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Purpose: Melasma is a common, chronic, and recurring disorder of hyperpigmentation arising from hyperfunctional melanocytes that
deposit excessive amounts of melanin in the epidermis and dermis. The pathophysiology of melasma remains unclear and the
treatment is challenging. Proteomic Analysis may contribute to understand the pathogenesis of melasma.

Patients and Methods: In this study, transepidermal water loss(TWEL) was evaluated to assess skin barrier function. Melasma area
and severity index score was used to measure the severity of melasma. Data independent acquisition mass spectrometry was used to
perform a comparative analysis of protein expression in female skin samples(cheeks) from 8 healthy controls and 8 melasma subjects.
The hospital anxiety and depression scale were used to assess the anxiety and depression levels of the melasma patients.

Results: The results showed that the melasma patients had higher TEWL values than the controls (12.95 + 2.44 versus 6.86 +2.19, p <0.01).
Quantitative proteomic analysis identified a total of 230 differentially expressed proteins, including 193 upregulated and 37 downregulated.
Enrichment analysis of these proteins based on GO, KEGG databases and protein-protein interaction analysis revealed that functional cluster
associated with skin barrier (which included ALB, ANXAS, HSPB1, IQGAP1, S100A7), immunity and inflammation (which included
YWHAZ, YWHAE, HSPAS, CSNK2B), melanogenesis (which included ALDH1A1, YWHAH, NDRG2, PMEL, APOE), psychoneurosis
(which included YWHAE,YWHAH, PFN1, C3) and hormone (which included ARPC2, HSC70 and HSP70).

Conclusion: Our non-invasive proteomics analysis of human epidermal proteins may guide future research on female melasma and
help in the development of treatments for melasma.
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Introduction
Melasma is a prevalent, chronic, and recurrent dermatological condition characterized by hyperfunctional melanocytes,
leading to excessive melanin deposition in the epidermis and dermis.' It is particularly common among females of
reproductive age and in areas of high sun exposure, notably on the face.” The condition is challenging to treat and prone
to relapse, with significant psychosocial impact, including feelings of shame and reduced self-confidence.> While the
precise pathophysiology of melasma remains unclear, potential contributing factors include genetic influences, sun
exposure, hormones sensitivity, pregnancy, and medication use.* Further research into melasma is urgently needed.
Data-independent acquisition (DIA) mass spectrometry is an emerging technology that holds significant potential for
deep and accurate proteomics with enhanced reproducibility.’ The integration of proteomics into disease research efforts
has broadened our understanding of the disease molecular profile through the discovery of new biomarkers. Furthermore,
proteomics supports the development of targeted treatments, ultimately advancing personalized medicine. Although
several proteomic studies on melasma have been reported in recent years, few studies have examined the proteomic
analysis of melasma in the Chinese population using a non-invasive tape stripping technique.®’ In this study, we
employed proteomic analysis using an Astral Mass Analyzer for Quantitative proteomics via data-Independent
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acquisition technology. The objective was to assess the potential of skin proteomics as a non-invasive approach for
identifying novel protein biomarkers associated with melasma and to explore their role in the disease pathogenesis by
investigating known signaling pathways.

Materials and Methods
Study Participants

The study protocols were received approval from the ethics committee of Peking University International Hospital (The
approval number from the ethics committee is 2021-KY-0024-01). And all methods were performed in accordance with the
relevant guidelines and regulations. Informed consent to participate in the study was obtained from each patient and healthy
person before enrolling in the study. Informed consent was obtained from all participants prior to enrollment. The sample
comprised eight individuals with melasma (mean age: 38.87 & 3.31 years) and eight healthy controls (mean age: 37.75 + 3.11
years), all residing in the Beijing area. The diagnosis of melasma was based on characteristic clinical manifestations and
confirmed through a Wood’s lamp examination. Comprehensive examinations and assessments were conducted to exclude
post-inflammatory pigmentation, freckles, nevus fuscoceruleus zygomaticus, solar lentigines, melanosis, and other dermato-
logical conditions contributing to skin pigmentation. Participants were required to abstain from treatments or medications that
might interfere with the study for at least two months prior to enrolment. Exclusion criteria included chemical peels, oral
tranexamic acid and polypodium leucotoma, topical hydroquinone, laser therapy and light devices.

