontaneous repigmenta-
tion during regular consumption of a turmeric-and-honey beverage; however, concurrent
reductions in psychological stress, adoption of a vegetarian diet, and avoidance of alcohol
preclude causal attribution to curcumin [47]. Table 1 summarizes the available human clini-
cal evidence for the topical, systemic, and combined TCM-derived interventions discussed
in this section.

Table 1. Human clinical evidence for topical and systemic TCM-derived interventions in vitiligo.

Therapeutic

Compound/

Source/ Main

Category Formula Constituent Evidence Type Intervention Outcomes/Implication Ref.
Reduced lesion size and
Randomized, improved lesion
double-blind Topical turmeric appearance in a pilot
placebo- cream; evaluation study; antioxidant and
Curcuma longa; . . ..
. . L controlled pilot as a potential anti-inflammatory
Curcumin/turmeric  curcumin-rich . . - -7 [11,12]
. study; systematic phototherapy- adjunctive potential; its
formulation . . L
review of compatible role as a photosensitizer
dermatological adjunct for vitiligo-specific
studies phototherapy remains
unconfirmed
.. . Marked repigmentation;
Peracetylated Clinical case Topical 0.5% . L )
ACEGCG EGCG derivative reports AcEGCG cream halted deplgm.entatlon (14]
Topical therapy progression
No statistically significant
o Topical EGCG between.-group difference
Green tea Clinical . in VASI improvement was
EGCG . versus topical A . [13]
polyphenol observation . : detected; equivalence or
pimecrolimus . S
non-inferiority was not
established.
Repigmentation was
Topical Nicella reported in facial, acral,
Nigella sativa L. Thymoquinone- .. P sena and genital lesions; no
. ; . Clinical study sativa L. seed oil [40]
seed oil rich plant oil cream adverse effects were

reported during the
6-month study.
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Table 1. Cont.
Therapeutic Compound/ Source/ . . Main
Category Formula Constituent Evidence Type Intervention Outcomes/Implication Ref.
Double-blind Halted disease
. . e . placebo- progression; induced
Glt’;‘g&:cliabu EGb; :;?;éldant controlled RCT; Oral EGb repigmentation in some [41,42]
open-label pilot patients; systemic
study antioxidant support
Improved repigmentation;
VASI improvement was
Glycyrrhizin- ; . Oral CG plus observed in both groups
Compound based 31\9/[?8;5 r.laley;ilzt?ifc phototherapy or  at week 52; equivalence or [43,44]
glycyrrhizin immunomodula- R,(?T immunosuppres- non-inferiority was not !
tor sants established; reduced
HMGB],; steroid-sparing
potential
Improved clinical
outcomes compared with
TGP plus NB-UVB plus oral
Systemic therapy Total elucosides Paconia Retrospective NB-UVB and oral ~ corticosteroid mini-pulse
of gaeon derivatives clinicag)s tud corticosteroid therapy alone; enhanced [45]
p y y mini-pulse repigmentation, especially
therapy in head and neck lesions;
reduced serum oxidative
stress markers
Higher response and
. . . Oral granules repigmentation rates than
Ylil;r?ulissl TCM formula cﬁi?ilapf ;::lllvde plus 308 nm either treatment alone; [46]
& y excimer laser improvements in selected
quality-of-life domains
Spontaneous
Curcumin- Curcumin- repigmentation occurred
.. containing . Long-term oral alongside multiple
containing herbal g ; Single case report . . : [47]
beverage multi-ingredient consumption lifestyle changes; no
& herbal beverage causal effect of curcumin

can be established

3.2. Preclinical Evidence

Apigenin is another promising candidate supported by evidence across multiple
experimental systems. In a hydroquinone-induced vitiligo model, topical apigenin at
concentrations of 1%, 2.5%, and 5% ameliorated depigmentation, reduced oxidative stress
and inflammatory markers, and increased the number of melanin-containing hair follicles,
with efficacy comparable to tacrolimus [48]. A recent study using zebrafish and human skin
explant showed that apigenin reversed phenylthiourea (PTU)-induced depigmentation in
zebrafish and increased melanin content in human skin tissue by approximately 1.3-fold.
These data provide pharmacodynamic support for developing topical formulations with
dual pro-melanogenic and photoprotective properties [35]. Artiri La Li Honey Pill (ALLHP)
showed antioxidant and pro-melanogenic effects in animal and zebrafish models by increas-
ing melanin content and tyrosinase levels and reducing malondialdehyde [49]. However,
these ALLHP findings remain preclinical and require clinical validation. Representative pre-
clinical and translational evidence, together with the corresponding experimental models
and translational limitations, is summarized in Table 2.
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Table 2. Preclinical evidence for topical and systemic TCM-derived interventions in vitiligo.

Compound/ . Main Pharmacodynamic Translational
Interxlf)ention Experimental Model Findings Y Interpretation/Limitation Ref.
Topical apigenin (1%, 2.5%,
and 5%) ameliorated Provides in vivo evidence
depigmentation, reduced  of pigmentation-related and
Hydroquinone-induced oxidative stress and antioxidant effects; the [48]
vitiligo mouse model inflammatory markers, and  chemically induced model
increased does not fully reproduce
melanin-containing hair autoimmune vitiligo
follicles
Supports pro-melanogenic
activity in vivo, but
Apigenin PTU-induced zebrafish Reversed PTU-induced zebrafish pigmentation
pigmentation model pigment suppression does not reproduce [35]
autoimmune melanocyte
destruction in human
vitiligo
Provides human
tissue-level
. Increased melanin content harmacodynamic
Human skin explants by approximately 1.3-fold evlzdence, butydoes not [35]
establish clinical lesional
repigmentation
Whole ALLHP formulation: o
.. . hemically induced . Supports antlox.ldan’F a.nd
Artiri La Li d ; Y . Increased melanin content pro-melanogenic activity;
Honey Pill epigmentation rat model, and tyrosinase levels and findings remain preclinical ~ [49]
y selected ALLHP constituents: y : & at pre
(ALLHP) reduced malondialdehyde and require clinical

zebrafish juvenile
melanin-suppression model

validation

4. Mechanisms of TCM Ingredients in Vitiligo
4.1. Remodeling Redox Homeostasis

Oxidative stress is considered an important driver in the pathogenesis of vitiligo [50].
Such stress commonly causes melanocyte damage, including mitochondrial dysfunction,
impaired autophagic flux, ferroptosis, endoplasmic reticulum (ER) stress, and apoptosis.
For TCM-derived ingredients, the central question is whether they can restore endogenous
stress-response systems in melanocytes and in the surrounding epidermal microenvironment.

4.1.1. Targeting Nrf2 to Enhance Antioxidant Defense

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a central mediator of cellular resis-
tance to oxidative stress [51]. Under physiological conditions, Kelch-like ECH-associated
protein 1 (Keap1) anchors Nrf2 in the cytoplasm for proteasomal degradation. Upon oxida-
tive stress, dissociation of the Keapl/Nrf2 complex protects cells against mitochondrial
dysfunction [52]. However, melanocytes in vitiligo exhibit functional defects in the Nrf2-
antioxidant response element (ARE) pathway, impairing ARE-mediated transcription [53].
Therefore, reactivating the Nrf2-ARE /heme oxygenase-1 (HO-1) axis is a key strategy for
restoring melanocyte antioxidant capacity. TCM active ingredients with diverse chemical
structures may feed into this pathway through different routes.

Pharmacological rescue experiments supported the involvement of these pathways.
Polyphenolic compounds and flavonoids protect melanocytes from oxidative injury mainly
through the Nrf2/ARE antioxidant defense axis. Paeonol, baicalein, and apigenin activate
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Nrf2 signaling in melanocytes, leading to increased expression of antioxidant enzymes,
such as HO-1, superoxide dismutase 2 (50D2), CAT, and GSH-Px, while reducing MDA
accumulation [15,32,33]. In addition, kaempferol activates Nrf2/ ARE-regulated genes,
including HO-1, glutamate-cysteine ligase catalytic subunit (GCLC), and NAD(P)H quinone
dehydrogenase 1 (NQO1) in HaCaT keratinocytes, suggesting that flavonoids may also
support melanocyte survival by improving the epidermal oxidative microenvironment [54].
Collectively, these studies position the Nrf2/ARE axis as a well-supported antioxidant
target, though the strength of evidence varies by compound and model system.

Paeoniflorin, a terpene glycoside derived from Paeonia lactiflora Pall., regulates Nrf2
signaling via multiple mechanisms. First, through the c-Jun N-terminal kinase (JNK)-
dependent pathway, paeoniflorin increased JNK phosphorylation without significantly
affecting p38 or extracellular signal-regulated kinase (ERK) in HyO;-treated PIG1 and
PIG3V human melanocyte models. Inhibition of JNK by its inhibitor SP600125 suppresses
paeoniflorin-induced Nrf2 nuclear translocation and HO-1 expression, supporting a role
for JNK as an upstream kinase [34]. Second, recent research highlights a non-canonical
mechanism involving crosstalk between the cytoskeletal adapter protein PDZ and LIM
domain protein 1 (PDLIM1) and the RhoA /ROCK1 (Ras homolog family member A /Rho-
associated coiled-coil containing protein kinase 1) axis. PDLIM1 deficiency exacerbates
oxidative sensitivity, whereas paeoniflorin confers protection by restoring the PDLIM1-Nrf2
axis [55], linking cytoskeletal dynamics to antioxidant defense in melanocytes.

Standardized botanical extracts may provide broader cytoprotection through the com-
bined actions of multiple constituents. Ginkgo biloba L. extract (EGb761) was associated with
activation of the Nrf2/ ARE pathway in melanocytes [56], significantly elevating cellular re-
sistance to oxidative stress. Importantly, these protective effects extend beyond melanocytes
to fibroblasts and endothelial cells, potentially reducing UVB-induced cytotoxicity and
inflammatory cascades at the tissue level [57,58].

4.1.2. Regulating Mitochondrial Homeostasis and Autophagy

Mitochondrial dysfunction and impaired autophagic flux represent additional core
pathogenic mechanisms of melanocyte oxidative damage [59,60]. Melanocytes in vitiligo
exhibit autophagic dysregulation, rendering them hypersensitive to hydrogen perox-
ide (HyOy)-induced oxidative stress [61]. Polyphenols and flavonoids primarily inhibit
mitochondria-dependent apoptotic pathways. Epigallocatechin-3-gallate (EGCG), a green
tea-derived catechin from Camellia sinensis (L.) Kuntze, and its semisynthetic derivatives
protect melanocytes against oxidative injury. In HyO,-treated PIG1 human melanocytes,
pretreatment with EGCG or the semisynthetic caffeic acid derivative WSY6 (6.25, 12.5,
or 25 pM for 1 h), followed by exposure to 1 mM HyO, for 1 h, dose-dependently re-
duced oxidative cytotoxicity, with WSY6 exhibiting greater antioxidant potency [62]. In
HyO;-stressed human epidermal melanocytes, AcCEGCG reduced ROS generation and
p38 MAPK phosphorylation, restored mitochondrial membrane potential, and attenuated
apoptosis [63]. WSY6 limits cytochrome c release from mitochondria, thereby preventing
downstream caspase-9 and caspase-3 activation [62]. Similarly, in PIG1 human melanocytes
pretreated with baicalein (10, 20, or 40 uM) for 1 h before exposure to 1.0 mM H,O, for
24 h, baicalein concentration dependently reduced p38 MAPK phosphorylation, preserved
mitochondrial membrane stability, and attenuated apoptosis, while ERK phosphorylation
was not significantly affected [64].

Beyond single-compound treatment, alkaloids suggest a possible route for organelle re-
pair. Mesenchymal stem cells (MSCs) are promising candidates for autoimmune dermatoses
due to their immunomodulatory and tissue-repair capacities [65]. Preclinical studies
show that MSCs modulate the phosphatase and tensin homolog (PTEN)/phosphoinositide
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3-kinase/protein kinase B (PI3K/AKT) pathway to influence melanocyte proliferation
and apoptosis, while also regulating cytokine secretion and T-cell balance [66]. Cap-
saicin, the primary pungent alkaloid in chili peppers (Capsicum spp.) [67], has been
evaluated in combination with MSCs. A recent study showed that combined treatment
with capsaicin and MSCs improved mitochondrial function in PIG3V melanocytes and
was associated with inhibition of the heat shock protein 70 (HSP70)/Toll-like receptor 4
(TLR4)/mechanistic target of rapamycin (mTOR)/focal adhesion kinase (FAK) signaling
axis [68]. These findings indicate an enhanced combined-treatment effect rather than
confirmed pharmacological synergy.

Peng et al. investigated Lycium barbarum polysaccharide (LBP) in PIG1 human
melanocytes exposed to HyO,. LBP increased the expression of autophagy-related pro-
teins, including Beclin 1, LC3-1I, and Atg5, and increased autophagic vacuoles observed
by transmission electron microscopy. Rapamycin enhanced, whereas 3-MA attenuated,
the LBP-associated increase in Beclin 1 expression and melanocyte viability. Nrf2 overex-
pression and knockdown experiments further supported the involvement of the Nrf2/p62
pathway in these autophagy-associated and cytoprotective effects [69].

4.1.3. Modulating Ferroptosis-Related Processes and Endoplasmic Reticulum Stress

Beyond traditional apoptosis, ferroptosis and ER stress are increasingly recognized as
key contributors to melanocyte loss in vitiligo [60]. Ferroptosis is an iron-dependent, lipid
peroxidation-mediated form of regulated cell death closely linked to redox imbalance. In
vitiligo, oxidative stress may promote iron dyshomeostasis, glutathione depletion, lipid
ROS accumulation, and GPX4 dysfunction, thereby increasing melanocyte susceptibility to
ferroptosis [16]. Moreover, interferon-gamma (IFN-vy), a central autoimmune mediator in
vitiligo, can synergize with oxidative stress to aggravate glutathione depletion and lipid
peroxidation, further amplifying ferroptosis-related melanocyte damage [70]. Pharmaco-
logical targeting of this immunity-metabolism crosstalk may therefore provide a potential
therapeutic strategy for vitiligo.

Several TCM-derived ingredients have been reported to modulate ferroptosis-associated
iron dysregulation. In an RSL3/FAC-treated human melanocyte injury model, baicalein
reduced transferrin receptor 1 (TFR1) expression, limited intracellular iron accumulation and
lipid ROS, and increased GPX4 expression, changes consistent with attenuation of ferroptosis-
related injury [71]. In erastin-treated melanocytes, curcumin reduced iron accumulation
and MDA, restored GSH and SOD levels, increased GPX4, and decreased acyl-CoA syn-
thetase long-chain family member 4 (ACSL4) and TFR1; ferrostatin-1 (Fer-1) similarly rescued
erastin-induced injury, providing functional support for ferroptotic cell death in this model.
Curcumin-mediated protection was associated with Nrf2/HO-1 activation, and Nrf2 inhibi-
tion with ML385 attenuated this effect [72]. Similarly, quercetin reduced lipid peroxidation
and ferroptosis-associated changes in hydroquinone-induced guinea pig and B16 cell models;
partial loss of protection after Nrf2 knockdown supported the involvement of the Nrf2/GPX4
axis [16]. In RAS-selective lethal 3 (RSL3)-induced models, kaempferol reduced the labile
iron pool and lipid ROS and increased GPX4, SOD, and CAT; loss of protection after GPX4
knockdown supported GPX4-dependent cytoprotection [73].

