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Background: Atopic dermatitis (AD) is a common pediatric skin disease, with recent studies suggesting a role for ferroptosis in its
pathogenesis. Sodium propionate (SP) has shown therapeutic potential in AD, yet its mechanism, particularly regarding ferroptosis
modulation, remains unclear. This study aims to explore whether SP alleviates AD by modulating ferroptosis-related pathways through
bioinformatic and in vitro analyses.

Methods: We analyzed the GEO AD cohort (GSE107361). Ferroptosis-related genes was compiled from the GeneCards Database and
SP-associated therapeutic target genes were obtained from Swiss Target Prediction. To explore potential biological mechanisms, we
employed Gene Set Variation Analysis (GSVA), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analyses. Weighted Gene Co-expression Network Analysis (WGCNA) and differential expression analysis identified key gene
modules. We also established TNF-o/IFN-y induced AD cell models using HaCat cells and collected cell samples for further
experiments.

Results: The GSVA analysis demonstrated that ferroptosis-related genes could differentiate between healthy children and those
with AD. The identified module includes genes with correlated expression patterns specifically linked to AD. Analysis using three
algorithms identified potential therapeutic targets of SP. We screened 51 key genes related to AD and ferroptosis, selecting cyclin-
dependent kinase 1 (CDK1) and latent transforming growth factor beta binding protein 2 (LTBP2) as co-expressed genes. Machine
learning identified fatty acid binding protein 4 (FABP4) as a significant gene intersection of the 51 key genes. The bioinformatics
analysis results were validated through cell experiments, showing that SP treatment increased the expression of the damaged skin
genes loricrin (LOR) and filaggrin (FLG).

Conclusion: Our study indicates that SP may alleviate AD symptoms by modulating ferroptosis through the LTBP2/FABP4 pathway.
Keywords: atopic dermatitis, ferroptosis, bioinformatics, propionate

Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disease with significant variations in prevalence among children,
ranging from 2.7% to 20.1% among 65,661 participants.' This skin disorder causes itching, one of its most unbearable
symptoms. The pathophysiology of AD involves various immune cells and chemokines, including interleukin-4 (IL-4)
and interleukin-13 (IL-13).? In chronic phase, Thl polarization and the Th17 pathway are impaired.> Cell death has long
been a focal point of research on various diseases. Recent studies have demonstrated that AD is closely associated with
pyroptosis™> and apoptosis.®’ These cell death patterns are significantly linked to oxidative stress.®* Many studies are
exploring emerging treatments that show great promise for AD. Ferroptosis, a novel mode of cell death, has been
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identified in immune diseases.'®'" Recent studies indicate that immune cells can undergo ferroptosis.'® Ferroptosis plays
a crucial role in regulating oxidative stress and the inflammatory response.'? Inhibiting ferroptosis can significantly
alleviate oxidative stress and reduce disease states, such as cognitive impairment in rats with chronic cerebral
hypoperfusion,'* corneal damage in xerophthalmia'* and emphysema.'> Blocking ferroptosis can diminish the inflam-
matory response.'®'” Studies have shown that inhibiting ferroptosis alleviates psoriasis-related inflammation,'® reduces
skin inflammation caused by UV-B radiation'® and diminishes cartilage inflammation in arthritis.>° Researches show that
hydrogels can reduce scratch-induced intercellular inflammation by scavenging intracellular reactive oxygen species
(ROS). They alleviate skin inflammation and help reconstruct the skin barrier in AD mice.”' > Oxidative stress is
associated with inflammation.”*** Significant oxidative stress has also been detected in ferroptosis.'®* Analyses of
public databases have demonstrated that ferroptosis-related genes play significant roles in AD.® Ptgs2 is a crucial gene
involved in ferroptosis.”” A recent bioinformatics analysis examined four datasets and identified four ferroptosis-related
genes (ALOXE3, FABP4, MAP3K 14, and EGR1) as potential therapeutic biomarkers for AD.?® This study aimed to
identify and validate the therapeutic targets of ferroptosis in AD.

