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Abstract

Vitiligo is a multifactorial autoimmune disease characterized by de-
pigmentation of the skin and mucous membranes. The etiology and
pathogenesis of vitiligo are not yet fully understood. The establish-
ment of suitable vitiligo models will facilitate studies of the pathogen-
esis and therapeutic treatments of vitiligo. At present, vitiligo models
have usually been established by treatment with chemical substances
such as monobenzone and hydroquinone, and by the exogenous in-
jection of CD8+ T cells into transgenic mice. Those models have their
own advantages and disadvantages, and are suitable for different types
of research. In addition to animal models, many drug-induced types
of vitiligo have been found clinically, such as vitiligo-like skin lesions
caused by some chemotherapy drugs, antiepileptic drugs and antifun-
gal drugs. This article will describe some methods used to establish
vitiligo models, to detect biomarkers associated with vitiligo, and will
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discuss the application of vitiligo models.
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Background

Vitiligo is an autoimmune skin disease with an approximate
prevalence of 0.5-2% worldwide that is characterized by chalky-
white macules and/or patches with distinct margins [1]. Depig-
mented spots of the skin can appear anywhere on the body.
Although vitiligo does not affect the lifespan of the patient or
the function of important organs, the impact on the patient’s
quality of life is obvious, even devastating. Research on the
pathogenesis and treatment of vitiligo has never stopped or
slowed down. The establishment of animal models for various
diseases is an important means of modern medical research.
Establishing an animal model of vitiligo that is highly similar to
the clinical manifestations of patients is crucial for the develop-
ment of effective therapeutic drugs. This article reviews recent
studies of vitiligo models in order to promote in-depth research
on vitiligo.

Chemical vitiligo

Initially, chemical-induced skin depigmentation was con-
sidered an occupational hazard. Later, it was found that some
commonly used daily necessities, such as disinfectants, diaper
creams, cosmetic dyes, etc., can also cause skin discolorations.
These chemically-induced depigmented spots were named
“chemical vitiligo” by Ghosh, which is defined as acquired de-
pigmentation caused by repeated exposure to a specific com-
pound in genetically susceptible individuals, which is similar to
idiopathic vitiligo [2].

The main mechanisms underlying chemical vitiligo include
[3]: (1) The common structure of offending chemicals in the
majority of this category is a phenol group, which is shared by
tyrosine, the amino acid that is the basis of melanin synthesis.
Depigmenting chemicals appear to disrupt melanin production
by interacting with tyrosinase (TYR), which leads to the devel-
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opment of depigmented spots. (2) Depigmenting chemicals
can act to induce the death of melanocytes (MCs) indirectly by
activating an inflammatory cascade in dendritic cells. (3) The
chemical-induced stress initiates autophagy, which induces the
production of exosomes and leads to an autoimmune response
that results in the destruction of MCs (Figure 1). Substances
that have been reported to cause chemical vitiligo directly or
indirectly include: Monobenzone (MBZ), P-Phenylenediamine
(PPD) and Hydrogen Peroxide (H,0,). Those chemicals have
been used to treat severely generalized vitiligo patients to re-
move remnants of normal skin tone and improve the patient’s
overall appearance.
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\Figure 1: The main mechanisms of chemical vitiligo. y

Monobenzone (MBZ)