Protein Sampling

Stratum corneum samples from the malar area were collected using 3M medical tape. Before sampling, the arca was
gently wiped with a 5% saline swab. The tape was applied to the skin with uniform pressure for three minutes, and three
consecutive collections were performed at the same site. To ensure consistency and minimize variability, the same
technician conducted all procedures. All samples were immediately stored at —80°C until further analysis.

The Melasma Area and Severity Index (MASI) is a scoring system designed to evaluate the severity of melasma
based on three subjective factors: the area of involvement(A), darkness (D), and homogeneity (H).® These factors are
assessed in four facial regions: the forehead (f), right malar region (rm), left malar region (Im), and chin (c), each of
which is weighted at 30%, 30%, 30%, and 10% of the total face, respectively. The extent of involvement in each region is
scored on a scale from 0 to 6, with 0 indicates no involvement, 1 represents less than 10-29%, and so on, up to 6
representing 90-100% involvement. Darkness and homogeneity are rated on a scale of 0 to 4, where 0 indicating
absence, 1 is slight, 2 is mild, 3 is marked and 4 is maximum. The MASI score is calculated by summing the products of
the area, darkness, homogeneity scores for each region, yielding a total score ranging from 0 to 48.

TEWL Measurement for Skin Barrier Assessment

TEWL was measured at melasma site using a portable VapoMeter (TM300, CK, Cologne, Germany) in patients and the
same area in matched controls. Measurements were taken every 6 to 8 seconds per reading. For each participant, three
consecutive readings were collected at the same site and averaged.

Hospital Anxiety and Depression Scale (HADY)

The HADS is a psychometric instrument used to assess the severity of anxiety and depression.” It consists of 14 items,
evenly divided between the anxiety and the depression subscales. Six items are reverse-scored, with five in the depression
subscale and one in the anxiety subscale. Scores on each subscale are categorized as follows:

e (0-7: No symptoms
e 8-10: Possible anxiety or depression
e [1-21: Definite presence of the condition
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Skin Proteomic Analysis
The samples were treated with 50 nM TEAB (tetracthyl ammonium bromide) in 200uL, and trypsin (in 50 mM
ammonium bicarbonate) was added at an enzyme-to-protein ratio of 1:50. The samples were digested at 37°C for
16 hours. The resulting peptides were desalted, dried and re-solubilized by adding 0.1% formic acid (FA) solution.
Data were acquired using a Thermo Scientific™ Vanquish™ Neo UHPLC system coupled with an Orbitrap Astral
mass spectrometer, equipped with a Thermo Scientific™ Easy-spray™ source. The data were acquired in data-
independent acquisition mode with a normalized collision energy of 25% and a default charge state of 2. For quantitative
analysis, a 110 mm Thermo Scientific™ pPac™ Neo HPLC column was used, with a 7-minute gradient from 4% to 99%
B at a flow rate of 2.5 uL/min. MS1 spectra were acquired in the Orbitrap at a resolving power of 240,000 every 0.6 s,
and MS/MS spectra were recorded in the Astral analyzer with varying injection times as specified for each experiment.
Raw data were analyzed using DIA-NN v1.8.1 in library-free mode and searched against the same Uniprot Human
database (uniprot-UP000005640 9606.fasta).

Statistical Analysis

Categorical data were presented as counts (percentages) and analyzed using chi-square tests. Continuous variables with
a normal distribution were expressed as mean + standard deviation and analyzed using #-tests. Continuous variables that
did not follow a normal distribution were presented as median (interquartile range) and analyzed using the Mann—
Whitney U-test. A p-value of less than 0.05 was considered statistically significant.

The fold-change (FC) for each group pair was calculated using the mean values of the groups. A two-sided unpaired
Welch’s #-test was employed to determine statistically significant differences between the groups. Differentially
expressed proteins (DEPs) were selected based on the following thresholds: A fold change (FC) of >1.5 or <0.67,
with a p-value of <0.05 considered statistically significant. To improve the reliability of the results, the p-values were
adjusted for false discovery rate (FDR) using the Benjamini and Hochberg method.