Current treatment options for AD are categorized as local and systemic therapies, including corticosteroids, calci-
neurin inhibitors, and Janus kinases (JAK) inhibitors.”® Researchers have primarily focused on baricitinib and upadaci-
tinib among the JAK inhibitors. Studies indicate that baricitinib effectively treats moderate to severe AD by significantly
improving symptoms and reducing pruritus.’ Upadacitinib also demonstrates good efficacy and safety; however, predict
its effectiveness need to be further investigated.*®>? These JAK inhibitors possess distinct advantages in the treatment
of AD, providing more treatment options and references for clinicians and patients.

33-35

Multiple studies prove that probiotic interventions enhance AD outcomes in animals and infants and positively

influence intestinal flora.***” Propionate, a short-chain fatty acid, is produced by intestinal flora during dietary fiber
metabolism. Studies indicate that propionate effectively reduces oxidative stress and inflammatory responses.*®
A study utilizing hydrogen peroxide (H,0,) to induce oxidative stress in HaCat cells found that cellular damage caused
by oxidative stress could be reversed by activation of the Nrf2 signaling pathway.*' Furthermore, the chemical-induced
AD-like inflammation in mice can be mitigated by molybdenum nanoparticles through regulating the ROS-mediated
Nrf2 /HO-1 signaling pathway.** Our previous study shown that SP protects against LPS-induced inflammation in an
Nrf2-dependent manner, exhibiting both antioxidant and anti-inflammatory properties.*> Another study revealed that the
short-chain fatty acid sodium butyrate alleviates autoimmune uveitis through the Nrf2/HO-1 pathway.** Studies have
shown that propionate can enhance forms of programmed cell death® such as pyroptosis,*® However, its effect on
ferroptosis remains unclear. Previous studies indicate that the levels of propionate in AD mice and patients are generally
reduced, and the concentration of propionate on the skin surface of AD patients is significantly lower than that of healthy
individuals, and the local application of propionate alleviates the skin inflammation in AD mice by inhibiting IL-33.%” In
addition, propionate can directly regulate the production of sensory channels and neuropeptides, inhibiting skin itching.*®
This article explores the ameliorative effects of SP on AD by inhibiting ferroptosis, with the hope that it can contribute to
the treatment of AD. This study aimed to investigate the gene signature of pediatric AD and potential treatment options.
We downloaded the original data (GSE107361) from the Gene Expression Omnibus and identified DEGs, which were
analyzed by using gene ontology (GO) and pathway enrichment analysis.

Materials and Methods

Data Download and Preprocessing

The datasets utilized in this study were obtained from the Gene Expression Omnibus (GEO) database (http://www.ncbi.
nlm.nih.gov/geo/),* specifically dataset GSE107361. It contains gene expression data from the skin tissue samples of
both healthy and ill children. According to Article 32 of the “Guidelines for Ethical Review of Life Science and Medical
Research Involving Human Beings” issued in China in 2023, human data or biological samples may be exempt from
ethical review if the research does not harm individuals, involve sensitive personal information, or pursue commercial

interests. This exemption is intended to reduce the burden on researchers and promote life science and medical research.
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Rule (1) specifies that research using publicly available data must be obtained legally or through non-intrusive
observation.

Acquisition of Ferroptosis-Related Genes
In this study, a total of 1,407 ferroptosis-related genes were identified using data from the GeneCards database
(https://www.genecards.org/).

Acquisition of SP Therapeutic Target-Related Genes
In this study, a total of 24 therapeutic target-related genes associated with SP were obtained from a combination of the
Swiss Target Prediction (https://SwissTargetPrediction.ch/).

Identification of Differentially Expressed Genes (DEGs) Analysis

The differential expression of mRNA in the dataset GSE107361 was analyzed using the limma package in R software
(version 4.2.2). Genes meeting the criteria of adjusted P-values <0.05 and absolute log2 fold changes (the AD group/the
control group) > 1 were classified as DEGs.