In 1939, Oliver et al. found that some workers in a leather
manufacturing company had discolored spots on their hands
and forearms covered by their gloves and on remote places of
their bodies not covered by their gloves [4]. To further explore
whether MBZ can induce depigmentation of non-exposed skin
sites in mice, Zhu et al [5]. Used 4-week-old male C57BL/6 mice
and treated them topically with MBZ cream. They found that
small white patches first appeared in the drug contact area
and gradually expanded. After prolonged application of MBZ,
some mice also developed depigmented spots on untreated ar-
eas such as their trunk, ears and/or tail. Over time, the areas
of depigmented spots expanded and eventually lead to depig-
mentation of most parts of the body. The proportion of mice
that developed distant depigmentation and the severity of the
depigmentation increased with higher MBZ concentrations.
Ultimately, all MBZ-treated mice developed depigmentation in
exposed areas and in some non-exposed areas. High concen-
trations of MBZ can shorten the time until the appearance of
vitiligo, but there is also significant local inflammation and exu-
dation. Therefore, they concluded that a 40% MBZ cream was
the most effective concentration. Reflectance Confocal Micros-
copy (RCM) and histological examination of the depigmented
skin showed the loss of epidermal MCs and the accumulation of
CD8+ T cells around the lesions, with elevated skin mononuclear
cellinfiltrations around the distant depigmented lesions. Immu-
nofluorescence staining with an anti-CD8 antibody showed that
the infiltrating lymphocytes included a large number of CD8+ T
cells, while only a small number of CD8+ T cells were observed
in healthy skin [6]. These results suggested that the appearance
of distal leukoplakia in mice is related to the immune response
of T cells.

Hydrogen peroxide (H,0,)

H,0, is a two-electron reduction product with strong oxidiz-
ing properties and is one of the raw materials for generating

hydroxyl radicals. H,0, can pass through the cell membrane
and can directly cause damage to MCs. H,0, can also affect
melanin production by inhibiting the Tyrosine Hydroxylase (TH)
and Dopa Oxidase (DO) activities of tyrosinase and by oxidizing
tetrahydrobiopterin (BH-4) in the epidermis. After exposure to
H,0,, MCs had decreased Bcl-2 levels and increased levels of Bax
and cleaved Caspase-3. Various endogenous or exogenous stim-
uli can disrupt the balance of the oxidative-antioxidant system,
which may increase the level of Reactive Oxygen Species (ROS)
in MCs. ROS can destroy macromolecular substances including
lipids, nucleic acids and proteins, leading to lipid peroxidation,
DNA fragmentation, oxidative decomposition of proteins and
activation or inactivation of various enzymes [7]. Moreover,
ROS may also cause a decrease in mitochondrial membrane po-
tential, abnormalities in mitochondrial membrane lipid compo-
sition, and impairment of the integrity of the respiratory chain.
Those conditions make MCs more sensitive to apoptosis stimuli
and more easily damaged. Furthermore, oxidative stress dis-
rupts the folding machinery of the endoplasmic reticulum and
activates the Unfolded Protein Response (UPR). If the adaptive
mechanisms in MCs cannot resolve the protein-folding defect,
the cells undergo apoptosis. The amount of E-cadherin in the
cell membrane is down-regulated due to oxidative damage,
resulting in impaired adhesion of MCs to the basement mem-
brane and triggering the apoptosis of MCs [8].

One research study applied a 5% H,0, solution at a depilated
area of about 40 cm? on the dorsal skin of black guinea pigs,
0.5 ml each time, twice a day for 50 days [9]. During that time,
the black skin of the guinea pigs turned white and even grew
white hair. Local histopathological examination showed that
melanin content had decreased in the spinous layer and in Hair
Follicles (HFs). Some HFs were white in the upper part, yellow
in the middle, and black in the lower part. At the same time,
serum levels of Monoamine Oxidase (MAQO) and Immunoglob-
ulin (Ig) were increased, and Cholinesterase (ChE) decreased.
However, a few research studies failed to induce vitiligo in mice
using H,0,. They speculated that H,0, achieves depigmentation
through the bleaching of existing melanin. The effect of H,0,
on MCs can be offset by more newly generated melanin gran-
ules. The H,0,-induced depigmentation is easy to operate, but
it is not completely consistent with the pathogenesis of human
vitiligo.