Bioinformatics Analysis
Protein annotation, including cellular component, molecular function, and biological process, was obtained from the Gene
Ontology database (http://www.geneontology.org/). A biological signaling pathway analysis was conducted using the

Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg/pathway.html/). The selected

proteomic genes underwent enrichment analysis using DAVID version 6.8 (The Database for Annotation, Visualization and

10,11

Integrated Discovery; https://david.ncifcrf.gov/) with Mus musculus as the reference species. The Gene Ontology (GO)

enrichment analysis was conducted using the Gene Ontology tool, while KEGG pathways were analysed using the
KEGG PATHWAY tool. A p-value of less than 0.05 was considered statistically significant.

Results

Characteristics of the Participants

The section describes the characteristics of the participants. Table 1 summarizes the clinical characteristics of 16
participants. The patients were classified into Fitzpatrick phototypes III (5 patients; 62.5%) and IV (3 patients, 37.5%).
They exhibited bilateral light-to-dark brown asymptomatic macules with irregular borders. The malar type was observed in
four cases, with lesions located over the nose and malar cheeks. The centrofacial type was observed in four cases, with
lesions located on the cheeks, nose, forehead, and upper lip. The mean age of patients with melasma was 38.87 +3.31 years,
and the mean duration of the disease was 3.12 years. A total of 87.5% of patients (7/8) reported a direct relationship between
intense sun exposure, mental stress, and poor sleep with the recurrent exacerbation of the rash. The presence of melasma
had a notable impact on the psychosocial well-being of patients, as evidenced by the average HADS score of 9.125 £+ 1.125.
A majority (75%) of patients (6/8) reported feelings of shame and reduced self-confidence.
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Table | Characteristics of the Participants

Number | Age | Course | Type TEWL | HADS Score | MASI Score
Pl 36 2 Malar type 10.4 8 15.82
P2 42 3 Malar type 11.38 9 13.24
P3 38 3 Centrofacial type | 14.62 10 19.86
P4 40 4 Centrofacial type | 10.29 10 17.54
P5 38 3 Malar type 13.02 ] 12.48
Pé6 45 6 Centrofacial type | 12.28 9 14.26
P7 37 2 Centrofacial type | 17.56 8 13.88
P8 35 2 Malar type 14.03 8 10.38
Cl 35 NA NA 741 4 NA
C2 33 NA NA 4.83 3 NA
c3 42 NA NA 5.11 5 NA
C4 37 NA NA 5.35 | NA
(o) 36 NA NA 4.71 0 NA
Cé 40 NA NA 793 3 NA
c7 41 NA NA 10.46 4 NA
Cc8 38 NA NA 9.12 2 NA

Abbreviations: TEWL, Transepidermal Water Loss; HADS, Hospital Anxiety and Depression Scale; MASI, The
Melasma Area and Severity Index; P, patients; C, controls; NA, not available.

Skin Barrier Function

The function of the human skin barrier is commonly assessed by measuring TEWL. Elevated TEWL levels typically
indicate the dysfunction of skin barrier. In this study, melasma patients exhibited significantly higher TEWL values
compared to controls (12.95 £ 2.44 versus 6.86 + 2.19, p < 0.01), suggesting an association between melasma and skin
barrier dysfunction.

Quantitative Protein Detection
A spectral library of human skin proteins was established and analyzed using data-independent acquisition (DIA) mass
spectrometry. The library was obtained from 8 melasma patients and 8 healthy controls. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium (https://proteomecentral.proteomexchange.org) via the
iProX partner repository™*'? with the dataset identifier PXD057929.

A total of 15882 peptides and 2227 proteins were identified. A fold change of>1.5 or <0.67and p<0.05 were used as
the screening criteria for differentially expressed proteins(DEPs). A total of 230 proteins were found to be differentially

expressed in melasma patients when compared to healthy controls. Of these, 193 proteins were upregulated, while 37
were downregulated. A cluster analysis was performed to illustrate the expression differences between the two groups
(Figure 1). Principal component analysis (PCA) and volcano plots, as supervised multivariate data analysis methods,
demonstrated that the differential proteins segregated into two distinct clusters, allowing differentiation between the
patient group and the healthy controls (Figures 2 and 3).