Gene Ontology (GO) Annotation Analysis
Gene Ontology (GO) annotation analysis was conducted using the “cluster Profiler” R package in this study.
A significance threshold of P-value < 0.05 was established to identify statistically significant results in the analysis.

Kyoto Encyclopedia of Genes and Genomes (KEGG) Annotation Analysis

In this study, Kyoto Encyclopedia of Genes and Genomes (KEGG) Annotation Analysis was conducted using the “cluster
Profiler” R package. A statistical significance threshold of P-value < 0.05 was proved to distinguish significant results in
the analysis.

Weighted Gene Co-Expression Network Analysis (WGCNA)

As a systematic biological approach, WGCNA was employed to reveal the gene association patterns among different samples
and to detect the candidate biomarker genes or therapeutic targets according to the interconnectedness of gene sets together
with the association between gene sets and phenotypes. We performed WGCNA on GSE107361 to obtain modules closely
related to AD. Following a filtering criterion of 0.5, the first step involved eliminating genes and samples that did not meet
the criteria using the goodSamplesGenes function. This was followed by the construction of a scale-free co-expression
network. For the purpose of calculating adjacencies, a soft threshold of p = 10 and a scale-free fit of R* = 0.9 were utilized.
These adjacencies were subsequently converted into a topological overlap matrix (TOM), which was used to assess gene
ratios and dissimilarities. Genes with similar expression patterns were grouped into modules through average linkage
hierarchical clustering. Preferring larger groupings, the threshold for module size was set at a minimum of 50. The next
step involved determining the dissimilarity between the module eigengenes. Finally, the eigengene network was visualized.

Identification of Ferroptosis-Related Diagnostic Biomarkers for AD
The target genes related to ferroptosis were screened in genecards, and the ferroptosis-related genes were compared with
the AD target genes.

Identification of SP Therapeutic Target-Related Genes from Swiss Target Prediction
SP therapeutic target-related genes were obtained from Swiss Target Prediction.”®

Gene Set Enrichment Analysis (GSEA)

To gain deeper insight into the biological processes of ferroptosis-related genes, we performed GSEA®' as well as
ssGSEA of the core genes using the ClusterProfiler software package®” and the GSEA software package. We considered
an adjusted p-value < 0.05 and a false discovery rate (FDR) (g-value) <0.25 were used as the cut-off criteria.
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Machine Learning

We employed three machine learning algorithms: LASSO, Random Forest (RF), and Support Vector Machine with
Recursive Feature Elimination (SVM-RFE) to perform a comprehensive screening of candidate genes associated with
selected genes.”> > To implement the LASSO algorithm, we utilized the glmnet package and employing ten-fold cross-
validation to identify significant genes. The RF algorithm was executed using the random Forest package, from which we
selected the top 11 genes as potential candidates. For the SVM-RFE algorithm, we leveraged the e1071 package and
determined the optimal number of genes based on their accuracy. The resulting gene list comprised key genes, and we
applied the three machine learning algorithms separately to identify candidate genes related to ferroptosis in AD. Finally,
by intersecting the outcomes obtained from the three distinct machine learning approaches, we derived the candidate
genes associated with both ferroptosis and SP therapy.

Protein—Protein Interaction Network Construction

To understand the progression of AD and to explore the interactions among protein-coding genes, we constructed
a Protein-Protein Interaction (PPI) network utilizing the STRING database. We examined intersecting genes using
the Search Tool for the Retrieval of Interacting Genes (STRING; http://string-db.org) (version 12.0)>° to analyze
the biological relationships that exist between these genes. This interaction network illustrates relationships

between proteins, including upstream and downstream regulatory pathways as well as direct binding interactions.
Interactions with a composite score exceeding 0.4 were deemed statistically significant. We employed Cytoscape
(http://www.cytoscape.org) (version 3.10.2)°” to visualize this PPI network and to analyze key functional modules

using the internal plug-in for molecular complex detection (MCODE). Set the selection criteria were set as
follows: K-core = 2, degree cutoff = 2, maximum depth = 100, and node score cutoff = 0.2. KEGG and GO
analyses of the involved modular genes were conducted using the clusterProfiler package.