Hydroquinone (HQ)

HQ is frequently used as a skin lightening agent that acts
by inhibiting the TYR-catalyzed conversion of tyrosine to mela-
nin [10]. The mechanism of toxicity of HQ on MCs is unclear.
Possible mechanisms include [11]: (1) rapid spontaneous oxi-
dation of HQ in the extracellular environment to generate the
corresponding o-quinones and abundant ROS, (2) hydrophobic
electron-donating substitutes at the para-position of phenoal,
conferring high cellular permeability and high sensitivity to au-
to-oxidation. Studies have shown that the clinical use of a 2%
HQ cream can effectively reduce melanin production by 63.5%.
Topical treatment with 2 mL 2.5% HQ was applied to shaved
areas (2 x 2 cm) of the dorsal skin of C57BL/6 mice daily for 60
days. Eventually, white spots and hair appearedon the treated
areas. Histological analysis showed that the amount of melanin
in MCs in HFs, in basal MCs and in epidermal MCs were all re-
duced after HQ treatment compared to the control group.
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Immune-related vitiligo animal models
Smyth Line (SL) chickens

Smyth Line (SL) chickens are the only animal model of viti-
ligo that spontaneously display all clinical and biological mani-
festations of human vitiligo. SL vitiligo involves the interaction
of genetic, immune and environmental factors. Susceptibility to
SL vitiligo is manifested in part in an inherent defect of MCs.
The loss of MCs is due to MC-specific cell-mediated immune
responses and abnormalities in humoral immunity. The pheno-
type and etiology of SL vitiligo is similar to human vitiligo [12].
However, the loss of pigmentation in SL chickens is due to the
loss of MCs in feathers and pigmented HFs without involving
the loss of epidermal pigmentation [13]. Therefore, SL chickens
are not suitable for studies of human vitiligo.

Mouse models of vitiligo

Studies have shown that T lymphocytes, mainly cytotoxic
CD8+ T cells, that infiltrate the edges of vitiligo lesions, mediate
the elimination of MCs and play a necessary and sufficient role
in the occurrence and development of vitiligo. While regulatory
T cells (Tregs) maintain immune homeostasis and suppress in-
flammation, skin Resident Memory T (TRM) cells induce vitiligo
relapse [14]. According to this theory, several kinds of mouse
vitiligo models have been established.

Transgenic mice: Transgenic mice (KRT14-kitl*4XTG2Bjl,
named SCF mice) that express Stem Cell Factor (SCF) induced by
the Kit ligand are used as recipient mice, whose hairs and epi-
dermis are black. Those mice were irradiated with at a sublethal
dose (5 Gy) of gamma rays to deplete endogenous lympho-
cytes. DPEGEP mice which express green fluorescent protein
(GFP) were crossed with T Cell Receptor (TCR) transgenic mice
expressing Premelanosome Protein (PMEL) to obtain GFP-PMEL
TCR transgenic mice (referred to as PMEL mice), who served as
a donor of CD8+ T cells. After the intraorbital injection of CD8+
T cells into SCF mice, an attenuated recombinant Vaccinia Virus
(rVV) was intraperitoneally injected to activate CD8+ T cells to
specifically kill MCs of the recipient mice. Five to seven weeks
later, the SCF mice developed depigmented skin, mostly on their
ears, nose, palms, soles and tails. No additional depigmented
spots appeared after 7 weeks [16]. This model of transgenic
mice is similar to the progression of human vitiligo, preserving
the important role of HFs in repigmentation, and therefore it is
suitable for research studies on the mechanism of repigmenta-
tion and on the efficacy of new drugs for treating vitiligo.

C57BL/6 mice: According to the phenomenon whereby MCs
are killed by the body’s immune cells during the treatment of
Malignant Melanoma (MM), research groups have constructed
a rVV expressing a variety of MC-specific antigens [17]. When
the rVV expressing human TRP-1 was injected into C57BL/6
mice, 80% of them developed depigmented skin patches, which
were similar to the vitiligo-like depigmented patches seen in hu-
man MM patients treated with IL-12 chemotherapy [18]. The
establishment of this model is due to the activation of CD4+ T
cell-mediated cellular immunity and the production of specific
antibodies that result in the damage of MCs. This mouse model
of vitiligo can be used to study the immune-related mecha-
nisms of vitiligo.