Beyond ferroptosis, purslane total flavones (PTFs) from Portulaca oleracea L. support
melanocyte survival by maintaining organelle homeostasis, activating the PI3K/AKT pro-
survival pathway, downregulating the B-cell lymphoma 2-associated X protein/B-cell lym-
phoma 2 (Bax/Bcl-2) apoptotic ratio and scavenging ROS to inhibit apoptosis [74-76]. Addi-
tionally, terpenes from Ginkgo biloba L. extract act via non-canonical pathways, suppressing
H,0O»-induced overactivation of ER stress signals such as the protein kinase RNA-like en-
doplasmic reticulum kinase/eukaryotic translation initiation factor 2 alpha (PERK/elF2«x)
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axis, thereby protecting melanocytes from unfolded protein response-mediated apopto-
sis [77]. These data suggest a multi-node protective effect; however, most evidence remains
model-dependent. This distinction is important when considering whether ferroptosis-
or ER stress-targeted natural compounds can be translated into clinically useful interven-
tions for vitiligo. The redox-related mechanisms discussed in this section are summarized
in Figure 1. Representative mechanistic evidence for TCM-derived active ingredients in
vitiligo-related models is summarized in Table 3.

4.2. Promoting Melanin Synthesis and Melanosome Transport

Repigmentation requires more than the mere induction of melanin synthesis.
Melanocyte stem cells (McSCs) must be activated, newly differentiated melanocytes must
survive in the lesional environment, and melanosomes must be transferred efficiently
to keratinocytes. Microphthalmia-associated transcription factor (MITF) and tyrosinase-
family enzymes remain central to this process, but their activity depends on upstream
signals such as Wingless/Int-1 (Wnt)/3-catenin, cyclic adenosine monophosphate /protein
kinase A /cAMP response element-binding protein (cAMP/PKA /CREB), and MAPK path-
ways [78-80]. In this section, TCM-derived ingredients are discussed according to the stage
of repigmentation they are most likely to influence.

4.2.1. Activating Wnt/ 3-Catenin and cAMP/PKA Signaling Pathways to Promote
Melanocyte Melanin Synthesis

The Wnt/ 3-catenin and cAMP /PKA pathways are canonical signaling cascades in-
volved in melanogenesis. TCM-derived active ingredients may influence these processes
through different signaling mechanisms.

Coumarins, such as psoralen and its derivatives from Cullen corylifolium (L.) Medik.
[syn. Psoralea corylifolia L.], are primary agents in vitiligo therapy. These compounds func-
tion as both DN A-intercalating photosensitizers and potent activators of the cAMP/PKA
pathway, acting in conjunction with ultraviolet (UV) radiation to upregulate TYR activ-
ity and stimulate melanocyte proliferation [81,82]. Network pharmacology combined
with LC-MS/MS and experimental validation identified bergaptol as an active metabolite.
Bergaptol increased p38 phosphorylation, reduced ERK phosphorylation, and enhanced
MITF-mediated expression of TYR, TRP-1, and TRP-2. The melanogenic effect was vali-
dated in a PTU-induced zebrafish pigmentation model [83].

Phenolic acid derivatives from Baccharoides anthelmintica (L.) Moench [syn. Vernonia
anthelmintica (L.) Willd.], a staple of Uyghur medicine, were associated with activation of
Wnt/ 3-catenin-related signaling. Among these, 3,5-dicaffeoylquinic acid (3,5-diCQA) acts
as a Wnt agonist by inhibiting glycogen synthase kinase 3 beta (GSK3) activity, preventing
[3-catenin phosphorylation and degradation. This promotes {3-catenin accumulation and
nuclear translocation, where it complexes with lymphoid enhancer-binding factor/T-cell
factor (LEF/TCF) to initiate MITF transcription [18]. In addition, CAM-Y7, an active
extract/fraction isolated from B. anthelmintica seeds, contains caffeoylquinic acids, sesquiter-
penoids, and flavonoids and promotes melanogenesis by activating the p38/MAPK-MAPK-
activated protein kinase 2 (MAPKAPK?2) axis, thereby upregulating MITF-induced ty-
rosinase expression. In vivo, oral administration of CAM-Y7 increased skin and hair
pigmentation and attenuated chemically induced pigment loss in hydroquinone-treated
mice and HyO,-treated guinea pigs, with histological analyses confirming epidermal and
follicular melanogenesis [84]. This work links chemical profiling with pathway prediction,
mechanistic validation, and visible pigment recovery in animal models, although it remains
preclinical and requires testing in human lesions.
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Table 3. Representative preclinical and mechanistic evidence for TCM-derived active ingredients in vitiligo-related models.
Active Source/ Experimental Targets/ Mechanistic . Mechanistic
Ingredient Class Model Pathways Validation Main Effects Implication Ref.
. Nrf2 siRNA .
Phenolic Oxidative Nrf2/ARE, HO-1, knockdown; nuclear- Ac't1v.ated Nrf2 and o
compound Iy X antioxidant enzymes; Antioxidant
Paeonol o melanocyte injury SOD2, CAT, translocation and 1 [32]
occurring in reduced MDA and oxidative defense
. model GSH-Px, MDA target-gene -
Paeonia spp. . injury.
expression assays
Nrf2 siRNA Antioxidant
knockdown; p38 Enhanced antioxidant defense;
Oxidative injury Nrf2/ARE, p38 phosphoryla- defense, stabilized mitochondrial
Baicalein Flavonoid and ferroptosis MAPK, TFR1, tion/apoptosis mitochondria, restricted iron protection; [15,64,71]
models GPX4 assays; uptake, and promoted modulation of
ferroptosis-marker  lipid-peroxide detoxification. ferroptosis-related
assays changes
Increased Nrf2-associated
Hzgiﬁ:ited Nrf2 knockdown; antioxidant responses;
melanocvtes: Nrf2/ARE, HO-1, histopathol- attenuated chemically
hvdro uizoné— SOD2, CAT, ogy/IHC; induced pigment loss; Antioxidant and
Apigenin Flavonoid yaroq GSH-Px, ¢-KIT/RSK inhibitor increased melanogenesis and  pro-melanogenic [33,35,48]
induced mouse o . ) .
model: human c-KIT/Raf- testing; c-KIT siRNA; melanosome transport activity
epi d’ermal 1/MAPK/CREB MST direct-binding through p38 MAPK- and
P assay -KIT/Raf-1/MAPK /CREB-
melanocytes . . .
associated signaling.
HaCaT Nrf2/ARE, HO-1, Network pharmacol- Strengthened epidermal Arétel?;f:‘nt
Kaempferol Flavonoid oxidative-stress GCLC, NQO1, ogy/molecular antioxidant defense; reduced modula tior’l of [54,73]
p and RSL3 GPX4, labile iron, docking; GPX4 iron and lipid ROS; restored ferroptosis-related ’
ferroptosis models lipid ROS siRNA knockdown  GPX4-dependent protection. P

changes

https:/ /doi.org/10.3390/ph19091333


https://doi.org/10.3390/ph19091333

Pharmaceuticals 2026, 19, 1333 11 of 31
Table 3. Cont.
Active Source/ Experimental Targets/ Mechanistic . Mechanistic
Ingredient Class Model Pathways Validation Main Effects Implication Ref.
Monoterpene JNK inhibitor Promoted Nrf2 nuclear Antioxidant
lvcoside dl::erive d Oxidative JNK/Nrf2/HO-1, (SP600125); translocation and HO-1; defense:
Paeoniflorin ~ © yfrom Paconia melanocyte injury PDLIM1-Nrf2, PCR-array /WB; restored PDLIM1-Nrf2 c toskeletal-;e dox [34,55]
; models RhoA /ROCK1 PDLIMI1 siRNA signaling and reduced y .
lactiflora Pall. . o regulation
knockdown oxidative sensitivity.
Standardized N2 SiIRNA
Ginkgo biloba ez);(itzf)%;tf flggzlé‘go Oxidative- or knockdown; MAPK Increased resistance to Antioxidant
extract containin. ﬂavor’le UVB-stressed skin Nrf2/ARE phosphorylation/  oxidative stress and reduced defense; tissue [56-58]
EGb761 glycosic%es and cells cytokine-expression UVB-induced cytotoxicity. cytoprotection
terpene lactones assays
MAPK inhibitor
Green tea-derived testing (injury Dose—dependgntly o
. H;0O;-treated PIG1 1 attenuated HyO,-induced Antioxidant
EGCG catechin from human Oxidative model); p38 oxidative injury and defense; [62]
Camellia sinensis cytotoxicity phosphoryla- . Jury g
(L.) Kuntze melanocytes tion/ROS /viability improved melanocyte cytoprotection
’ assays survival
Peracetylated .
. . Reduced ROS generation and . .
s;gjlizg’;}:gegf H,O,-treated Rr?lis{olzziirﬁﬁlajf * p38 phosphorylation; p38 MAPK activation, Mltgt};ggggal
AcEGCG EGCG from human epidermal membrane ROS/mitochondrial / restored mitochondrial I; o tosisl [63]
Camellia sinensis melanocytes otential apoptosis assays membrane potential, and ir?hi‘tp;ition
(L) Kuntze p inhibited apoptosis.
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Table 3. Cont.
Active Source/ Experimental Targets/ Mechanistic . Mechanistic
Ingredient Class Model Pathways Validation Main Effects Implication Ref.
ROS, I\{[I;:EE H(lihnl.?:;or Reduced oxidative stress, Antioxidant
Semisynthetic ~ H,Op-treated PIG1  p38/ERK/JNK & yury MAPK activation,
A model); MAPK defense;
WSY6 caffeic acid human MAPK, . cytochrome c release, and . . [62]
o phosphorylation; . . mitochondrial
derivative melanocytes cytochrome c, mitochondria-dependent .
cytochrome- . protection
caspase-9/3 apoptosis.
c/caspase assays
Capsaicinoid Improved mitochondrial
derived from HSP70 dysfunction-related
Capsaicin Capsicum spp.; PIG3V Verexbression: co- outcomes and modulated Mitochondrial
combined evaluated in mitochondrial HSP70/TLR4/mTOR /.IQAEr press L HSP70/TLR4/mTOR /FAK- homeostasis; [68]
. . . . immunoprecipitation; . . . .
with MSCs combination with  dysfunction model associated signaling under organelle repair
RT-qPCR/WB . &
mesenchymal stem combined capsaicin and
cells MSC treatment.
Lycium Rapamycin/3-MA
Y Polysaccharide H,0O;-induced . modulation; Nrf2 Promoted Nrf2 translocation Antioxidant
barbarum . .. Nrf2/p62, Beclin 1,
fraction from melanocyte injury overexpres- and autophagy; enhanced  defense; autophagy [69]
polysaccha- Lucium barb L del LC3-II, Atg5 ion /knockd ) liferati q ival lati
ride ycium barbarum L. mode sion/knockdown; proliferation and survival. regulation
RT-PCR/WB/TEM
. Network pharmacol- Activated antioxidant
Polyphenolic Erastin-induced ogy/molecular signaling; modulated Antioxidant
. diarylheptanoid Nrf2/HO-1, GPX4, . . . .
Curcumin . melanocyte docking; Fer-1 ferroptosis-related proteins;  defense; ferroptosis [72]
derived from . ACSL4, GSH, SOD ) . L
ferroptosis model rescue; Nrf2 reduced iron accumulation inhibition

Curcuma longa L.

inhibitor (ML385)

and lipid peroxidation.
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Table 3. Cont.
Active Source/ Experimental Targets/ Mechanistic . Mechanistic
Ingredient Class Model Pathways Validation Main Effects Implication Ref.
xe;:fgl‘:;ﬁé Activated Nrf2/GPX4 and
Flavonoid: Yubai Hydroquinone- anal sis‘ Nrf2 reduced lipid peroxidation; Antioxidant
Quercetin ! induced guinea pig Nrf2/GPX4 . YSIS, Nrf2 inhibition with ML385  defense; ferroptosis [16]
Wan constituent inhibitor (ML385); . e
and B16 models . partially attenuated the inhibition
ferroptosis-marker :
protective effect.
assays
Network pharmacol-
Total flavonoid Oxidative stress ogy/molecular Scavenged RQS’ preserve d Antioxidant
Purslane total extract from and apoptosis PI3K/AKT, docking; PI3K organelles, activated survival defense: apoptosis [74]
flavones (PTF) pop Bax/Bcl-2, ROS inhibitor (LY294002); signaling, and reduced nse; apop
Portulaca oleracea L. models . . inhibition
WB/functional apoptosis.
assays
CAT/GPx1 mRNA,;
Sesquiterpene elF2x phosphoryla- Suppressed excessive ER-stress
Bilobalide trilactone from H,0,-induced PERK/elF2alpha tion/ CI_.IOI? ER-stress s1gr}a11ng and 1nh1b1t1qn ' [77]
Ginkgo biloba L ER-stress model expression; unfolded-protein-response- apoptosis
' ROS/apoptosis mediated apoptosis. inhibition
assays
Trad1t1on.al Chemically
honey-pill
formulation induced Increased epidermal melanin
containin depigmentation rat TYR. MDA AChE Biochemical / content, melanin-containing
Artiri La Li multiple he ial model; zebrafish M:A O s ’e cific ! histological hair follicles, and TYR levels;  Antioxidant and
Honey Pill P o juvenile melanin- . 7 SP phenotyping; reduced MDA, AChE, and pro-melanogenic [49]
constituents; active . signaling pathway . . . . .
(ALLHP) suppression model . zebrafish constituent ~ MAOQ; selected constituent activity
compounds ‘ lected not established . dsi d
include bakuchiol or selecte screening compounds increase
luteolin. carvone ! ALLHP melanin area in zebrafish.
and pls oralen ! constituents
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Figure 1. Redox regulation and melanocyte protection by TCM-derived ingredients. TCM-derived
active ingredients protect melanocytes from oxidative stress-related injury through interconnected cy-
toprotective mechanisms. First, polyphenols, flavonoids, polysaccharides, and standardized botanical
extracts activate the Keap1/Nrf2/ARE antioxidant defense axis, promoting Nrf2 nuclear translo-
cation and increasing the expression of antioxidant and phase II detoxifying enzymes, including
HO-1, NQO1, GCLC, SOD2, CAT, and GSH-Px. These changes reduce ROS accumulation, lipid
peroxidation, and oxidative damage. Second, EGCG derivatives and baicalein preserve mitochondrial
function partly by suppressing p38 MAPK phosphorylation, whereas WSY6 blocks cytochrome c re-
lease and capsaicin combined with MSCs attenuates HSP70/TLR4/mTOR/FAK-associated signaling.
These effects help restore mitochondrial membrane potential, reduce mitochondrial ROS production,
and inhibit caspase-9/3-dependent apoptosis. Third, LBP promotes Nrf2 nuclear translocation and
activates p62/SQSTM1-associated autophagy signaling, leading to the upregulation of Beclin 1,
LC3-II, and Atg5. These findings indicate modulation of autophagy-associated signaling and were
accompanied by improved melanocyte survival in the reported model. Whether autophagic flux was
restored requires confirmation using dynamic turnover assays. Fourth, baicalein, curcumin, quercetin,
kaempferol, and EGb761-derived components modulate ferroptosis-related and ER-stress-associated
melanocyte injury by modulating the TFR1/Fe?*/ ACSL4/lipid ROS/GPX4 axis and suppressing
PERK/elF2«x-related ER stress signaling. Together, these mechanisms attenuate oxidative injury,
mitochondrial dysfunction, apoptosis, ferroptosis-related injury, and ER stress, thereby supporting
melanocyte survival. This figure was created by Figdraw.
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TCM formulas may exert multi-pathway effects through the combined actions of mul-
tiple components. Erzhi Pill, a classical formula, primarily targets the cAMP/PKA /CREB
axis. It elevates intracellular cAMP levels to relieve the inhibition of protein kinase A (PKA)
by its regulatory subunits, leading to CREB phosphorylation and activation, which drives
MITF-dependent transcription of melanogenic enzymes and increases pigmentation-related
outcomes in zebrafish [85]. Clematis tangutica (Maxim.) Korsh. leaf and stem extracts
enhanced melanogenesis in B16F10 cells and zebrafish through cAMP /PKA /CREB signal-
ing. PKA inhibition reduced the melanogenic effect. In a monobenzone-induced mouse
model, the stem extract increased melanin content and TYR activity and reduced TNF-«,
IL-6, and IL-1p levels [86]. Similarly, Artiri La Li Honey Pill (ALLHP) is a multi-component
traditional preparation containing candidate constituents such as bakuchiol, luteolin, car-
vone, and psoralen. In a chemically induced depigmentation rat model, ALLHP increased
epidermal melanin content, the number of melanin-containing hair follicles, and TYR levels,
while reducing MDA, AChE, and MAO levels. In a zebrafish juvenile melanin-suppression
model, several constituent compounds of ALLHP, including carvone, luteolin, psoralen,
and bakuchiol, increased the melanin area [49]. These findings indicate antioxidant and
pro-melanogenic effects in preclinical models. However, the contribution of individual con-
stituents, the specific signaling pathways involved, pharmacological synergy, and clinical
efficacy in patients with vitiligo have not been established.