Cell Cultures

Human keratinocytes cells (HaCaT) were obtained from iCell Bioscience Inc. (Shanghai, China) and cultured in
Dulbecco’s Modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and
100 pg/mL streptomycin at 37°C in 21% oxygen and 5% CO,. To investigate the anti-AD effect of SP in inhibiting
inflammation and promoting skin barrier differentiation, normal HaCaT cells were treated with various concentrations of
SP. The effect of the treatment on cell viability was detected by CCKS8 assay method. HaCaT cells were treated with
10 pg/L TNF-o/IFN-y to establish an AD cell model.

HaCaT Cell Line Proliferation and Cytotoxicity

For proliferation assays, HaCaT WT, AD model cells, and intervened cells were seeded at a density of 1,000 cells per
well in a standard cell culture 96-well plate. Proliferation was assessed using the CCK-8 proliferation assay kit (Apex
Bio) in accordance with the manufacturer’s guidelines. Cytotoxicity was measured using the LDH Cytotoxicity kit (Apex
Bio) following the manufacturer’s instructions.

Western Blot Analysis

The levels of CDKI1, FABP4, LTBP2, LOR, FLG, and GAPDH were assessed using Western blotting. Protein
concentration was determined by BCA method. Subsequently, the proteins (10 pg) were separated via 10% SDS-
PAGE and transferred onto PVDF membranes. The membranes were blocked with 5% skimmed milk powder for
2.5 hours, followed by overnight incubation with primary antibodies (1:1000) at 4°C for 12 hours, and then incubated
with secondary antibodies (1:5000) for 1 hour. Band visualization was performed using a Tanon 5200 imager. Each
experiment was conducted in triplicate. The CDK1, FABP4, and LOR antibodies were obtained from MedChemExpress
(Shanghai, China), the LTBP2 antibody was sourced from Biodragon (Suzhou, China), the FLG antibody was acquired
from ABclonal (Wuhan, China), and the GAPDH antibody was obtained from ProteinTech (Wuhan, China).
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Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

In this study, qRT-PCR was employed to assess the mRNA levels of TSLP, FLG, LOR, IL-4, IL-13, CCL17, GPX4, and PTGS2
in HaCaT cells. Trizol was used to extract total RNA from cells. Reverse transcription was performed with the PrimeScript RT
Reagent Kits. qRT-PCR was conducted using quantitative PCR with SYBR Premix Ex Taq™ (Vazyme, Nanjing, China) and
the LightCycler®™ 480 detection PCR system (Roche, Foster City, CA, USA). mRNA expression levels were quantified using the
comparative cycle threshold (Ct) method, where the relative quantification of target transcript levels was determined by
subtracting the Ct values of target genes from the Ct values of GAPDH. The primers used in this study are as follows:
TSLP: F, ACCTTCAATCCCACCGCCGGC, R, GGCAGCCTTAGTTTTCATGGCGA; FLG: F,
AAAGAGCTGAAGGAACTTCTGG, R, AACCATATCTGGGTCATCTGG; LOR: F, GCGAAGGAGTTGGAGGTGTT,
R, CTGGGGTTGGGAGGTAGTTG; GAPDH: F, GTGACGTTGACATCCGTAAAGA, R, GCCGGACTCATCGTACTCC;
IL-13: F, CCTCATGGCGCTTTTGTTGAC, R, TCTGGTTCTGGGTGATGTTGA; IL-4: F, CCAACTGCTTCCCCCTCTG,
R, TCTGTTACGGTCAACTCGGTG; CXCLI1: F, ACCCAAACCGAAGTCATAGC, R, TCTCCGTTACTTGGGGACAC.