Gene Ontology (GO) Enrichment Analysis

Gene Ontology (GO) annotation analysis was conducted to evaluate the functional properties of all identified proteins,
using the UniProt database and the R 3.6 software package (clusterProfiler). The results of this analysis are presented in
Figure 4. The most enriched biological processes in the upregulated proteins included biological regulation, cellular
processes, detoxification, immune response, homeostatic processes, metabolic processes, pigmentation, response to
stimuli, and developmental processes. The most enriched cellular components were identified as cellular anatomical
entities and protein-containing complexes. The most enriched molecular functions included binding, antioxidant activity,
ATP-dependent activity, catalytic activity, molecular adaptor activity, molecular function regulator activity, structural
molecule activity, transcription regulator activity, translation regulator activity, and transporter activity.
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Figure | Cluster analysis chart. Heat map showing the individual proteins that were significantly different in the melasma samples compared to the control samples after
adjustment by false discovery rate.

A gene ontology (GO) enrichment analysis was performed on the identified proteins to determine the biological
functions significantly associated with the differentially expressed proteins. It was observed that, in general, both up- and
down-regulated differentially expressed proteins (DEPs) are involved in similar structural or functional processes
(Figure 5). However, specific enrichments were noted for upregulated proteins in certain GO terms within the biological

process and molecular functions categories, including pigmentation, growth, rhythmic process, molecular carrier activity,
molecular transducer activity, and translation regulation.

KEGG Pathway Analysis

The KEGG pathway analysis for the identified differential proteins (DEPs) was conducted to identify the most important
biochemical metabolic and signal transduction pathways. The results showed that upregulated proteins were annotated to
several significant pathways, including metabolic pathways, gluconeogenesis, PI3K-Akt signaling pathway, Neutrophil
extracellular trap formation, MAPK signaling pathway, glutathione metabolism, calcium signaling pathway, NF-kappa
B signaling pathway, HIF-1 signaling pathway, sphingolipid signaling pathway, and VEGF signaling pathway.
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Figure 2 PCA Plot. PCA plot showing the overall distinction between the control and melasma groups.

Additionally, the natural killer cell-mediated cytotoxicity pathway was identified. Other significant pathways included the
B cell receptor signaling pathway, pentose phosphate pathway, Wnt signaling pathway, complement and coagulation
cascades, antigen processing and presentation, IL-17 signaling pathway, the GnRH signaling pathway, oxytocin signaling
pathway, fatty acid degradation pathway, estrogen signaling pathway, tyrosine metabolism pathway, tryptophan metabo-
lism pathway, nitrogen metabolism pathway, biosynthesis of unsaturated fatty acids pathway, and melanogenesis path-
ways. The most significantly enriched pathways were glycolysis/gluconeogenesis, the PI3K-AKT signaling pathway, and
neutrophil extracellular trap formation (Figure 6).

The downregulated proteins were annotated to the following pathways: metabolic pathways, fatty acid metabolism
and neuroactive ligand-receptor interaction pathways. The most significantly enriched ones were metabolic pathways and
oxidative phosphorylation (Figure 7).

Subcellular Location and Protein-Protein Interaction Network Analyses

The subcellular location of the identified differentially expressed proteins (DEPs) indicated that the cytoplasm, nucleus,
mitochondrion, and extracellular structures were the most represented compartments (Figure 8). Subsequently, the
proteins were analyzed using STRING 12.0 for protein-protein interactions (Figure 9). PPI (protein-protein interaction)
analysis identified five main clusters, corresponding to five broad functions:

e Immunity and inflammation: YWHAZ, YWHAE, HSPAS, CSNK2B
e Melanogenesis: ALDHIA1, YWHAH, NDRG2, PMEL, APOE
e Psychoneurosis: YWHAE, YWHAH, PFN1, C3
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Figure 3 Volcano plots. Volcano plots summarizing findings from proteomics analysis of human melasma and control.