4.2.2. Modulating the MAPK Network to Enhance Melanin Synthesis and Transport

The mitogen-activated protein kinase (MAPK) signaling cascade serves as a central
hub governing melanocyte fate. Within this network, the activation of p38 and JNK
provides the primary positive drive for melanocyte differentiation and melanin synthesis.
In contrast, the ERK pathway exhibits significant context-dependent effects, maintaining a
dynamic balance between proliferation and pigment production. TCM active ingredients
demonstrate precise targeted intervention capabilities within this complex kinase network.

In a hydroquinone-induced C57BL/6 mouse model, apigenin attenuated depigmen-
tation [48]. In human epidermal melanocytes, apigenin (10 uM) activated the ¢-KIT/Raf-
1/MAPK/CREB pathway, increased MITF expression, and promoted melanogenesis,
melanosome maturation, and transport. Importantly, apigenin also increased melanin
content in human skin explants and promoted melanin transfer to keratinocytes [35].
Several flavonoids and flavonoid glycosides converge on MITF-centered melanogenic
signaling. In PTU-treated B16F10 cells, galangin (1-2 uM for 24 h) increased melanogen-
esis together with p38 and JNK phosphorylation, whereas ERK1/2 was not significantly
affected [87]. In B16F10 melanoma cells, isoquercitrin (1040 uM for 24 h) increased
p38 phosphorylation and further enhanced MITF activity and the expression of down-
stream melanogenic enzymes, including TYR and tyrosinase-related proteins 1 and 2
(TRP-1 and TRP-2), pharmacological inhibition of p38 attenuated this melanogenic re-
sponse [88]. Kaempferol and epimedin B further promote melanocyte dendritic extension
and melanosome transport through MAPK/PI3K/AKT and AKT/GSK33 / 3-catenin signal-
ing, respectively, thereby facilitating melanin transfer to neighboring keratinocytes [89,90].
In normal human melanocytes, Paeoniflorin (10 ug/mL for 48 h) promoted melanogenesis
through the ERK/CREB-MITF pathway and increased TRP-1 expression, whereas p38 and
JNK were not significantly affected [91]. The melanogenesis- and pigmentation-related
mechanisms discussed in this section are summarized in Figure 2.
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Figure 2. TCM-derived ingredients regulate melanogenesis and pigmentation-related processes.
TCM-derived active ingredients may promote pigmentation-related processes by regulating
melanocyte proliferation, differentiation, melanogenic enzyme expression, and melanosome matura-
tion and transfer. Psoralen derivatives from Cullen corylifolium act as photosensitizers and, together
with UV irradiation, activate cAMP/PKA /CREB signaling, thereby increasing MITE-dependent
tyrosinase activity and melanin synthesis. Bergaptol increased p38 phosphorylation and reduced
ERK phosphorylation, accompanied by increased activation of MITF-related melanogenic signaling
and downstream enzyme expression in the reported model. Phenolic acid derivatives from Bac-
charoides anthelmintica, particularly 3,5-dicaffeoylquinic acid, activate Wnt/ 3-catenin signaling by
inhibiting GSK3f3, promoting (3-catenin accumulation and LEF/TCF-mediated MITF transcription.
CAM-Y7 enhances melanogenesis through the p38 MAPK/MAPKAPK?2 axis, whereas Erzhi Pill
activates the cAMP/PKA /CREB pathway. Galangin, isoquercitrin, paeoniflorin, epimedin B, and
kaempferol further regulate MAPK, PI3K/AKT, and 3-catenin-related pathways to increase MITF,
TYR, TRP-1, and TRP-2 expression. Epimedin B and kaempferol also promote melanocyte dendricity,
melanosome maturation, and melanosome transfer to keratinocytes. Together, these findings support
pro-melanosome-transfer activities in preclinical models. This figure was created by Figdraw.

4.3. Remodeling the Immune Microenvironment

Immune modulation is relevant to vitiligo because autoreactive CD8" T cells and the
IFN-y-CXCL9/10-CXCR3 axis, in which CXCL9/10 denotes C-X-C motif chemokine ligands
9/10 and CXCR3 denotes C-X-C motif chemokine receptor 3, are linked to pathways that
can be targeted clinically [23,27,92,93]. JAK inhibitors show that blocking this circuit can
induce repigmentation, but relapse after discontinuation suggests that pathway inhibition
alone may not restore durable immune tolerance. The studies reviewed here raise a
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more specific question: can TCM-derived ingredients reshape this immune circuit by
reducing chemokine-driven T-cell recruitment, limiting inflammatory signal transduction,
or strengthening regulatory immune responses?

4.3.1. Targeting T-Cell-Mediated Autoimmune Responses by Modulating Jak/Stat
Signaling and Chemotactic Networks

The autoimmune destruction of melanocytes in vitiligo is largely driven by persis-
tent activation and epidermal recruitment of CD8" T cells. This process depends on
pro-inflammatory cytokine signaling, particularly the interferon-y (IFN-y)-dependent
JAK/STAT pathway, as well as downstream chemokine networks, the CXCL9/10-CXCR3
axis [26,94-97]. Demethylzeylasteral (T-96), a triterpenoid isolated from Tripterygium
wilfordii Hook. f., has been described as a novel natural JAK inhibitor [17]. Mecha-
nistic studies showed that T-96 may interact with the JAK3 kinase domain and inhibit
JAK3/STAT5-associated signaling. In hydroquinone-induced mouse models, T-96 reduced
skin-infiltrating CD8* T cells and downregulated CXCL9/10 expression with efficacy
comparable to the JAK inhibitor tofacitinib in this experimental model, without caus-
ing significant systemic toxicity. These findings support further evaluation of T-96 as an
immunomodulatory candidate for vitiligo [17].

In addition to direct kinase inhibition, Lycium barbarum polysaccharides (LBPs) may
modulate immunity indirectly through STAT3-dependent signaling. In vitiligo mouse mod-
els, oral LBP administration significantly inhibited STAT3 phosphorylation and reduced the
expression of HSP70 and CXCL9/10, thereby suppressing upstream signals that promote
CD8* T-cell recruitment. LBPs also decreased the release of multiple pro-inflammatory
cytokines, including interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-«), and IFN-y,
suggesting activity at several points on the STAT3-HSP70-CXCL9/10 axis [28].

Modulation of chemokine networks and innate immune activation is another way
to limit autoreactive T-cell infiltration. Rubia cordifolia L. extract, a primary component
of classical Uyghur medicine, has been shown to inhibit the IFN-y-CXCL10-CXCR3 axis.
Mechanistically, it reduces STAT1 phosphorylation and downregulates CXCL9/10 and
CXCR3 expression, thereby blocking CD8" T cell chemotaxis toward the epidermis. In
parallel, it modulates the metabolism of pro-inflammatory lipid mediators, including
lysophosphatidylcholine (LPC) and leukotriene B4 (LTB4). This broader pattern of ac-
tivity lowers IFN-y, TNF-« and interleukin-17A (IL-17A) levels and creates a less in-
flammatory cutaneous immune microenvironment that mitigates autoimmune damage
to melanocytes [29]. Sappanone A, an isoflavonoid isolated from Caesalpinia sappan L.,
protected melanocytes from HyO;-induced injury and reduced HMGB1-associated inflam-
matory signaling in keratinocytes. In monobenzone-treated mice, it attenuated pigment
loss and CD8" T-cell infiltration, while transcriptomic and molecular-docking analyses
implicated Wnt5a-associated noncanonical Wnt signaling as a candidate mechanism [98].

Galangin also illustrates how regulation of innate immune cells can indirectly suppress
T-cell-mediated melanocyte injury. Galangin was shown to bind directly to Annexin
A2 (ANXA?2), as demonstrated by surface plasmon resonance (SPR), and accelerate its
protein degradation in macrophages. This process suppresses macrophage overactivation
and reduces the subsequent production of pro-inflammatory cytokines and chemokines.
By modulating the ANXA2-macrophage—chemokine axis, galangin indirectly restricts
cytotoxic T-cell recruitment into skin tissues, thereby reducing immune-mediated attack
against melanocytes [99].

4.3.2. Inducing Treg Differentiation to Restore Local Immune Tolerance

Tregs exhibit immunosuppressive function, effectively inhibiting the excessive ex-
pansion of effector CD8" T cells. However, vitiligo patients show functional defects in
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Tregs [100-102]. Fufang Heibai (FHB) is a classic preparation for vitiligo. Molecular-
docking analysis predicted potential interactions between STAT3 and the main active
components of FuFang Heibai, including luteolin, wogonin, and quercetin. In vivo experi-
ments demonstrate that FHB concurrently inhibits JAK/STAT overactivation, significantly
downregulates the expression of TNF-oc and IL-6, and promotes melanin regeneration [30].
Furthermore, kaempferol was shown to promote the proliferation and suppressive activity
of regulatory T cells (Tregs) in the reported study [31]. However, whether this effect is
strong enough to alter disease activity in patients remains to be determined [31]. The
immunomodulatory mechanisms discussed in this section are summarized in Figure 3.

4.4. Potential Modulation of the Neuro—Immune—Skin Axis

A small case—control study reported psychiatric comorbidity in 90% of children and
adolescents with vitiligo, compared with 20% of healthy controls [103]. Psychiatric disor-
ders, including anxiety and depression, are also more frequently reported in adults with
vitiligo [104]. Psychological stress may influence vitiligo through the brain—skin axis and
associated neuroimmune mechanisms [105]. Therefore, TCM-derived ingredients that
modulate these pathways may represent a potential therapeutic approach for vitiligo.

Glycyrrhizin, a triterpene saponin from Glycyrrhiza glabra L., is a known HMGB1
inhibitor [106]. In vitiligo, HMGB1 released from damaged melanocytes contributes to
oxidative stress and inflammation, positioning glycyrrhizin as a potential mechanistic
candidate [107,108]. However, direct evidence for its efficacy against vitiligo-associated
depression is lacking.

Neurotrophic factors and neuroplasticity are closely associated with emotional regu-
lation and stress adaptation [109-111]. Baicalein has been shown to promote hippocam-
pal neurogenesis via the ERK/BDNF pathway, suggesting a potential role in enhanc-
ing stress-related neural resilience [112]. In chronic unpredictable mild stress models,
quercetin improves cognitive and emotional behavioral parameters, modulates monoamine
neurotransmitter levels, and reduces oxidative damage through the PI3K/AKT/Nrf2
signaling axis [113].

Neurotransmitter and inflammatory signaling may modulate stress-related symp-
toms. EGCG improves anxiety-like behavior by downregulating hippocampal IL-6/STAT3
signaling [114]. However, its neuropsychological effects appear to be context-dependent,
and clinical evidence in vitiligo remains insufficient [115]. Kaempferol has also shown
anxiolytic-like effects by inhibiting fatty acid amide hydrolase (FAAH), thereby enhancing
endocannabinoid signaling [116], suggesting its potential role in stress modulation. How-
ever, most of these neurobiological findings derive from non-vitiligo stress or psychiatric
models and do not demonstrate direct local skin effects or melanocyte repigmentation.
Taken together, these compounds are best viewed as candidates for neuroimmune modula-
tion rather than as proven treatments for anxiety or depression in vitiligo. The potential
neuro-immune-skin axis-related mechanisms are summarized in Figure 4.