Lipid Peroxidation Assay

The lipid hydroperoxide probe Liperfluo (Dojindo, Japan) was used to detect lipid peroxidation in accordance with the
manufacturer’s protocol. The excitation wavelength was set at 488 nm, and emission was collected within the range of
520-600 nm. The level of ROS in cells was assessed by measuring the oxidative conversion of the cell-permeable
compound DCFH-DA to fluorescent dichloro-fluorescein (DCF) using the Reactive Oxygen Species Assay Kit (Nanjing
Jiancheng). Imaging was performed using confocal microscopy at a magnification of 100x%.

Statistical Analysis
Data are presented as the mean + standard deviation (SD). A significance level of p < 0.05 was determined using a two-
tailed Student’s #-test or one-way analysis of variance (ANOVA).

Results

Data Processing

The procedure of bioinformatics analysis is illustrated in Figure 1. Original datasets for children with AD and control subjects
were collected from the GEO dataset GSE107361. The WGCNA and Limma packages in R were utilized to identify key
modules and DEGs, and then their intersections were taken to obtain 585 intersections of genes. Subsequently, 1,407 ferroptosis-
related genes were obtained from the GeneCards database, and 51 co-expressed genes were identified by intersecting the
ferroptosis-related genes with the 585 key AD genes. Three algorithms, LASSO, RF and SVM-RFE, were used to screen these
51 genes to obtain two key genes. At the same time, the 51 genes were analyzed using three Cytoscape algorithms: Maximum
Clique Centrality (MCC), Degree, Closeness, and PPI maps were created. Then we searched for 24 target genes of SP in Swiss
Target Prediction database and intersected them with ferroptosis-related genes in AD to identifying one associated gene.
Experiments were carried out to verify this finding.

Identification of Differentially Expressed Genes (DEGs)

Principal component analysis (PCA) of gene expression in children with AD and in the control group, revealed
significant differences between the two groups (Figure 2A). Differential analysis of combined AD and control samples
revealed 1,807 DEGs with the cut-off criterion of adjusted p < 0.05 and |log2 (fold change) | > 1, containing. Volcano plot
and heatmap were utilized to show the expression patterns of DEGs in the integrated AD dataset (Figure 2B and C). The
top five enrichment pathways identified by GSEA were the cell cycle, cytokine-cytokine receptor interaction, cytoske-
leton in muscle cells, hypertrophic cardiomyopathy, and IL-17 signaling pathway (Figure 2D).
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The Construction of Weighted Gene Co-expression Network and the ldentification
of Key Modules in AD

In order to further investigate the key genes in AD, WGCNA was carried out to identify the most relevant gene modules
in skin samples from AD patients. According to the scale independence and average connectivity, the soft-thresholding
power of 10 was chosen (Figure 3A and B). Totally seven modules were generated using that power and the cluster
dendrogram of the modules was presented in Figure 3C. Furthermore, this study explored the correlation between AD
and gene modules (Figure 3D). Finally, blue and turquoise modules with the highest positive correlation and negative
correlation were selected. To analyze the biological functions and pathways of these common genes, we performed GO
and KEGG analysis. The results of the GO analysis showed that in terms of biological processes (BP), DEGs are mainly
associated with the epidermis development, keratinization and skin development. For cellular components (CC), DEGs
are mainly associated with collagen-containing extracellular matrix, cornified envelope and secretory granule lumen. In
terms of molecular function (MF), DEGs are mainly associated with extracellular matrix structural constituent, glyco-
saminoglycan binding and peptidase regulator activity. (Figure 3E and Table 1). KEGG pathway analysis showed that
DEGs were mainly as sociated with Protein digestion and absorption, cytoskeleton in muscle cells and leukocyte
transendothelial migration (Figure 3F). In addition, genes from DEGs were intersected with crucial genes from
WGCNA in AD skin samples resulting in 585 genes for further analysis (Figure 3G).

PPl Network Construction and Pathway Analysis

Totally 1,407 genes related to ferroptosis were obtained in Genecards, and 51 key genes were obtained by intersection
with the selected key genes of AD (Figure 4A). The key genes for AD were collected by the STRING database with
a medium confidence score of >0.4. The pathogenic genes in AD were presented by the Cytoscape software, resulting in
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a network contained 51 nodes (Figure 4B and C). These genes were analyzed by GO and KEGG (Figure 4D and E). The
results of the GO analysis showed that DEGs are mainly associated with response to metal ion, epidermis development
and skin development. KEGG pathway analysis showed that DEGs were mainly as sociated with tight junction,
shigellosis and regulation of actin cytoskeleton.