Additionally, the identified DEPs were involved in various biological processes, including hormone metabolism,
associated with ARPC2, HSC70, and HSP70.

Discussion

Melasma is a common, acquired cutaneous pigmentary disorder that is more prevalent in women than men. The overall
prevalence of melasma in the general population is approximately 1%, although it can range from 9% to 40% in high-risk
populations.>'* The etiology of melasma remains unclear, despite several proposed contributing factors, including genetic
predisposition, sun exposure, hormonal sensitivity, pregnancy, and medication use. The therapeutic management of melasma
presents a significant challenge due to its high recurrence rate, and the optimal treatment remains to be established.'*'*

Recently, there has been a growing body of research utilizing proteomics in skin diseases such as atopic dermatitis,
psoriasis, and melanoma. This has led to the discovery of novel biomarkers, contributing to a deeper understanding of the
molecular profiles of these diseases.'>?°Xu et al*' has reported to utilizes Tape Strip to investigate lipid profiles in
melasma, however, the proteomic characterization of the stratum corneum of patients with melasma using a tape
stripping technique in the Chinese population has not been reported to date. To gain further insight, we conducted
proteomic analyses to identify a panel of promising biomarkers for melasma.

The results of our study indicated that, following GO enrichment and cluster analysis, and KEGG-based pathway
analysis, the upregulated proteins were enriched in several key biological processes, including immunity and inflamma-
tion, the skin barrier, melanogenesis, psychoneurosis and hormone. These findings suggest that these five aspects are
involved in the pathogenesis of melasma.
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of proteins in each GO term.

Chronic Inflammation and Its Role in Melasma Pathogenesis
There is mounting evidence that chronic inflammation plays a role in the pathogenesis of melasma, which may partly
explain the high frequency of recurrences. Several studies have demonstrated the presence of CD4+ T cells, CD68
+ macrophages, and mast cells in the infiltrates of melasma patients.”** Our data revealed that multiple differentially
expressed proteins DEPs upregulated in melasma are related to immunity and inflammation, including YWHAZ (14-
3-385), YWHAE (14-3-3¢), HSPAS (endoplasmic reticulum chaperone Bip), and CSNK2B (casein kinase II). These
proteins were upregulated in melasma and are associated with immunity and inflammation. The 14-3-3 proteins
constitute a family of conserved regulatory molecules expressed in eukaryotic cells. They play pivotal roles in various
essential regulatory processes, including immunity.?**

B cells exert a tonic inhibitory effect on T cell trafficking by secreting a peptide called PEPITEM, which is
proteolytically derived from the YWHAZ 14-3-3 zeta delta 14-3-3.88) protein. In animal models of peritonitis, hepatic
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Figure 5 Gene ontology (GO) classification of all the differentially expressed proteins between the melasma and control groups. The axes indicate the number and per-cent
of proteins in each GO term.

ischemia-reperfusion injury, Salmonella infection, uveitis and Sjogren’s syndrome, PEPITEM has been shown to reduce
T cell recruitment into inflamed tissues.”® YWHAE 14-3-3¢ is indispensable for TNFR2 signaling-mediated regulation of
macrophage polarization and switching.?” Several studies have identified YWHAE 14-3-3¢ as key component of the
TNFR2 receptor complex, particularly in its role in macrophage polarization, with potential therapeutic implications for
inflammatory and autoimmune diseases through the activation of the TNFR2/14-3-3¢ anti-inflammatory pathway.*®

HSPAS, the endoplasmic reticulum chaperone Bip plays a pivotal role in protein folding and quality control within the
endoplasmic reticulum lumen. As a regulator of ER function, BiP is associated with several pathological conditions,
including cancer, cardiovascular disease, neurodegenerative disease, and immunological diseases.?’ It is considered as
a target for immunogenic cell death inducers.*® Inducible heat shock protein (HSP)70 is a molecular chaperone that
facilitates correct protein folding. Following stress conditions, HSP70 is markedly upregulated, mediating cytoprotective
functions. Furthermore, HSP70 can trigger innate and adaptive immune responses, facilitating antigen recognition by the
immune system and acting as a cytokine.*

CSNK2B, also known as Casein kinase II, is a highly conserved serine/threonine or tyrosine kinase enzyme expressed
ubiquitously. It regulates diverse signaling pathways responsible for various cellular processes and interacts with over
500 known substrates. CK2’s plays a regulatory role in key signaling events, including NF-xB, JAK/STAT, HIF-1a, and
COX-2 pathways. The ERK/MAPK, Notch, AKT, Ikaros and Wnt signaling pathways have been showed to influence
immune cells development and function.***?