4.5. Translational Pharmacology, Formulation, and Exposure

Clinical translation requires adequate exposure of active compounds in the epidermis.
EGCG has limited bioavailability, whereas transdermal delivery and peracetylation can
increase its tissue or intracellular exposure; AcEGCG is rapidly converted to EGCG [39,117].
In vitiligo, however, topical 0.5% AcEGCG has only been reported in two patients, without
measurement of lesional drug concentrations [14].
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Figure 3. TCM-derived immunomodulation in vitiligo. TCM-derived active ingredients and
formulas may remodel the immune microenvironment in vitiligo by modulating T-cell recruitment,
inflammatory signaling, innate immune activation, and regulatory immune responses. In vitiligo
lesions, IFN-y activates JAK/STAT signaling in lesional keratinocytes, which promotes CXCL9 and
CXCL10 production and recruits CXCR3™ cytotoxic CD8" T cells, thereby contributing to melanocyte
destruction. Demethylzeylasteral suppresses the JAK3/STAT5 pathway and reduces CXCL9/10-
mediated CD8" T-cell infiltration. Lycium barbarum polysaccharides inhibit STAT3 phosphorylation
and downregulate the HSP70-CXCL9/10 axis, thereby limiting inflammatory cytokine release and
T-cell recruitment. Rubia cordifolia L. extract attenuates the IFN-y-STAT1-CXCL10-CXCR3 axis and
modulates pro-inflammatory lipid mediators, reducing cutaneous immune activation. Galangin
regulates macrophage activation through the ANXA2-macrophage—chemokine axis and indirectly
limits cytotoxic T-cell infiltration. In addition, Fufang Heibai and kaempferol may restore local
immune homeostasis by suppressing JAK/STAT-related inflammation and promoting regulatory
T-cell responses. Together, these mechanisms suggest that TCM-derived interventions may protect
melanocytes by reducing autoimmune cytotoxicity and supporting peripheral immune tolerance.
This figure was created by Figdraw.
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Figure 4. Potential neuro-immune-skin axis regulation by TCM-derived ingredients. Psychologi-

cal stress may aggravate vitiligo through neuroinflammatory mediators such as HMGB1, IL-6, and

substance P, which link central stress responses with peripheral cutaneous inflammation. Several

TCM-derived compounds may act on this axis. EGCG has been reported to suppress hippocampal IL-

6/STAT3 signaling, glycyrrhizin inhibits HMGB1-related inflammatory signaling, baicalein supports
ERK/BDNF-mediated neurotrophic responses, quercetin activates PI3K/AKT/Nrf2-dependent an-
tioxidant defense, and kaempferol may enhance endocannabinoid signaling through FAAH inhibition.

This figure was created by Figdraw.

Systemic exposure may also differ from the parent compounds tested in vitro.

Quercetin undergoes extensive conjugation and enterohepatic recirculation [118], gly-

cyrrhizic acid is mainly absorbed after presystemic hydrolysis to glycyrrhetic acid [119],

and native curcumin has low oral bioavailability with marked formulation-dependent

differences [120]. Thus, the relevant active species in vitiligo may be the parent compound,

a metabolite, or a formulation-dependent derivative.

Vitiligo-specific evidence for advanced delivery systems remains limited; psoralen/

resveratrol-loaded ultradeformable liposomes have been evaluated in vitro, but human

lesional exposure and clinical efficacy remain unestablished [82]. Further development
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should require standardized products, dose-response data, epidermal or lesional exposure,
comparison of experimental with achievable concentrations, target engagement, disease-

relevant efficacy, and repeat-dose safety. The routes and formulations, available pharma-

cokinetic evidence, relevant active species, and major evidence gaps for representative

TCM-derived interventions are summarized in Table 4.

Table 4. Translational pharmacology of representative TCM-derived interventions.

. Route/ Ava11.:;1ble. Relevant Active =~ Main Evidence
Candidate . Pharmacokinetic and . Ref.
Formulation . . Species Gap
Formulation Evidence
Transdermal EGCG
(50 mg/kg) reached
1365.7-121.0 ng/g in
epidermis and Human lesional
EGCG/ Topical; 0.5% 411.2-42.6 ng/g in AcEGCG — concentration [14,39,117]
AcEGCG AcEGCG cream dermis (plasma Cmax: EGCG unknown Y
44.5 ng/mL); AcEGCG
increased plasma EGCG
AUC ~2.4-fold (465.0 vs.
194.6 ug-min/mL).
Low oral bioavailability;
Curcumin/  Topical and oral formulatlon-de‘pendent Paren; | Vll’il.hgo-speaflc i
rurmeric formulations exposure; no compound an skin exposure [11,120]
vitiligo-specific plasma or metabolites unknown
skin PK data.
Human oral quercetin
showeijil:;%:ni}e)parent Experimental
Mamly (o ER35x10°L/)  Parentand  COReCnumations
Quercetin VIi)tiTiC o }leman and a terminal t1/2 of conjugated achievable skin [118]
897 . ~3.5 h, with extensive metabolites
oral PK available . . exposure
conjugation and unknown
enterohepatic
recirculation.
Oral glycyrrhizic acid
. . undergogs extensive Glycyrrhetic acid  Parent/metabolite
Compound Oral; including presystemic conversion i a maior expOsUre in
poun 50-150 mg/d in to glycyrrhetic acid; ) b . [43,44,119]
glycyrrhizin cat D . relevant vitiligo skin
vitiligo quantitative exposure in metabolite unknown
vitiligo skin has not been
established.
Ultradeformable
liposomes showed ~74%
Psoralen/ Ultradeformable psoralen and ~77% Ff)rmulatlon- No hlfman
resveratrol liposomes resveratrol entrapment  delivered parent lesional PK or [82]
efficiency in vitro; human compounds clinical efficacy

lesional exposure has not
been established.

4.6. Safety and Toxicological Considerations

Because vitiligo often requires prolonged treatment, the safety of repeated or systemic

TCM-derived interventions requires particular attention. The absence of a statistically

significant difference in adverse events in small or short-duration studies should not

be interpreted as evidence of established long-term safety. The major safety concerns,
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reported adverse effects, and evidence gaps for representative TCM-derived interventions

are summarized in Table 5.

Table 5. Safety considerations for representative TCM-derived interventions relevant to vitiligo.

Intervention Route/ Main Safety Contraindications/ Monitorin Exposure/ Ref
Exposure Concerns Interactions & Evidence Gap ’
Hypertension, Cguhon in Long-term safety
edema, cardiovascular or Blood pressure, .9 .
Compound Oral; repeated hvbokalemi 1 di d d ' invitiligo remains 3
lveyrrhizin systemic use ypokalemia, renal disease an edema, serum K*, insufficiently [43,44,121]
sy pseudoaldostero- with potassium- renal function .
. . characterized
nism lowering drugs
Phototoxicity, e Phototoxic Long-term risk
ervthema and Photosensitivity reactions from repeated
.. Topical or oral; Y . disorders; . herbal psoralen
Psoralen-containing . burns; cumulative . cumulative .
. particularly . concomitant exposure in [81,82,122,123]
preparations . PUVA exposure is . UVA/PUVA S
with UVA photosensitizing . vitiligo is
a long-term exposure, skin .
drugs L incompletely
concern examination h
defined
Controlled
studies of
Potential bleeding . . Medication standardized
and Caution with review and extracts have not
Ginkgo biloba extract Oral . . anticoagulant or o . consistently [41,42,124]
drug-interaction . clinical signs of .
antiplatelet therapy ; shown increased
concerns bleeding .
bleeding, but
long-term vitiligo
data are limited
Toxicity of
Tripterygium Tripterygium
preparations are Pregnancy or preparations
Demethylzeylasteral T-96: associated with reproductlvg CBC, liver E.md_ 'should not be
(T-96)/ preclinical gastrointestinal planning; hepatic or renal function; directly attributed
Tripterygium-derived systemic hepatic, renal ! renal disease; reproductive to isolated T-96; [17,125]
compounds exposure hematologic and caution with im- toxicity chronic and
reproductive munosuppressive assessment reproductive
ptoxicit therapy safety of T-96
Y remains
undefined
Constituent- Polvpharmacy: Standardization,
. dependent yP ¥ Product- and interaction
Complex Oral or topical, toxicit anticoagulant, constituent- studies and
multi-component formulation . Lc1ty, d antiplatelet or im- ifi ) [126]
formulas dependent interactions an munosuppressive Specthic ong-term
product thera monitoring exposure data are
variability Py often insulfficient

5. Conclusions and Future Perspectives

TCM-derived components represent a promising, mechanism-based strategy for vi-

tiligo, a disease in which oxidative stress, impaired melanocyte regeneration, immune-

mediated cytotoxicity, and neuroendocrine dysregulation contribute to disease initiation

or persistence. The evidence summarized in this review indicates that diverse natural

components from TCM can reinforce endogenous cytoprotective programs, counteract

oxidative damage, modulate immune balance, promote melanocyte regeneration, and

regulate the neuro-immune-skin axis, involving melanocytes, surrounding keratinocytes,

and CD8* T cells. Importantly, the translational landscape is heterogeneous. Ginkgo biloba

L. extract, compound glycyrrhizin, turmeric preparations, Yiqi Qubai granules, and total

glucosides of paeony have been supported by randomized controlled or exploratory clinical

studies, typically as adjuncts to phototherapy, topical immunomodulators, or systemic ther-

apy. In contrast, many flavonoids, phenolic acids, polysaccharides, and formula-derived

constituents discussed in the mechanistic sections are still supported primarily by cell,

zebrafish, or rodent data.
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In the context of antioxidant defense and organelle homeostasis, paeonol, baicalein,
apigenin, paeoniflorin, EGb761 and Lycium barbarum polysaccharides are most frequently
linked to Nrf2/ARE signaling, mitochondrial protection, autophagy regulation and ER-
stress reduction. Baicalein, curcumin, quercetin and kaempferol extend this protective
profile to ferroptosis-related processes involving TFR1, GPX4, ACSL4, iron handling and
lipid peroxidation. Regarding pigmentation-related processes, psoralen derivatives, 3,5-
diCQA, CAM-Y7, Erzhi Pill, Artiri La Li Honey Pill, galangin, isoquercitrin, paeoniflorin,
epimedin B and kaempferol have been shown to promote melanocyte proliferation, melanin
synthesis, and melanosome transfer, mainly through Wnt/ 3-catenin, cAMP /PKA /CREB,
MAPK/MITF and melanosome-transport pathways. On the immune front, demethylzey-
lasteral, Lycium barbarum polysaccharides, Rubia cordifolia L. extract, galangin, Fufang
Heibai and kaempferol have been identified as potential modulators of JAK/STAT signaling,
CXCL9/10-CXCR3-mediated T-cell recruitment, macrophage activation and Treg-mediated
immune tolerance.

The neuro-immune-skin axis requires a more cautious interpretation. Glycyrrhizin,
baicalein, quercetin, EGCG and kaempferol may influence HMGB1-related inflammation,
neurotrophic signaling, monoamine neurotransmitter regulation, antioxidant defense or
endocannabinoid signaling. Although these pathways are relevant to stress-related disease
activity, direct evidence in vitiligo patients with psychological comorbidities remains sparse.
This area should therefore be viewed as hypothesis-generating rather than clinically settled.

In this review, the effects of TCMs have been investigated across a variety of experi-
mental models; however, the limitations of these systems must be acknowledged. B16 cells
and zebrafish are useful for studying pigment synthesis but cannot model autoimmunity,
while chemically induced models reflect melanocyte regeneration rather than autoimmune
destruction. Immune-competent mouse models better approximate human pathogenesis
but are technically challenging. Future studies should prioritize the use of human-relevant
models, such as primary melanocyte-immune cell co-cultures, skin explants, and organoid
systems, to better recapitulate the complex autoimmune microenvironment of vitiligo.
Additionally, well-designed randomized controlled trials with standardized outcomes are
urgently needed to validate the clinical efficacy and safety of TCMs and to elucidate their
mechanisms of action directly in patients.

Although extensive research has elucidated the potential mechanisms of TCM-derived
ingredients in vitiligo, further translational and clinical work is needed to optimize for-
mulations, dosing, and safety for routine use. It is worth noting that certain bioactive
flavonoids exhibit intense pigmentation, which may cause skin staining and affect patient
adherence when used in topical formulations. Therefore, clinical translation of flavonoid-
based topical preparations should consider formulation strategies to minimize this issue,
such as optimizing concentrations, selecting appropriate vehicles, or developing colorless
derivatives while preserving biological activity. While TCMs and their active constituents
have shown promising melanogenic effects, the safety of sustained activation of Wnt/f3-
catenin, MITF, or PI3K/AKT pathways under chronic use warrants careful consideration.
MITF is a master regulator of melanocyte survival, but its persistent overexpression has
been linked to melanoma progression [127]. Similarly, sustained PI3K/AKT activation
promotes cell survival and proliferation, and its dysregulation is frequently observed in
various malignancies [128,129]. Although topical application of TCMs may limit systemic
exposure, the long-term safety of compounds that constitutively activate these pathways in
the skin has not been systematically evaluated. Future studies need to define the chemical
composition of TCM formulas, verify their pharmacokinetics and lesional bioavailability,
and confirm whether active compounds reach effective epidermal concentrations. Clini-
cal trials should stratify patients by disease stage, lesion site, dominant oxidative-stress
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or immune phenotype and psychological burden. Outcomes should include short-term
repigmentation, relapse rates, maintenance therapy requirements, safety with repeated use,
and quality of life. At present, TCM-derived interventions are best positioned as potential
adjunctive candidates. Their ultimate value will depend on whether mechanistic signals
can be translated into reproducible, safe, and measurable clinical benefit.
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Abbreviations

3,5-diCQA 3,5-dicaffeoylquinic acid

AcEGCG peracetylated epigallocatechin-3-gallate
ACSL4 acyl-CoA synthetase long-chain family member 4
ALLHP Artiri La Li Honey Pill

ANXA2 annexin A2

BDNF brain-derived neurotrophic factor
cAMP cyclic adenosine monophosphate

CAT catalase

CG compound glycyrrhizin

CREB cAMP response element-binding protein
CXCL9 C-X-C motif chemokine ligand 9
CXCL10 C-X-C motif chemokine ligand 10
CXCR3 C-X-C motif chemokine receptor 3

EGb Ginkgo biloba extract

EGb761 standardized Ginkgo biloba L. extract
EGCG epigallocatechin-3-gallate

ER endoplasmic reticulum

ERK extracellular signal-regulated kinase
FAAH fatty acid amide hydrolase

FHB Fufang Heibai

GPX4 glutathione peroxidase 4

GSH-Px glutathione peroxidase

GSK3p glycogen synthase kinase 3 beta
HMGBI1 high-mobility group box 1

HO-1 heme oxygenase-1

HSP70 heat shock protein 70

IFN-y interferon-gamma
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IL-6 interleukin-6

IL-17A interleukin-17A

JAK Janus kinase

JAK3 Janus kinase 3

JNK c-Jun N-terminal kinase

LBP Lycium barbarum polysaccharide

MAPK mitogen-activated protein kinase

MAPKAPK2 MAPK-activated protein kinase 2

McSCs melanocyte stem cells

MDA malondialdehyde

MITF microphthalmia-associated transcription factor
mTOR mechanistic target of rapamycin

NB-UVB narrowband ultraviolet B

Nrf2 nuclear factor erythroid 2-related factor 2

PERK protein kinase RN A-like endoplasmic reticulum kinase
PI3K/AKT phosphoinositide 3-kinase/protein kinase B
PKA protein kinase A

PTU phenylthiourea

ROS reactive oxygen species

SOD superoxide dismutase

STAT1 signal transducer and activator of transcription 1
STAT3 signal transducer and activator of transcription 3
STATS signal transducer and activator of transcription 5
TCM traditional Chinese medicine

PTF purslane total flavones

TFR1 transferrin receptor 1

TGP total glucosides of paeony

TLR4 Toll-like receptor 4

TNF-o tumor necrosis factor-alpha

Treg regulatory T cell

TRP tyrosinase-related protein

TYR tyrosinase

UVB ultraviolet B

VASI Vitiligo Area Scoring Index

Wnt/B-catenin  Wingless/Int-1/-catenin signaling pathway

References

1.  Wang, Y;; Li, S.; Li, C. Clinical Features, Inmunopathogenesis, and Therapeutic Strategies in Vitiligo. Clin. Rev. Allergy Immunol.
2021, 61, 299-323. [CrossRef] [PubMed]