Hybrid mice: By hybridization of TYR-deficient albino mice
with AAD+ mice expressing type | Major Histocompatibility Com-
plex (MHC), human HLA-A*021 binding site and TYR369 phe-
notype, the model of TYR369-specific transgenic mice (called

FH mice) was constructed [19]. The FH mice were then crossed
with AAD+ mice, and depigmentation of the hair and skin ap-
peared in their offspring. This model is a CD8+ T cell-dependent
autoimmune vitiligo, which is similar to human vitiligo. In this
model, the depigmented spots appeared slowly, with bilateral
lesions on the cephalic and facial regions in young animals and
on the trunk area only in adult animals. This model suggests
that the process of depigmentation may be mechanistically dif-
ferent in different regions of the body. This model could be used
to further characterize the immune mechanisms of vitiligo in-
volving cytokines, immune pathways and regional mechanisms.

Medicinal-associated vitiligo

Depigmented patches associated with melanoma have vari-
ous phenotypes, including white halos around the primary tu-
mor, white areas mixed with the melanoma, and nonpigmented
patches at melanoma scars or at the sites of immunotherapy
injections [20]. The rarest manifestations are vitiligo-like patch-
es distant from the primary tumor. Immunotherapy probably
increases the incidence of vitiligo associated with melanoma.
Because MM cells and MCs share a variety of immunogenic an-
tigens, including MELAN-A/Mart-1, TYRP-1/GP75, TYRP-2, TYR
and GP100, the autoimmune-mediated destruction of MM cells
can also lead to the killing of normal MCs, resulting in the de-
pigmentation [21]. Research studies have found that spontane-
ous vitiligo is more common in MM patients than in the general
population. Moreover, following treatment with immunosup-
pressants such as Interferon A (IFN-a), IL-2 or immune check-
point inhibitors (anti-cytotoxic T-lymphocyte antigen-4 and
programmed cell death inhibitors), 2 to 16% of MM patients
develop depigmented spots, which is referred as MM-Associat-
ed Vitiligo (MAV), which shares similar pathological features to
vitiligo. The phenomenon of MAV may predict a better immune
response, which means better survival than expected according
to the melanoma stage [22].

Vitiligo-like depigmentation can also occur during or after
the treatment of other diseases. Imiquimod cream is routinely
used to treat several benign and malignant skin diseases due to
its antiviral, antitumor and immunomodulatory properties, and
imiquimod induced local hypopigmentation in some patients by
inhibiting melanogenesis, activating autophagy, increasing the
apoptosis of MCs and stimulating the secretion of proinflam-
matory cytokines including interleukin 6 (IL-6), IL-8 and soluble
ICAM-1 (sICAM-1) [23]. It has been reported that a patient with
cardiovascular disease developed depigmented spots on the
back of the hand, the wrist, waist and abdomen after 6 days
of taking Xuesaitong capsule which which is a Chinese herbal
monomer preparation consisting of Panax notoginseng sapo-
nins [24]. Furthermore, Patients with breast cancer developed
vitiligo-like depigmentation (DI-VLD) associated with treatment
by an inhibitor of cyclin-dependent kinases 4 and 6 (CDK 4/6)
[25].

Conclusions

Currently, the animals used to establish vitiligo models in-
clude Smyth chickens, mice, Sinclair pigs, dogs, cats, gray
horses, rats and zebrafish. Different animal models have their
own advantages and limitations, and can only simulate the
pathogenesis of human vitiligo to a certain extent. Researchers
should choose different models to conduct experiments accord-
ing to their own research directions. In the future, researchers
should also be committed to developing better vitiligo models
closer to the human body environment, so as to better under-
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stand the pathogenesis of vitiligo and develop efficient and safe
treatment methods for vitiligo.
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