Defective skin barrier function in melasma plays a critical role in the pathogenesis of melasma.** This study
demonstrates notable differences in TEWL, a marker of barrier function, between lesions and healthy skin following
repeated tape stripping. GO enrichment and KEGG-based pathway analyses indicated that upregulated proteins were
enriched in disorders of skin lipid metabolism, including the sphingolipid signaling pathway, fatty acid degradation, and
biosynthesis of unsaturated fatty acids pathways. These findings align with those of D. J. Lee,** who suggested that
altered skin lipid metabolism contributes to defective skin barrier function in melasma based on microarray analysis.
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Figure 6 KEGG analysis of the proteins showing up differential expression. Significant enrichment analysis of the proteins showing up differential expression between the
melasma and control groups using the KEGG and Reactome databases.

In the present study, the expression of several proteins, including ALB (albumin), ANXAS5 (Annexin A5), HSPB1
(heat shock proteinsB1), IQGAP1 (Ras GTPase-activating-like protein), SI00A7 (Protein S100-A7) was found to be
elevated in patients with melasma. Albumin has been demonstrated to serve as a potential marker for pruritus in older
adults with disrupted skin barrier function and localized skin inflammation.®> Annexin A5, which accumulates at the
nuclear envelope, is a biomarker of cellular ageing and is observed in aged human skin.’® It plays a significant role in
regulating macrophage inflammation and the promotion of epithelialization.’” Ras GTPase-activating-like protein
IQGAPI1 acts as an effector molecule for Cdc42 and Racl, members of the Rho small GTPase-activating-like family
of the Rho small GTPase family play a pivotal role in regulating E-cadherin-mediated cell adhesion.*® S100A7, also
known as psoriasin, was initially identified three decades ago as a protein that is highly expressed in psoriatic
keratinocytes.”® Recent studies indicate that psoriasin functions as an antimicrobial and immunomodulatory protein
and serves as a critical effector molecule of the cutaneous barrier. The protein comprises five a-helices, each of which
contains a single calcium-binding EF-hand.*

Psoriasin expression can be induced by various factors, including bacteria stimulation and proinflammatory cytokines,
such as interleukin (IL)-1, tumor necrosis factor (TNF)-a, IL-17 and - IL 22.%° Elevated psoriasin expression has also
been observed in several dermatological conditions, including psoriasis, atopic dermatitis, lichen sclerosus, actinic
keratoses, acne inversa, and Darier disease.*' **These finding suggest that the identified proteins may be associated
with skin barrier function, potentially contributing to a dry skin phenotype.

2350  hees Clinical, Cosmetic and Investigational Dermatology 2025:18



Yang et al

)
m
@
0]
-
2
5
=
Q
<

Metabolic pathways

Prion disease

Pancreatic secretion

Diabetic cardiomyopathy

Pathways of neurodegeneration — multiple diseases
Huntington disease

Amyotrophic lateral sclerosis

Parkinson disease

Alzheimer disease

Renin secretion

Motor proteins

Lysosome

Oxidative phosphorylation

Carbon metabolism

Lipoic acid metabolism

Propanoate metabolism

Glyoxylate and dicarboxylate metabolism
Pyruvate metabolism
Glycosylphosphatidylinositol (GPl)—-anchor biosynthesis
Glycosaminoglycan degradation
Glutathione metabolism

Tryptophan metabolism

Histidine metabolism

Lysine degradation

Valine, leucine and isoleucine degradation
Glycine, serine and threonine metabolism
Steroid hormone biosynthesis

Fatty acid biosynthesis

Citrate cycle (TCA cycle)

Glycolysis / Gluconeogenesis

I I I
4 6 8

o —
N —

number of proteins

Figure 7 KEGG analysis of the proteins showing down differential expression. Significant enrichment analysis of the proteins showing down differential expression between
the melasma and control groups using the KEGG and Reactome databases.