2. Xuan, Y.; Yang, Y.; Xiang, L.; Zhang, C. The Role of Oxidative Stress in the Pathogenesis of Vitiligo: A Culprit for Melanocyte
Death. Oxidative Med. Cell. Longev. 2022, 2022, 8498472. [CrossRef] [PubMed]

3. Sravani, P.V,; Babu, N.K,; Gopal, K.V,; Rao, G.R; Rao, A.R.; Moorthy, B.; Rao, T.R. Determination of oxidative stress in vitiligo by
measuring superoxide dismutase and catalase levels in vitiliginous and non-vitiliginous skin. Indian J. Dermatol. Venereol. Leprol.
2009, 75, 268-271. [CrossRef] [PubMed]

4. Dammalk, I.; Boudaya, S.; Ben Abdallah, F,; Turki, H.; Attia, H.; Hentati, B. Antioxidant enzymes and lipid peroxidation at the
tissue level in patients with stable and active vitiligo. Int. |. Dermatol. 2009, 48, 476—480. [CrossRef] [PubMed]

5. Glassman, S.J. Vitiligo, reactive oxygen species and T-cells. Clin. Sci. 2011, 120, 99-120. [CrossRef] [PubMed]

6. Kim, M.; Lim, K.M. Melanocytotoxic chemicals and their toxic mechanisms. Toxicol. Res. 2022, 38, 417-435. [CrossRef] [PubMed]

7. Chang, W.L.; Lee, WR.; Kuo, Y.C.; Huang, Y.H. Vitiligo: An Autoimmune Skin Disease and its Immunomodulatory Therapeutic
Intervention. Front. Cell Dev. Biol. 2021, 9, 797026. [CrossRef] [PubMed]

8. Qi, F; Liu, E; Gao, L. Janus Kinase Inhibitors in the Treatment of Vitiligo: A Review. Front. Immunol. 2021, 12, 790125. [CrossRef]
[PubMed]

9.  Mou, K;; Liu, W;; Miao, Y.; Cao, F; Li, P. HMGB1 deficiency reduces H;O;-induced oxidative damage in human melanocytes via

the Nrf2 pathway. . Cell. Mol. Med. 2018, 22, 6148-6156. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19091333


https://doi.org/10.1007/s12016-021-08868-z
https://www.ncbi.nlm.nih.gov/pubmed/34283349
https://doi.org/10.1155/2022/8498472
https://www.ncbi.nlm.nih.gov/pubmed/35103096
https://doi.org/10.4103/0378-6323.48427
https://www.ncbi.nlm.nih.gov/pubmed/19439879
https://doi.org/10.1111/j.1365-4632.2009.03998.x
https://www.ncbi.nlm.nih.gov/pubmed/19416376
https://doi.org/10.1042/cs20090603
https://www.ncbi.nlm.nih.gov/pubmed/20958268
https://doi.org/10.1007/s43188-022-00144-2
https://www.ncbi.nlm.nih.gov/pubmed/36277364
https://doi.org/10.3389/fcell.2021.797026
https://www.ncbi.nlm.nih.gov/pubmed/34970551
https://doi.org/10.3389/fimmu.2021.790125
https://www.ncbi.nlm.nih.gov/pubmed/34868078
https://doi.org/10.1111/jcmm.13895
https://www.ncbi.nlm.nih.gov/pubmed/30338917
https://doi.org/10.3390/ph19091333

Pharmaceuticals 2026, 19, 1333 26 of 31

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Wei, G.; Pan, Y.; Wang, ].; Xiong, X.; He, Y.; Xu, ]. Role of HMGBI in Vitiligo: Current Perceptions and Future Perspectives. Clin.
Cosmet. Investig. Dermatol. 2022, 15, 2177-2186. [CrossRef] [PubMed]

Jalalmanesh, S.; Mansouri, P.; Rajabi, M.; Monji, F. Therapeutic effects of turmeric topical cream in vitiligo: A randomized,
double-blind, placebo-controlled pilot study. J. Cosmet. Dermatol. 2022, 21, 4454-4461. [CrossRef] [PubMed]

Patel, P; Wang, J.Y.; Mineroff, J.; Jagdeo, J. Evaluation of curcumin for dermatologic conditions: A systematic review. Arch.
Dermatol. Res. 2023, 316, 37. [CrossRef] [PubMed]

Hu, W.; Zhang, L.; Lin, F; Lei, J.; Zhou, M.; Xu, A. Topical epigallocatechin-3-gallate in the treatment of vitiligo. Australas. ].
Dermatol. 2021, 62, e404—e407. [CrossRef] [PubMed]

Hu, W,; Jin, R;; Lin, E; Lei, J.; Ma, Y.; Xu, A.E. Repigmentation in two patients with vitiligo on AcCEGCG 0.5% cream. Clin. Exp.
Dermatol. 2022, 47, 1760-1761. [CrossRef] [PubMed]

Ma, J.; Li, S.; Zhu, L.; Guo, S.; Yi, X.; Cui, T.; He, Y.; Chang, Y.; Liu, B.; Li, C.; et al. Baicalein protects human vitiligo melanocytes
from oxidative stress through activation of NF-E2-related factor2 (Nrf2) signaling pathway. Free Radic. Biol. Med. 2018, 129,
492-503. [CrossRef] [PubMed]

Wang, P; Liu, X.; Song, Y.; Liu, X.; Wang, X.; Zhu, K.; Zhang, Y.; Bian, F. Yubai Wan ameliorates vitiligo by inhibiting ferroptosis
via NRF2/GPX4 pathway. J. Ethnopharmacol. 2026, 358, 121037. [CrossRef] [PubMed]

Chang, Y.; Kang, P,; Cui, T.; Guo, W.; Zhang, W.; Du, P; Yi, X,; Guo, S.; Gao, T.; Li, C.; et al. Pharmacological inhibition of
demethylzeylasteral on JAK-STAT signaling ameliorates vitiligo. J. Transl. Med. 2023, 21, 434. [CrossRef] [PubMed]

Mamat, N.; Dou, J.; Lu, X; Eblimit, A.; Haji Akber, A. Isochlorogenic acid A promotes melanin synthesis in B16 cell through the
[-catenin signal pathway. Acta Biochim. Biophys. Sin. 2017, 49, 800-807. [CrossRef] [PubMed]

Eleftheriadou, V.; Atkar, R.; Batchelor, J.; McDonald, B.; Novakovic, L.; Patel, J.V.; Ravenscroft, J.; Rush, E.; Shah, D.; Shah, R.; et al.
British Association of Dermatologists guidelines for the management of people with vitiligo 2021. Br. . Dermatol. 2022, 186, 18-29.
[CrossRef] [PubMed]

van Geel, N.; Speeckaert, R.; Taieb, A.; Ezzedine, K.; Lim, HW.; Pandya, A.G.; Passeron, T.; Wolkerstorfer, A.; Abdallah, M.;
Alomar, A.; et al. Worldwide expert recommendations for the diagnosis and management of vitiligo: Position statement from
the International Vitiligo Task Force Part 1: Towards a new management algorithm. J. Eur. Acad. Dermatol. Venereol. 2023, 37,
2173-2184. [CrossRef] [PubMed]

Seneschal, J.; Speeckaert, R.; Taieb, A.; Wolkerstorfer, A.; Passeron, T.; Pandya, A.G.; Lim, HW.; Ezzedine, K.; Zhou, Y.; Xiang, F,;
et al. Worldwide expert recommendations for the diagnosis and management of vitiligo: Position statement from the international
Vitiligo Task Force-Part 2: Specific treatment recommendations. |. Eur. Acad. Dermatol. Venereol. 2023, 37, 2185-2195. [CrossRef]
[PubMed]

Prajapati, V.H.; Lui, H.; Miller-Monthrope, Y.; Ringuet, J.; Turchin, I.; Hong, H.C.; Lynde, C.; Papp, K.A ; Yeung, J.; Gooderham,
M.]. Canadian Consensus Guidelines for the Management of Vitiligo. Dermatol. Ther. 2025, 15, 1351-1369. [CrossRef] [PubMed]
Frisoli, M.L.; Essien, K.; Harris, J.E. Vitiligo: Mechanisms of Pathogenesis and Treatment. Annu. Rev. Immunol. 2020, 38, 621-648.
[CrossRef] [PubMed]

Hegazy, R.A.; Fawzy, M.M.; Gawdat, H.I; Samir, N.; Rashed, L.A. T helper 17 and Tregs: A novel proposed mechanism for
NB-UVB in vitiligo. Exp. Dermatol. 2014, 23, 283-286. [CrossRef] [PubMed]

Goldstein, N.B.; Koster, M.I; Jones, K.L.; Gao, B.; Hoaglin, L.G.; Robinson, S.E.; Wright, M.].; Birlea, S.I.; Luman, A.; Lambert,
K.A_; et al. Repigmentation of Human Vitiligo Skin by NBUVB Is Controlled by Transcription of GLI1 and Activation of the
-Catenin Pathway in the Hair Follicle Bulge Stem Cells. J. Investig. Dermatol. 2018, 138, 657—-668. [CrossRef] [PubMed]
Rashighi, M.; Agarwal, P,; Richmond, ].M.; Harris, T.H.; Dresser, K.; Su, M.W.; Zhou, Y.; Deng, A.; Hunter, C.A.; Luster, A.D.; et al.
CXCL10 is critical for the progression and maintenance of depigmentation in a mouse model of vitiligo. Sci. Transl. Med. 2014, 6,
223ra223. [CrossRef] [PubMed]

Zhang, S.; Zhao, R.; Yu, W.; Wang, H.; Wang, Y. Investigating T-cell subpopulation-associated cytokine imbalance in vitiligo
pathogenesis and the role of traditional Chinese medicine: A review. Medicine 2026, 105, e47997. [CrossRef] [PubMed]

Peng, L.;Lu, Y,; Gu, Y,; Liang, B.; Li, Y;; Li, H.; Ke, Y.; Zhu, H.; Li, Z. Mechanisms of action of Lycium barbarum polysaccharide
in protecting against vitiligo mice through modulation of the STAT3-Hsp70-CXCL9/CXCL10 pathway. Pharm. Biol. 2023, 61,
281-287. [CrossRef] [PubMed]

Xia, M.; Li, Z.; Yang, C.; Wang, Y.; Zhang, J.; Zhong, G.; Ouyang, H.; Feng, Y. Rubia cordifolia L. extract ameliorates vitiligo by
inhibiting the CXCL10/CXCL9/STAT1 signaling pathway. |. Ethnopharmacol. 2025, 350, 120027. [CrossRef] [PubMed]

Li, X.; Miao, F; Xin, R;; Tai, Z.; Pan, H.; Huang, H.; Yu, J.; Chen, Z.; Zhu, Q. Combining network pharmacology, molecular docking,
molecular dynamics simulation, and experimental verification to examine the efficacy and immunoregulation mechanism of FHB
granules on vitiligo. Front. Immunol. 2023, 14, 1194823. [CrossRef] [PubMed]

Giri, P.S.; Bharti, A.H.; Kode, J.; Begum, R.; Dwivedi, M. Harmine and Kaempferol treatment enhances NFATC1 and FOXP3
mediated regulatory T-cells” suppressive capacity in generalized vitiligo. Int. Immunopharmacol. 2023, 125, 111174. [CrossRef]
[PubMed]

https://doi.org/10.3390/ph19091333


https://doi.org/10.2147/ccid.S381432
https://www.ncbi.nlm.nih.gov/pubmed/36267690
https://doi.org/10.1111/jocd.14814
https://www.ncbi.nlm.nih.gov/pubmed/35104042
https://doi.org/10.1007/s00403-023-02754-8
https://www.ncbi.nlm.nih.gov/pubmed/38085369
https://doi.org/10.1111/ajd.13612
https://www.ncbi.nlm.nih.gov/pubmed/34046892
https://doi.org/10.1111/ced.15211
https://www.ncbi.nlm.nih.gov/pubmed/35731108
https://doi.org/10.1016/j.freeradbiomed.2018.10.421
https://www.ncbi.nlm.nih.gov/pubmed/30342186
https://doi.org/10.1016/j.jep.2025.121037
https://www.ncbi.nlm.nih.gov/pubmed/41386306
https://doi.org/10.1186/s12967-023-04293-2
https://www.ncbi.nlm.nih.gov/pubmed/37403086
https://doi.org/10.1093/abbs/gmx072
https://www.ncbi.nlm.nih.gov/pubmed/28910976
https://doi.org/10.1111/bjd.20596
https://www.ncbi.nlm.nih.gov/pubmed/34160061
https://doi.org/10.1111/jdv.19451
https://www.ncbi.nlm.nih.gov/pubmed/37746876
https://doi.org/10.1111/jdv.19450
https://www.ncbi.nlm.nih.gov/pubmed/37715487
https://doi.org/10.1007/s13555-025-01402-5
https://www.ncbi.nlm.nih.gov/pubmed/40253664
https://doi.org/10.1146/annurev-immunol-100919-023531
https://www.ncbi.nlm.nih.gov/pubmed/32017656
https://doi.org/10.1111/exd.12369
https://www.ncbi.nlm.nih.gov/pubmed/24617827
https://doi.org/10.1016/j.jid.2017.09.040
https://www.ncbi.nlm.nih.gov/pubmed/29054607
https://doi.org/10.1126/scitranslmed.3007811
https://www.ncbi.nlm.nih.gov/pubmed/24523323
https://doi.org/10.1097/md.0000000000047997
https://www.ncbi.nlm.nih.gov/pubmed/41861230
https://doi.org/10.1080/13880209.2022.2163406
https://www.ncbi.nlm.nih.gov/pubmed/36655287
https://doi.org/10.1016/j.jep.2025.120027
https://www.ncbi.nlm.nih.gov/pubmed/40412781
https://doi.org/10.3389/fimmu.2023.1194823
https://www.ncbi.nlm.nih.gov/pubmed/37575231
https://doi.org/10.1016/j.intimp.2023.111174
https://www.ncbi.nlm.nih.gov/pubmed/37951194
https://doi.org/10.3390/ph19091333

Pharmaceuticals 2026, 19, 1333 27 of 31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Guo, S.; Zhang, Q. Paeonol protects melanocytes against hydrogen peroxide-induced oxidative stress through activation of Nrf2
signaling pathway. Drug Dev. Res. 2021, 82, 861-869. [CrossRef] [PubMed]

Zhang, B.; Wang, J.; Zhao, G.; Lin, M,; Lang, Y.; Zhang, D.; Feng, D.; Tu, C. Apigenin protects human melanocytes against
oxidative damage by activation of the Nrf2 pathway. Cell Stress Chaperones 2020, 25, 277-285. [CrossRef] [PubMed]