Melanin Production and Melanogenesis Pathways

Melasma is defined as hyperpigmentation of the skin. Melanin is produced in melanocytes through the process of
melanogenesis, a series of biochemical and enzymatic reactions catalyzed by tyrosinase and other related proteins.*® Our
study demonstrated that the upregulated proteins were enriched in pigmentation-related pathways, including the PI3K-
Akt signaling pathway, MAPK signaling pathway, glutathione metabolism, Wnt signaling pathway, and tyrosine
metabolism, as identified by GO enrichment and KEGG-based cluster analysis. These pathways are all associated with
melanogenesis.

The key upregulated proteins identified in this study included ALDH1A1 (aldehyde dehydrogenase 1A1), YWHAH (14-3-3
protein epsilon), NDRG2 (protein NDRG2), PMEL (promyelocytic leukemia protein), and APOE (apolipoprotein E). Aldehyde
dehydrogenase 1A1 (ALDHI1A1), an enzyme that catalyzes the conversion of lipid aldehydes to lipid carboxylic acids, plays
a multitude of roles in melanogenesis.*® Paterson et al*” demonstrated that the ALDHIA1 substrate 9-cis retinal and its product
9-cis retinoic acid potently induced the accumulation of MITF mRNA, tyrosinase mRNA and melanin, suggesting that
ALDHIAT1 regulates melanogenesis through this conversion. Inhibitors of ALDH1A1, such as cyanamide or Angeli’s salt,
have been shown to effectively suppress pigmentation in human skin cells.

The 14-3-3 protein epsilon (YWHAH) act as an adapter protein regulating various signaling pathways, both general
and specialized. Yin et al*® demonstrated that YWHAE plays a role in the pathogenesis of atopic dermatitis (AD) and
tyrosinase-mediated pigmentation.

Clinical, Cosmetic and Investigational Dermatology 2025:18 https: 2351



Yang et al

Protein Count

4

Q o ) & o> & Q@ X
s & & ¢ & 7 & o

Qo
Nz
o

Figure 8 The subcellular location of the identified differentially expressed proteins. The subcellular location of the identified differentially expressed proteins (DEPs)
indicated that the cytoplasm, nucleus, mitochondrion, and extracellular structures were the most represented compartments.

NDRG2 (N-myc downstream-regulated gene 2) a member of the NDRG family, regulates the Wnt signaling pathway.
NDRG?2 impedes cAMP- and B-catenin-mediated activation of the MITF promoter, thereby suppressing melanogenesis
via downstream MITF target genes, including tyrosinase, TYRP1, and DCT.*

PMEL, a melanosomal protein, forms physiological amyloids critical for melanosome morphogenesis and pigmenta-
tion. In stages III and IV melanosomes, the amyloid matrix provides a platform for eumelanin precursors accumulation,
facilitating pigment formation.*’

Apolipoprotein E (APOE) regulate PMEL, pigment cell-specific premelanosomal protein. The biogenesis and
maturation of melanosomes begin with an unpigmented stage, which leads to the formation of luminal fibrils derived
from (PMEL). Aberrant expression of APOE may result in hyperpigmentation.*®

Our study indicates that melasma patients exhibit statistically significantly higher levels of anxiety and depression
compared to healthy controls. Furthermore, the expression of specific proteins associated with depression and anxiety,
including YWHAE (14-3-3 protein epsilon, YWHAH (14-3-3 protein eta), PFN1 (Profilin-1), C3, and C3a, was elevated
in individuals with melasma. The seven 14-3-3 isoforms constitute approximately 1% of total soluble brain proteins, and
they play pivotal roles in nervous system development and cortical development. These proteins have recently been
identified as pivotal regulators of various neurodevelopmental processes.”’ Among these, YWHAE (14-3-3 protein
epsilon) has been linked to suicide victims,”> while YWHAH (14-3-3 protein eta) has been identified as a candidate gene
for schizophrenia.® PFN1 (Profilin-1) was detected in the anterior cingulate cortex of individuals diagnosed with major
depressive disorder, where it functions as a suppressor of both tissue remodeling and immune response suppression.”*

Dysfunction of the complement system has also been implicated in the pathophysiology of major depressive disorder.
Experimental evidence suggests that complement C3 signaling contributes to the etiology of depression. Luo et al*> proposed
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Figure 9 PPl network of differentially expressed proteins using STRING software. (A) Hormone -related PPl network (B) Psychoneurosis-related PPl network. (C)
Melanogenesis-related PPl network (D) Immunity and inflammation -related PPl network (E) Skin barrier function-related PPl network.

that C3 and C3a are involved in the pathophysiology of major depressive disorder via immune activation mechanism.
Additionally, Hao et al*® demonstrated that gut dysbiosis induces depression-like behaviors through complement C3-mediated
abnormal synapse pruning in microglia. These proteins have been shown to influence the nervous system, which is
hypothesized to modulate the microenvironment surrounding melanocytes and affect melanogenesis.

Melasma is most prevalent in females of reproductive age, and lesions frequently occur following the use of oral
contraceptives, pregnancy, menopause, or hormone replacement therapy. This has led to the assumption that hormones
play a significant role in the etiology of melasma. Studies have demonstrated that estrogens stimulate melanogenesis by
increasing the expression of alpha-MSH and inducing the synthesis of tyrosinase and tyrosinase-related proteins 1 and
2.°7 KEGG- based cluster analysis from this study revealed that the estrogen signaling pathway, GnRH signaling
pathway, and GnRH secretion are associated with melasma. Several differentially expressed proteins (DEPs) related to
the hormones exhibited higher levels in the melasma. Actin remodeling is a fundamental process for cellular signaling,
motility and survival in all cells. ARPC2 (Actin Related Protein 2/3 Complex) is an essential actin nucleation and
branching protein. One of its subunits, Arpclb, has been demonstrated to exhibit estrogen responsiveness via estrogen
receptor beta.>® Additionally, 70 kD heat-shock proteins, HSC70 and HSP70, are proposed to regulate steroid hormone-
dependent transcription and apoptosis by mediating the diverse functions of BAG-1, a multifunctional protein that
associates with steroid hormone receptors and the anti-apoptotic BCL-2 protein.>’

KEGG-based analysis revealed elevated VEGF signaling, suggesting enhanced vascularization in the pathology of
melasma. This finding aligns with the hypothesis proposed by Kim, who reported a correlation between the number of
blood vessels and the extent of hyperpigmentation.* VEGF has also been shown to stimulate the release of arachidonic
acid, which potentially influences melanogenesis.®® Rodriguez-Arambula A’s*> observation of increased COX-2 in
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melasma lesions supports this connection. Additionally, melanocytes have been observed to produce vascular endothelial
growth factor (VEGF).®' Our study demonstrates that both C3 and NDRG?2 are involved in regulating VEGF production.

Conclusion

This study represents the investigation into proteomic alteration in tape-strips obtained from melasma skin lesions in
Chinese populations. Differential protein analysis identified five main categories of proteins involved in the pathogenesis
of melasma: immunity and inflammation, the skin barrier, melanogenesis, psychoneurosis, and hormones. Among the
differentially expressed proteins DEPs, the heat shock protein family and 14-3-3 protein family were implicated in
multiple aspects of melasma pathology. These proteins are anticipated to serve as potential biomarkers for melasma. Our
dataset provides a valuable resource for the scientific community, especially given the limited clinical proteomic data
available for melasma. However, this study is not without its limitations. The sample size was limited, necessitating
larger cohort studies of melasma to validate these findings and conclusions. Besides, melasma is potentially an
epidermal-dermal condition, we employed 3M medical tape for sampling, resulting in samples only from the epidermis
and consequently lacking dermal information further validation of the DEPs in larger cohorts, including healthy controls
and dermal information are necessary to gain deeper insight into the pathogenesis of melasma.
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