Yuan, J.; Lu, Y,; Wang, H.; Feng, Y,; Jiang, S.; Gao, X.H.; Qi, R.; Wu, Y,; Chen, H.D. Paeoniflorin Resists HyO,-Induced Oxidative
Stress in Melanocytes by JNK/Nrf2 /HO-1 Pathway. Front. Pharmacol. 2020, 11, 536. [CrossRef] [PubMed]

Lv, J.; Meng, D.; Zhang, H.; Xu, W.; An, X; Yin, C.; Zou, K.; Gao, R. Apigenin promotes melanogenesis and melanosome transport
through the ¢-KIT/Raf-1/MAPK/CREB pathway in HEMCs. Front. Pharmacol. 2025, 16, 1572878. [CrossRef] [PubMed]

Chen, YJ.; Chen, Y.Y.; Wu, C.Y.; Chi, C.C. Oral Chinese herbal medicine in combination with phototherapy for vitiligo: A
systematic review and meta-analysis of randomized controlled trials. Complement. Ther. Med. 2016, 26, 21-27. [CrossRef]
[PubMed]

Shakhbazova, A.; Wu, H.; Chambers, C.J.; Sivamani, R.K. A Systematic Review of Nutrition, Supplement, and Herbal-Based
Adjunctive Therapies for Vitiligo. J. Altern. Complement. Med. 2021, 27, 294-311. [CrossRef] [PubMed]

Li, Y;; Huang, J.; Lu, J.; Ding, Y,; Jiang, L.; Hu, S.; Chen, J.; Zeng, Q. The role and mechanism of Asian medicinal plants in treating
skin pigmentary disorders. J. Ethnopharmacol. 2019, 245, 112173. [CrossRef] [PubMed]

Lambert, ].D.; Sang, S.; Hong, J.; Kwon, S.J.; Lee, M.].; Ho, C.T.; Yang, C.S. Peracetylation as a means of enhancing in vitro
bioactivity and bioavailability of epigallocatechin-3-gallate. Drug Metab. Dispos. 2006, 34, 2111-2116. [CrossRef] [PubMed]
Sarac, G.; Kapicioglu, Y.; Sener, S.; Mantar, I.; Yologlu, S.; Dundar, C.; Turkoglu, M.; Pekmezci, E. Effectiveness of topical Nigella
sativa for vitiligo treatment. Dermatol. Ther. 2019, 32, €12949. [CrossRef] [PubMed]

Parsad, D.; Pandhi, R.; Juneja, A. Effectiveness of oral Ginkgo biloba in treating limited, slowly spreading vitiligo. Clin. Exp.
Dermatol. 2003, 28, 285-287. [CrossRef] [PubMed]

Szczurko, O.; Shear, N.; Taddio, A.; Boon, H. Ginkgo biloba for the treatment of vitilgo vulgaris: An open label pilot clinical trial.
BMC Complement. Altern. Med. 2011, 11, 21. [CrossRef] [PubMed]

Jian, Y;; Wang, X.; Li, Y;; Fu, D.; Gong, Y.; Shi, H. Efficacy and safety of compound glycyrrhizin in combination with conventional
therapy in treatment of vitiligo: A systematic review and meta-analysis of randomized controlled trials. Medicine 2023, 102,
e35533. [CrossRef] [PubMed]

Zhang, L.; Zhang, J.; Liu, S.; Shi, Z.; Zhu, Y.; Jiang, M.; Xiang, L. Effectiveness and Safety of Oral Compound Glycyrrhizin
Followed by Phototherapy for the Treatment of Progressive Vitiligo in Children. Pigment. Cell Melanoma Res. 2025, 38, €13226.
[CrossRef] [PubMed]

Gui, J,; Li, Z.; Zhou, B,; Li, Q.; Zhang, Y.; Wang, Y.; Chi, J.; Wang, T. Combination of total glucosides of paeony, narrow-band
ultraviolet B, and oral corticosteroid mini-pulse therapy for nonsegmental vitiligo: A retrospective study. Ski. Res. Technol. 2024,
30, €13769. [CrossRef] [PubMed]

Zhang, C.; Zhou, L.; Huang, J.; Shi, W. A combination of Yigiqubai granule and 308-nm excimer laser in treatment of segmental
vitiligo: A prospective study of 233 patients. |. Dermatol. Treat. 2017, 28, 668—671. [CrossRef] [PubMed]

Alshaikh, A.A.; Bharti, R.K. Spontaneous Reversal of Vitiligo, a Rare Phenomenon Reported in a Case in Saudi Arabia with an
Insight into Metabolic Biochemical Derangements. Medicina 2023, 59, 427. [CrossRef] [PubMed]

Chauhan, K; Goel, E; Singh, S. Apigenin protects melanocytes and improve tyrosinase activity in a hydroquinone induced vitiligo
mouse model targeting P38 MAP kinase signaling: Histopathology and immunohistochemistry analysis. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 2024, 397, 4859-4869. [CrossRef] [PubMed]

Zhou, E; Lu, X.Y,; He, F; Wu, T.; Aisa, H.A.; Maiwulanjiang, M. Effects of traditional artiri La Li formulation on experimental
models of vitiligo and mechanisms of melanogenesis. J. Ethnopharmacol. 2023, 302, 115884. [CrossRef] [PubMed]

Biatczyk, A.; Wetniak, A.; Kamirnska, B.; Czajkowski, R. Oxidative Stress and Potential Antioxidant Therapies in Vitiligo: A
Narrative Review. Mol. Diagn. Ther. 2023, 27, 723-739. [CrossRef] [PubMed]

Chang, W.L.; Ko, C.H. The Role of Oxidative Stress in Vitiligo: An Update on Its Pathogenesis and Therapeutic Implications. Cells
2023, 12, 936. [CrossRef] [PubMed]

Liu, S.; Pi, J.; Zhang, Q. Signal amplification in the KEAP1-NRF2-ARE antioxidant response pathway. Redox Biol. 2022, 54, 102389.
[CrossRef] [PubMed]

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

Hu, W,; Wang, H.; Li, K,; Lei, Z,; Xiang, F; Li, ].; Kang, X. Identification of active compounds in Vernonia anthelmintica (L.) willd by
targeted metabolome MRM and kaempferol promotes HaCaT cell proliferation and reduces oxidative stress. Front. Pharmacol.
2024, 15, 1343306. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19091333


https://doi.org/10.1002/ddr.21793
https://www.ncbi.nlm.nih.gov/pubmed/33491230
https://doi.org/10.1007/s12192-020-01071-7
https://www.ncbi.nlm.nih.gov/pubmed/31953635
https://doi.org/10.3389/fphar.2020.00536
https://www.ncbi.nlm.nih.gov/pubmed/32410998
https://doi.org/10.3389/fphar.2025.1572878
https://www.ncbi.nlm.nih.gov/pubmed/40356959
https://doi.org/10.1016/j.ctim.2016.02.009
https://www.ncbi.nlm.nih.gov/pubmed/27261977
https://doi.org/10.1089/acm.2020.0292
https://www.ncbi.nlm.nih.gov/pubmed/33337930
https://doi.org/10.1016/j.jep.2019.112173
https://www.ncbi.nlm.nih.gov/pubmed/31445129
https://doi.org/10.1124/dmd.106.011460
https://www.ncbi.nlm.nih.gov/pubmed/16997910
https://doi.org/10.1111/dth.12949
https://www.ncbi.nlm.nih.gov/pubmed/31025474
https://doi.org/10.1046/j.1365-2230.2003.01207.x
https://www.ncbi.nlm.nih.gov/pubmed/12780716
https://doi.org/10.1186/1472-6882-11-21
https://www.ncbi.nlm.nih.gov/pubmed/21406109
https://doi.org/10.1097/md.0000000000035533
https://www.ncbi.nlm.nih.gov/pubmed/37904437
https://doi.org/10.1111/pcmr.13226
https://www.ncbi.nlm.nih.gov/pubmed/39960158
https://doi.org/10.1111/srt.13769
https://www.ncbi.nlm.nih.gov/pubmed/38887837
https://doi.org/10.1080/09546634.2017.1303570
https://www.ncbi.nlm.nih.gov/pubmed/28320220
https://doi.org/10.3390/medicina59030427
https://www.ncbi.nlm.nih.gov/pubmed/36984427
https://doi.org/10.1007/s00210-023-02917-4
https://www.ncbi.nlm.nih.gov/pubmed/38157025
https://doi.org/10.1016/j.jep.2022.115884
https://www.ncbi.nlm.nih.gov/pubmed/36341815
https://doi.org/10.1007/s40291-023-00672-z
https://www.ncbi.nlm.nih.gov/pubmed/37737953
https://doi.org/10.3390/cells12060936
https://www.ncbi.nlm.nih.gov/pubmed/36980277
https://doi.org/10.1016/j.redox.2022.102389
https://www.ncbi.nlm.nih.gov/pubmed/35792437
https://doi.org/10.1038/jid.2014.152
https://www.ncbi.nlm.nih.gov/pubmed/24662764
https://doi.org/10.3389/fphar.2024.1343306
https://www.ncbi.nlm.nih.gov/pubmed/38659590
https://doi.org/10.3390/ph19091333

Pharmaceuticals 2026, 19, 1333 28 of 31

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Yuan, ].P; Zhu, PY.; Sun, Y.Z.; Lu, Y.S.; Qi, R.Q.; Chen, H.D.; Wu, Y. Paeoniflorin regulates RhoA /ROCK1 and Nrf2 pathways in
PDLIMI1-dependent or independent manners in oxidative stressed melanocytes. Arch. Dermatol. Res. 2024, 316, 401. [CrossRef]
[PubMed]

Zhang, S.; Yi, X.; Su, X; Jian, Z; Cui, T,; Guo, S.; Gao, T,; Li, C.; Li, S.; Xiao, Q. Ginkgo biloba extract protects human melanocytes
from H(2) O(2) -induced oxidative stress by activating Nrf2. J. Cell. Mol. Med. 2019, 23, 5193-5199. [CrossRef] [PubMed]

Chen, C.C,; Chiang, A.N,; Liu, H.N.; Chang, Y.T. EGb-761 prevents ultraviolet B-induced photoaging via inactivation of mitogen-
activated protein kinases and proinflammatory cytokine expression. J. Dermatol. Sci. 2014, 75, 55-62. [CrossRef] [PubMed]
Castillo, E.; Gonzélez-Rosende, M.E.; Martinez-Solis, I. The Use of Herbal Medicine in the Treatment of Vitiligo: An Updated
Review. Planta Medica 2023, 89, 468-483. [CrossRef] [PubMed]

Yi, X.; Guo, W.; Shi, Q.; Yang, Y.; Zhang, W.; Chen, X.; Kang, P.; Chen, J.; Cui, T.; Ma, J.; et al. SIRT3-Dependent Mitochondrial
Dynamics Remodeling Contributes to Oxidative Stress-Induced Melanocyte Degeneration in Vitiligo. Theranostics 2019, 9,
1614-1633. [CrossRef] [PubMed]

Chen, J; Li, S.; Li, C. Mechanisms of melanocyte death in vitiligo. Med. Res. Rev. 2021, 41, 1138-1166. [CrossRef] [PubMed]

He, Y,; Li, S.; Zhang, W.; Dai, W.; Cui, T.; Wang, G.; Gao, T.; Li, C. Dysregulated autophagy increased melanocyte sensitivity to
H(2)O(2)-induced oxidative stress in vitiligo. Sci. Rep. 2017, 7, 42394. [CrossRef] [PubMed]

Jin, R;; Hu, W.; Zhou, M; Lin, F; Xu, A. Caffeic acid derivative WSY6 protects melanocytes from oxidative stress by reducing ROS
production and MAPK activation. Heliyon 2024, 10, e24843. [CrossRef] [PubMed]

Ning, W.; Wang, S.; Liu, D.; Fu, L.; Jin, R.; Xu, A. Potent effects of peracetylated (-)-epigallocatechin-3-gallate against hydrogen
peroxide-induced damage in human epidermal melanocytes via attenuation of oxidative stress and apoptosis. Clin. Exp. Dermatol.
2016, 41, 616-624. [CrossRef] [PubMed]

Liu, B.; Jian, Z.; Li, Q.; Li, K;; Wang, Z.; Liu, L.; Tang, L.; Yi, X.; Wang, H.; Li, C.; et al. Baicalein protects human melanocytes from
H;,0O;-induced apoptosis via inhibiting mitochondria-dependent caspase activation and the p38 MAPK pathway. Free Radic. Biol.
Med. 2012, 53, 183-193. [CrossRef] [PubMed]

Zhang, M.; Xia, T.; Lin, E; Yu, J.; Yang, Y.; Lei, W.; Zhang, T. Vitiligo: An immune disease and its emerging mesenchymal stem cell
therapy paradigm. Transpl. Immunol. 2023, 76, 101766. [CrossRef] [PubMed]

Zhu, L.; Lin, X,; Zhi, L.; Fang, Y,; Lin, K,; Li, K.; Wu, L. Mesenchymal stem cells promote human melanocytes proliferation and
resistance to apoptosis through PTEN pathway in vitiligo. Stem Cell Res. Ther. 2020, 11, 26. [CrossRef] [PubMed]

Reuter, J.; Merfort, I.; Schempp, C.M. Botanicals in dermatology: An evidence-based review. Am. J. Clin. Dermatol. 2010, 11,
247-267. [CrossRef] [PubMed]

Wu, Y,; Wang, X.; Zhang, J.; Du, S.; Wang, Z.; Li, ].; Zhang, W.; Xiang, J.; Li, R;; Liu, J.; et al. Capsaicin combined with stem cells
improved mitochondrial dysfunction in PIG3V cells, an immortalized human vitiligo melanocyte cell line, by inhibiting the
HSP70/TLR4/mTOR/FAK signaling axis. Mol. Biol. Rep. 2024, 51, 650. [CrossRef] [PubMed]

Peng, L.; Lu, Y,; Zhong, J.; Ke, Y.; Li, Y.; Liang, B.; Li, H.; Zhu, H.; Li, Z. Lycium barbarum polysaccharide promotes proliferation
of human melanocytes via activating the Nrf2/p62 signaling pathway by inducing autophagy in vitro. J. Food Biochem. 2022, 46,
€14301. [CrossRef] [PubMed]

Wu, X,; Jin, S.; Yang, Y.; Lu, X,; Dai, X.; Xu, Z.; Zhang, C.; Xiang, L.F. Altered expression of ferroptosis markers and iron metabolism
reveals a potential role of ferroptosis in vitiligo. Pigment. Cell Melanoma Res. 2022, 35, 328-341. [CrossRef] [PubMed]

Yang, M.; Li, X; Li, H.; Zhang, X.; Liu, X.; Song, Y. Baicalein inhibits RLS3-induced ferroptosis in melanocytes. Biochem. Biophys.
Res. Commun. 2021, 561, 65-72. [CrossRef] [PubMed]

Liu, L.Y;; He, S.J.; Luo, J.; Huang, J.K.; Yuan, ].X,; Yuan, C.J.; Zhang, J.L. Network pharmacology, molecular docking and
experimental study on the mechanism of Curcumin’s anti-ferroptosis in melanocytes. Biochem. Biophys. Res. Commun. 2024, 736,
150871. [CrossRef] [PubMed]

Li, J.; Song, Y.; Yang, M. An investigation into the mechanism for Kaempferol improving melanocyte death based on network
Pharmacology and experimental verification. Sci. Rep. 2025, 15, 8616. [CrossRef] [PubMed]

Zhang, X.; Meng, L.; Ran, X.; Li, S.; Wen, C. Investigating the molecular mechanism of purslane-based vitiligo treatment using
network pharmacology, molecular docking and in vitro analyses. Mol. Med. Rep. 2025, 31, 117. [CrossRef] [PubMed]

Xu, Z.; Xie, Y.; Song, J.; Huang, ].; Shi, W. Mechanism of Action of a Chinese Herbal Compound Containing Quercetin, Luteolin,
and Kaempferol in the Treatment of Vitiligo Based on Network Pharmacology and Experimental Verification. Evid.-Based
Complement. Altern. Med. 2022, 2022, 7197533. [CrossRef] [PubMed]

Jeong, YM.; Choi, Y.G.; Kim, D.S,; Park, S.H.; Yoon, J.A.; Kwon, S.B.; Park, E.S.; Park, K.C. Cytoprotective effect of green tea
extract and quercetin against hydrogen peroxide-induced oxidative stress. Arch. Pharmacal Res. 2005, 28, 1251-1256. [CrossRef]
[PubMed]

Lu, L; Wang, S.; Fu, L,; Liu, D.; Zhu, Y.; Xu, A. Bilobalide protection of normal human melanocytes from hydrogen peroxide-
induced oxidative damage via promotion of antioxidase expression and inhibition of endoplasmic reticulum stress. Clin. Exp.
Dermatol. 2016, 41, 64-73. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19091333


https://doi.org/10.1007/s00403-024-03154-2
https://www.ncbi.nlm.nih.gov/pubmed/38878083
https://doi.org/10.1111/jcmm.14393
https://www.ncbi.nlm.nih.gov/pubmed/31148371
https://doi.org/10.1016/j.jdermsci.2014.04.001
https://www.ncbi.nlm.nih.gov/pubmed/24802711
https://doi.org/10.1055/a-1855-1839
https://www.ncbi.nlm.nih.gov/pubmed/36379447
https://doi.org/10.7150/thno.30398
https://www.ncbi.nlm.nih.gov/pubmed/31037127
https://doi.org/10.1002/med.21754
https://www.ncbi.nlm.nih.gov/pubmed/33200838
https://doi.org/10.1038/srep42394
https://www.ncbi.nlm.nih.gov/pubmed/28186139
https://doi.org/10.1016/j.heliyon.2024.e24843
https://www.ncbi.nlm.nih.gov/pubmed/38304822
https://doi.org/10.1111/ced.12855
https://www.ncbi.nlm.nih.gov/pubmed/27339454
https://doi.org/10.1016/j.freeradbiomed.2012.04.015
https://www.ncbi.nlm.nih.gov/pubmed/22569306
https://doi.org/10.1016/j.trim.2022.101766
https://www.ncbi.nlm.nih.gov/pubmed/36464219
https://doi.org/10.1186/s13287-019-1543-z
https://www.ncbi.nlm.nih.gov/pubmed/31941556
https://doi.org/10.2165/11533220-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/20509719
https://doi.org/10.1007/s11033-024-09592-5
https://www.ncbi.nlm.nih.gov/pubmed/38734811
https://doi.org/10.1111/jfbc.14301
https://www.ncbi.nlm.nih.gov/pubmed/35765891
https://doi.org/10.1111/pcmr.13032
https://www.ncbi.nlm.nih.gov/pubmed/35218147
https://doi.org/10.1016/j.bbrc.2021.05.010
https://www.ncbi.nlm.nih.gov/pubmed/34015760
https://doi.org/10.1016/j.bbrc.2024.150871
https://www.ncbi.nlm.nih.gov/pubmed/39461013
https://doi.org/10.1038/s41598-025-91905-0
https://www.ncbi.nlm.nih.gov/pubmed/40074768
https://doi.org/10.3892/mmr.2025.13482
https://www.ncbi.nlm.nih.gov/pubmed/40052555
https://doi.org/10.1155/2022/7197533
https://www.ncbi.nlm.nih.gov/pubmed/36569347
https://doi.org/10.1007/bf02978208
https://www.ncbi.nlm.nih.gov/pubmed/16350851
https://doi.org/10.1111/ced.12664
https://www.ncbi.nlm.nih.gov/pubmed/26178968
https://doi.org/10.3390/ph19091333

Pharmaceuticals 2026, 19, 1333 29 of 31

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Wang, F; Ma, W,; Fan, D.; Hu, ].; An, X.; Wang, Z. The biochemistry of melanogenesis: An insight into the function and mechanism
of melanogenesis-related proteins. Front. Mol. Biosci. 2024, 11, 1440187. [CrossRef] [PubMed]

Zhou, S.; Zeng, H.; Huang, J.; Lei, L.; Tong, X.; Li, S.; Zhou, Y.; Guo, H.; Khan, M.; Luo, L.; et al. Epigenetic regulation of
melanogenesis. Ageing Res. Rev. 2021, 69, 101349. [CrossRef] [PubMed]

Touni, A.A,; Shivde, R.S.; Echuri, H.; Abdel-Aziz, RT.A.; Abdel-Wahab, H.; Kundu, R.V,; Le Poole, I.C. Melanocyte-keratinocyte
cross-talk in vitiligo. Front. Med. 2023, 10, 1176781. [CrossRef] [PubMed]

Buhimschi, A.D.; Gooden, D.M,; Jing, H.; Fels, D.R.; Hansen, K.S.; Beyer, W.E, Jr.; Dewhirst, M.W.; Walder, H.; Gasparro, E.P.
Psoralen Derivatives with Enhanced Potency. Photochem. Photobiol. 2020, 96, 1014-1031. [CrossRef] [PubMed]

Doppalapudi, S.; Mahira, S.; Khan, W. Development and in vitro assessment of psoralen and resveratrol co-loaded ultradeformable
liposomes for the treatment of vitiligo. J. Photochem. Photobiol. B Biol. 2017, 174, 44-57. [CrossRef] [PubMed]

Yu, X.; Wang, Y.; Wu, Z; Jia, M,; Xu, Y.; Qu, H.; Zhao, X.; Wang, S.; Jing, L.; Lou, Y.; et al. Multi-technology integrated network
pharmacology-based study on phytochemicals, active metabolites, and molecular mechanism of Psoraleae Fructus to promote
melanogenesis. J. Ethnopharmacol. 2024, 325, 117755. [CrossRef] [PubMed]

Zang, D.; Maimaiti, Z.; Mamat, N.; Ma, X.; Li, H.; Lu, X,; Turak, A.; Luo, Y.; Aisa, H.A. Investigating the effects and mechanisms
of Vernonia anthelmintica (L.) willd., seed extracts on melanogenesis and vitiligo treatment based on multi-omics and network
pharmacology. |. Ethnopharmacol. 2026, 355, 120528. [CrossRef] [PubMed]

Hong, SW.; Wang, Y.F,; Chen, Y].; Zhang, K.Y.; Chen, PY.; Hang, H.X,; Yin, H.L.; Xu, P; Tan, C. Integrative pharmacology reveals
the mechanisms of Erzhi pills, A traditional Chinese formulation, stimulating melanogenesis. J. Ethnopharmacol. 2024, 324, 117617.
[CrossRef] [PubMed]

Guo, M,; Peng, ].; Dong, C.; Lu, J.; Li, S.; Chen, M.; Zhu, J.; Chen, A.; Lu, Y,; Jing, L.; et al. Clematis Tangutica (Maxim.) Korsh.
extracts promote melanogenesis via PKA /CREB activation and multi-cytokine inhibition: A novel dual targeting strategy for
vitiligo therapy. Phytomedicine 2026, 153, 157963. [CrossRef] [PubMed]

Wusiman, Z.; Zhang, A.M.; Zhang, S.S.; Zhao, PP; Kang, Y.T.; Zhang, Y.; Li, Z.].; Huo, S.X. Galangin ameliorates PTU-induced
vitiligo in zebrafish and B16F10 cells by increasing melanogenesis through activation of the p38/JNK MAPK pathway. Front.
Pharmacol. 2025, 16, 1521097. [CrossRef] [PubMed]

Lee, J.H.; Ko, Y.S.; Eom, Y.S.; Kim, S.J. Isoquercitrin induces melanogenesis in BI6F10 melanoma cells and zebrafish via the p38
and PKA /CREB signaling pathways: An experimental study. J. Yeungnam Med. Sci. 2025, 42, 69. [CrossRef] [PubMed]

Tang, H.; Yang, L.; Wu, L.; Wang, H.; Chen, K.; Wu, H.; Li, Y. Kaempferol, the melanogenic component of Sanguisorba officinalis,
enhances dendricity and melanosome maturation/transport in melanocytes. J. Pharmacol. Sci. 2021, 147, 348-357. [CrossRef]
[PubMed]

Hong, C.; Zhang, Y.; Yang, L.; Xu, H.; Cheng, K,; Lv, Z.; Chen, K.; Li, Y.; Wu, H. Epimedin B exhibits pigmentation by increasing
tyrosinase family proteins expression, activity, and stability. J. Pharm. Anal. 2024, 14, 69-85. [CrossRef] [PubMed]

Hu, M.; Chen, C; Liu, J.; Cai, L.; Shao, J.; Chen, Z.; Lin, L.; Zheng, T.; Ding, X.; Li, Z. The melanogenic effects and underlying
mechanism of paeoniflorin in human melanocytes and vitiligo mice. Fitoterapia 2020, 140, 104416. [CrossRef] [PubMed]
Abdel-Malek, Z.A.; Jordan, C.; Ho, T.; Upadhyay, PR.; Fleischer, A.; Hamzavi, I. The enigma and challenges of vitiligo
pathophysiology and treatment. Pigment. Cell Melanoma Res. 2020, 33, 778-787. [CrossRef] [PubMed]

Riding, R.L.; Harris, ].E. The Role of Memory CD8(+) T Cells in Vitiligo. J. Immunol. 2019, 203, 11-19. [CrossRef] [PubMed]

van den Boorn, J.G.; Konijnenberg, D.; Dellemijn, T.A.; van der Veen, ].P; Bos, ].D.; Melief, C.].; Vyth-Dreese, F.A.; Luiten, R.M.
Autoimmune destruction of skin melanocytes by perilesional T cells from vitiligo patients. J. Investig. Dermatol. 2009, 129,
2220-2232. [CrossRef] [PubMed]

Harris, J.E.; Harris, TH.; Weninger, W.; Wherry, E.J.; Hunter, C.A.; Turka, L.A. A mouse model of vitiligo with focused epidermal
depigmentation requires IFN-y for autoreactive CD8* T-cell accumulation in the skin. J. Investig. Dermatol. 2012, 132, 1869-1876.
[CrossRef] [PubMed]

Richmond, ].M.; Bangari, D.S.; Essien, K.I.; Currimbhoy, S.D.; Groom, ].R.; Pandya, A.G.; Youd, M.E,; Luster, A.D.; Harris, ].E.
Keratinocyte-Derived Chemokines Orchestrate T-Cell Positioning in the Epidermis during Vitiligo and May Serve as Biomarkers
of Disease. . Investig. Dermatol. 2017, 137, 350-358. [CrossRef] [PubMed]

Liu, H.; Wang, Y.; Le, Q.; Tong, J.; Wang, H. The IFN-y-CXCL9/CXCL10-CXCR3 axis in vitiligo: Pathological mechanism and
treatment. Eur. J. Immunol. 2024, 54, €2250281. [CrossRef] [PubMed]

Xu, M.; Ding, M,; Li, R.; Zhang, H.; Ren, F; Li, H.; Zhang, W. Sappanone A exerted promising therapeutic effects in vitiligo
through Wnt5a-mediated noncanonical Wnt signaling. J. Nat. Med. 2026, 80, 1152-1167. [CrossRef] [PubMed]

Wei, W.; Alimujiang, A.; Zhang, Z.; Wusiman, Z.; Liu, X.; Zhu, Y; Bai, Y.; Zhu, Z; Li, Z.; Xu, D.; et al. Galangin alleviates vitiligo
by targeting ANXA2 degradation in macrophages. Br. ]. Pharmacol. 2025, 182, 4647—-4667. [CrossRef] [PubMed]

Giri, PS.; Dwivedi, M.; Begum, R. Decreased suppression of CD8* and CD4™" T cells by peripheral regulatory T cells in generalized
vitiligo due to reduced NFATC1 and FOXP3 proteins. Exp. Dermatol. 2020, 29, 759-775. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19091333


https://doi.org/10.3389/fmolb.2024.1440187
https://www.ncbi.nlm.nih.gov/pubmed/39228912
https://doi.org/10.1016/j.arr.2021.101349
https://www.ncbi.nlm.nih.gov/pubmed/33984527
https://doi.org/10.3389/fmed.2023.1176781
https://www.ncbi.nlm.nih.gov/pubmed/37275386
https://doi.org/10.1111/php.13263
https://www.ncbi.nlm.nih.gov/pubmed/32221980
https://doi.org/10.1016/j.jphotobiol.2017.07.007
https://www.ncbi.nlm.nih.gov/pubmed/28753523
https://doi.org/10.1016/j.jep.2024.117755
https://www.ncbi.nlm.nih.gov/pubmed/38218502
https://doi.org/10.1016/j.jep.2025.120528
https://www.ncbi.nlm.nih.gov/pubmed/40967490
https://doi.org/10.1016/j.jep.2023.117617
https://www.ncbi.nlm.nih.gov/pubmed/38142876
https://doi.org/10.1016/j.phymed.2026.157963
https://www.ncbi.nlm.nih.gov/pubmed/41720011
https://doi.org/10.3389/fphar.2025.1521097
https://www.ncbi.nlm.nih.gov/pubmed/40129935
https://doi.org/10.12701/jyms.2025.42.69
https://www.ncbi.nlm.nih.gov/pubmed/41189087
https://doi.org/10.1016/j.jphs.2021.08.009
https://www.ncbi.nlm.nih.gov/pubmed/34663517
https://doi.org/10.1016/j.jpha.2023.09.006
https://www.ncbi.nlm.nih.gov/pubmed/38352950
https://doi.org/10.1016/j.fitote.2019.104416
https://www.ncbi.nlm.nih.gov/pubmed/31704261
https://doi.org/10.1111/pcmr.12878
https://www.ncbi.nlm.nih.gov/pubmed/32198977
https://doi.org/10.4049/jimmunol.1900027
https://www.ncbi.nlm.nih.gov/pubmed/31209143
https://doi.org/10.1038/jid.2009.32
https://www.ncbi.nlm.nih.gov/pubmed/19242513
https://doi.org/10.1038/jid.2011.463
https://www.ncbi.nlm.nih.gov/pubmed/22297636
https://doi.org/10.1016/j.jid.2016.09.016
https://www.ncbi.nlm.nih.gov/pubmed/27686391
https://doi.org/10.1002/eji.202250281
https://www.ncbi.nlm.nih.gov/pubmed/37937817
https://doi.org/10.1007/s11418-026-02050-5
https://www.ncbi.nlm.nih.gov/pubmed/42230481
https://doi.org/10.1111/bph.70103
https://www.ncbi.nlm.nih.gov/pubmed/40527613
https://doi.org/10.1111/exd.14157
https://www.ncbi.nlm.nih.gov/pubmed/32682346
https://doi.org/10.3390/ph19091333

Pharmaceuticals 2026, 19, 1333 30 of 31

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Lin, M.; Zhang, B.X,; Shen, N.; Dong, X.J.; Zhang, C.; Qi, X.Y.; Zhu, J.; Li, Y.Z.; Man, M.Q.; Tu, C.X. Regulatory T cells from active
non-segmental vitiligo exhibit lower suppressive ability on CD8+CLA+ T cells. Eur. ]. Dermatol. 2014, 24, 676—682. [CrossRef]
[PubMed]

Giri, PS.; Mistry, J.; Dwivedi, M. Meta-Analysis of Alterations in Regulatory T Cells” Frequency and Suppressive Capacity in
Patients with Vitiligo. J. Immunol. Res. 2022, 2022, 6952299. [CrossRef] [PubMed]

Ucuz, I; Altunisik, N.; Sener, S.; Turkmen, D.; Kavuran, N.A.; Marsak, M.; Colak, C. Quality of life, emotion dysregulation,
attention deficit and psychiatric comorbidity in children and adolescents with vitiligo. Clin. Exp. Dermatol. 2021, 46, 510-515.
[CrossRef] [PubMed]

Chen, C.Y.; Wang, W.M.; Chung, C.H.; Tsao, C.H.; Chien, W.C.; Hung, C.T. Increased risk of psychiatric disorders in adult patients
with vitiligo: A nationwide, population-based cohort study in Taiwan. J. Dermatol. 2020, 47, 470-475. [CrossRef] [PubMed]
Cao, C; Lei, ].; Zheng, Y.; Xu, A.; Zhou, M. The brain-skin axis in vitiligo. Arch. Dermatol. Res. 2024, 316, 607. [CrossRef] [PubMed]
Mollica, L.; De Marchis, F.; Spitaleri, A.; Dallacosta, C.; Pennacchini, D.; Zamai, M.; Agresti, A.; Trisciuoglio, L.; Musco, G;
Bianchi, M.E. Glycyrrhizin binds to high-mobility group box 1 protein and inhibits its cytokine activities. Chem. Biol. 2007, 14,
431-441. [CrossRef] [PubMed]

Mou, K.; Pan, W.,; Han, D.; Wen, X.; Cao, F,; Miao, Y,; Li, P. Glycyrrhizin protects human melanocytes from H,O,-induced
oxidative damage via the Nrf2-dependent induction of HO-1. Int. ]. Mol. Med. 2019, 44, 253-261. [CrossRef] [PubMed]

Zhou, L.; Yuan, X.; Hu, Y.; Zhu, S.; Li, J.; Wang, C.; Jing, M.; Liu, L.; Xu, Z.; Zhao, Z.; et al. Blockade of HMGB1 Reduces
Inflammation and Pruritus in Atopic Dermatitis by Inhibiting Skin Fibroblasts Activation. Int. Arch. Allergy Immunol. 2024, 185,
170-181. [CrossRef] [PubMed]

Rana, T.; Behl, T,; Sehgal, A.; Srivastava, P; Bungau, S. Unfolding the Role of BDNF as a Biomarker for Treatment of Depression. J.
Mol. Neurosci. 2021, 71, 2008-2021. [CrossRef] [PubMed]

Yang, T.; Nie, Z.; Shu, H.; Kuang, Y.; Chen, X.; Cheng, J.; Yu, S.; Liu, H. The Role of BDNF on Neural Plasticity in Depression.
Front. Cell. Neurosci. 2020, 14, 82. [CrossRef] [PubMed]

Levy, M.].E; Boulle, E; Steinbusch, H-W.; van den Hove, D.L.A.; Kenis, G.; Lanfumey, L. Neurotrophic factors and neuroplasticity
pathways in the pathophysiology and treatment of depression. Psychopharmacology 2018, 235, 2195-2220. [CrossRef] [PubMed]
Xiong, Z.; Jiang, B.; Wu, P.E; Tian, J.; Shi, L.L.; Gu, ].; Hu, Z.L.; Fu, H.; Wang, F.; Chen, ].G. Antidepressant effects of a plant-derived
flavonoid baicalein involving extracellular signal-regulated kinases cascade. Biol. Pharm. Bull. 2011, 34, 253-259. [CrossRef]
[PubMed]

Guan, Y,; Wang, J.; Wu, X.; Song, L.; Wang, Y.; Gong, M.; Li, B. Quercetin reverses chronic unpredictable mild stress-induced
depression-like behavior in vivo by involving nuclear factor-E2-related factor 2. Brain Res. 2021, 1772, 147661. [CrossRef]
[PubMed]

Wang, J.; Li, P; Qin, T,; Sun, D.; Zhao, X.; Zhang, B. Protective effect of epigallocatechin-3-gallate against neuroinflammation and
anxiety-like behavior in a rat model of myocardial infarction. Brain Behav. 2020, 10, e01633. [CrossRef] [PubMed]

Loftis, ].M.; Wilhelm, C.J.; Huckans, M. Effect of epigallocatechin gallate supplementation in schizophrenia and bipolar disorder:
An 8-week, randomized, double-blind, placebo-controlled study. Ther. Adv. Psychopharmacol. 2013, 3, 21-27. [CrossRef] [PubMed]
Ahmad, H.; Rauf, K.; Zada, W.; McCarthy, M.; Abbas, G.; Anwar, E; Shah, A.J. Kaempferol Facilitated Extinction Learning in
Contextual Fear Conditioned Rats via Inhibition of Fatty-Acid Amide Hydrolase. Molecules 2020, 25, 4683. [CrossRef] [PubMed]
Lambert, ].D.; Kim, D.H.; Zheng, R.; Yang, C.S. Transdermal delivery of (-)-epigallocatechin-3-gallate, a green tea polyphenol, in
mice. J. Pharm. Pharmacol. 2006, 58, 599-604. [CrossRef] [PubMed]

Moon, Y.J.; Wang, L.; DiCenzo, R.; Morris, M.E. Quercetin pharmacokinetics in humans. Biopharm. Drug Dispos. 2008, 29, 205-217.
[CrossRef] [PubMed]

Ploeger, B.; Mensinga, T.; Sips, A.; Seinen, W.; Meulenbelt, J.; DeJongh, J. The pharmacokinetics of glycyrrhizic acid evaluated by
physiologically based pharmacokinetic modeling. Drug Metab. Rev. 2001, 33, 125-147. [CrossRef] [PubMed]

Jamwal, R. Bioavailable curcumin formulations: A review of pharmacokinetic studies in healthy volunteers. J. Integr. Med. 2018,
16, 367-374. [CrossRef] [PubMed]

Yoshino, T.; Makino, T. Clinical risk factors of licorice-induced pseudohyperaldosteronism: A 2026-updated narrative review.
Front. Pharmacol. 2026, 17, 1840515. [CrossRef] [PubMed]

Stern, R.S. The risk of squamous cell and basal cell cancer associated with psoralen and ultraviolet A therapy: A 30-year
prospective study. J. Am. Acad. Dermatol. 2012, 66, 553-562. [CrossRef] [PubMed]

Wu, Y.H.; Chou, C.L.; Chang, H.C. Risk of skin cancer after ultraviolet phototherapy in patients with vitiligo: A systematic review
and meta-analysis. Clin. Exp. Dermatol. 2022, 47, 692-699. [CrossRef] [PubMed]

Kellermann, A.J.; Kloft, C. Is there a risk of bleeding associated with standardized Ginkgo biloba extract therapy? A systematic
review and meta-analysis. Pharmacotherapy 2011, 31, 490-502. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19091333


https://doi.org/10.1684/ejd.2014.2436
https://www.ncbi.nlm.nih.gov/pubmed/25335433
https://doi.org/10.1155/2022/6952299
https://www.ncbi.nlm.nih.gov/pubmed/36164321
https://doi.org/10.1111/ced.14196
https://www.ncbi.nlm.nih.gov/pubmed/32064670
https://doi.org/10.1111/1346-8138.15290
https://www.ncbi.nlm.nih.gov/pubmed/32124495
https://doi.org/10.1007/s00403-024-03362-w
https://www.ncbi.nlm.nih.gov/pubmed/39240376
https://doi.org/10.1016/j.chembiol.2007.03.007
https://www.ncbi.nlm.nih.gov/pubmed/17462578
https://doi.org/10.3892/ijmm.2019.4200
https://www.ncbi.nlm.nih.gov/pubmed/31115551
https://doi.org/10.1159/000534568
https://www.ncbi.nlm.nih.gov/pubmed/37963429
https://doi.org/10.1007/s12031-020-01754-x
https://www.ncbi.nlm.nih.gov/pubmed/33230708
https://doi.org/10.3389/fncel.2020.00082
https://www.ncbi.nlm.nih.gov/pubmed/32351365
https://doi.org/10.1007/s00213-018-4950-4
https://www.ncbi.nlm.nih.gov/pubmed/29961124
https://doi.org/10.1248/bpb.34.253
https://www.ncbi.nlm.nih.gov/pubmed/21415537
https://doi.org/10.1016/j.brainres.2021.147661
https://www.ncbi.nlm.nih.gov/pubmed/34529966
https://doi.org/10.1002/brb3.1633
https://www.ncbi.nlm.nih.gov/pubmed/32304289
https://doi.org/10.1177/2045125312464103
https://www.ncbi.nlm.nih.gov/pubmed/23983989
https://doi.org/10.3390/molecules25204683
https://www.ncbi.nlm.nih.gov/pubmed/33066366
https://doi.org/10.1211/jpp.58.5.0004
https://www.ncbi.nlm.nih.gov/pubmed/16640828
https://doi.org/10.1002/bdd.605
https://www.ncbi.nlm.nih.gov/pubmed/18241083
https://doi.org/10.1081/dmr-100104400
https://www.ncbi.nlm.nih.gov/pubmed/11495500
https://doi.org/10.1016/j.joim.2018.07.001
https://www.ncbi.nlm.nih.gov/pubmed/30006023
https://doi.org/10.3389/fphar.2026.1840515
https://www.ncbi.nlm.nih.gov/pubmed/42292819
https://doi.org/10.1016/j.jaad.2011.04.004
https://www.ncbi.nlm.nih.gov/pubmed/22264671
https://doi.org/10.1111/ced.15010
https://www.ncbi.nlm.nih.gov/pubmed/34762747
https://doi.org/10.1592/phco.31.5.490
https://www.ncbi.nlm.nih.gov/pubmed/21923430
https://doi.org/10.3390/ph19091333

Pharmaceuticals 2026, 19, 1333 31 of 31

125.

126.

127.

128.

129.

Ru, Y,; Luo, Y;; Zhou, Y.; Kuai, L.; Sun, X.; Xing, M.; Liu, L.; Lu, Y.; Hong, S.; Chen, X,; et al. Adverse Events Associated With
Treatment of Tripterygium wilfordii Hook F: A Quantitative Evidence Synthesis. Front. Pharmacol. 2019, 10, 1250. [CrossRef]
[PubMed]

Li, M.; Wang, Y.; Chen, Y,; Dong, L.; Liu, J.; Dong, Y.; Yang, Q.; Cai, W.; Li, Q.; Peng, B.; et al. A comprehensive review on
pharmacokinetic mechanism of herb-herb/drug interactions in Chinese herbal formula. Pharmacol. Ther. 2024, 264, 108728.
[CrossRef] [PubMed]

Garraway, L.A.; Widlund, H.R.; Rubin, M. A ; Getz, G.; Berger, A.].; Ramaswamy, S.; Beroukhim, R.; Milner, D.A.; Granter, S.R,;
Du, J.; et al. Integrative genomic analyses identify MITF as a lineage survival oncogene amplified in malignant melanoma. Nature
2005, 436, 117-122. [CrossRef] [PubMed]

Kennedy, S.G.; Wagner, A.J.; Conzen, S.D.; Jordan, J.; Bellacosa, A.; Tsichlis, PN.; Hay, N. The PI 3-kinase/Akt signaling pathway
delivers an anti-apoptotic signal. Genes Dev. 1997, 11, 701-713. [CrossRef] [PubMed]

Sanchez-Vega, F.; Mina, M.; Armenia, J.; Chatila, WK,; Luna, A.; La, K.C.; Dimitriadoy, S.; Liu, D.L.; Kantheti, H.S.; Saghafinia, S.;
et al. Oncogenic Signaling Pathways in The Cancer Genome Atlas. Cell 2018, 173, 321-337.e10. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ph19091333


https://doi.org/10.3389/fphar.2019.01250
https://www.ncbi.nlm.nih.gov/pubmed/31780926
https://doi.org/10.1016/j.pharmthera.2024.108728
https://www.ncbi.nlm.nih.gov/pubmed/39389315
https://doi.org/10.1038/nature03664
https://www.ncbi.nlm.nih.gov/pubmed/16001072
https://doi.org/10.1101/gad.11.6.701
https://www.ncbi.nlm.nih.gov/pubmed/9087425
https://doi.org/10.1016/j.cell.2018.03.035
https://www.ncbi.nlm.nih.gov/pubmed/29625050
https://doi.org/10.3390/ph19091333

	Introduction 
	Methods 
	Clinical Translation and Evidence-Based Advances 
	Human Clinical Evidence 
	Topical Therapy 
	Systemic Therapy 

	Preclinical Evidence 

	Mechanisms of TCM Ingredients in Vitiligo 
	Remodeling Redox Homeostasis 
	Targeting Nrf2 to Enhance Antioxidant Defense 
	Regulating Mitochondrial Homeostasis and Autophagy 
	Modulating Ferroptosis-Related Processes and Endoplasmic Reticulum Stress 

	Promoting Melanin Synthesis and Melanosome Transport 
	Activating Wnt/-Catenin and cAMP/PKA Signaling Pathways to Promote Melanocyte Melanin Synthesis 
	Modulating the MAPK Network to Enhance Melanin Synthesis and Transport 

	Remodeling the Immune Microenvironment 
	Targeting T-Cell-Mediated Autoimmune Responses by Modulating Jak/Stat Signaling and Chemotactic Networks 
	Inducing Treg Differentiation to Restore Local Immune Tolerance 

	Potential Modulation of the Neuro–Immune–Skin Axis 
	Translational Pharmacology, Formulation, and Exposure 
	Safety and Toxicological Considerations 

	Conclusions and Future Perspectives 
	References