Screening of Hub Genes Harboring Diagnostic Value via Machine Learning and

Prediction of Key Genes Associated with SP for Ferroptosis-Related Genes in AD

In this study, we employed three distinct machine learning algorithms—LASSO, RF, and SVM-RFE—to identify key
hub genes associated with AD and ferroptosis (Figure SA—E). The LASSO algorithm pinpointed 8 potential hub genes.
The RF algorithm, which ranks genes based on their importance scores, yielded 8 top candidate genes. Similarly, the
SVM-RFE algorithm indicated optimum accuracy with a set of 11 genes, leading us to select these as candidates. After
crossing the results of the three algorithms, two candidate genes, CDK1 and LTBP2, were obtained (Figure 5F). Next, we
intersected 51 ferroptosis-related genes in AD with target genes predicted by SP to obtain the co-expressed gene FABP4
(Figure 5G).
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Table | Gene Ontology Analysis of DEGs Associated with AD

Category | Term Description Count | P

BP GO:0008544 | Epidermis development 38 5.845066832461 | 3E-11
BP GO:0031424 | Keratinization 17 2.18417355731417E-10
BP GO:0043588 | Skin development 30 1.68112960373939E-08
BP GO:0030216 | Keratinocyte differentiation 21 5.39162789078177E-08
BP GO:0045229 | External encapsulating structure organization 28 3.16526901584993E-07
BP GO:0009913 | Epidermal cell differentiation 23 9.13826601202157E-07
BP GO:0030198 | Extracellular matrix organization 27 9.28208982727832E-07
BP GO:0018149 | Peptide cross-linking 8 9.32127460042889E-07
BP GO:0043062 | Extracellular structure organization 27 9.85974750704488E-07
BP GO:0072010 | Glomerular epithelium development 7 5.29960883534394E-06
CcC GO0:0062023 | Collagen-containing extracellular matrix 53 1.93280463430554E-19
CcC GO:0001533 | Cornified envelope 15 9.29520342334588E- 1 |
CcC GO:0034774 | Secretory granule lumen 28 1.930960624 | 842E-07
CcC GO:0060205 | Cytoplasmic vesicle lumen 28 2.33785117065535E-07
CcC GO:0031983 | Vesicle lumen 28 2.49026756490138E-07
CcC GO:0005604 | Basement membrane 13 1.61277827322962E-06
CC GO:0005775 | Vacuolar lumen 16 0.0000471440185714118
CcC GO:0005581 | Collagen trimer 10 0.000168460706865 184
CcC GO:0005788 | Endoplasmic reticulum lumen 20 0.000719653773342764
CC GO:0030175 | Filopodium 10 0.00105428827973173
MF GO:0005201 | Extracellular matrix structural constituent 26 2.25145012137167E-12
MF GO:0005539 | Glycosaminoglycan binding 21 7.46787869032677E-06
MF GO:0061134 | Peptidase regulator activity 20 0.00001 1821460508065 |
MF GO:0019838 | Growth factor binding 14 0.00003896434356269 14
MF GO:0030020 | Extracellular matrix structural constituent conferring tensile strength | 8 0.0000400754216901847
MF GO:0008201 | Heparin binding 16 0.0000494365143178136
MF GO:0050786 | RAGE receptor binding 4 0.000128362877813477
MF GO:0005178 | Integrin binding 14 0.000162890477343763
MF GO:1901681 | Sulfur compound binding 20 0.000165567230619364
MF GO:0030414 | Peptidase inhibitor activity 15 0.000185275849218019

SP Inhibits Ferroptosis in HaCaT Cells of AD Models

After the SP intervention, GPX4 and SLC7A11 decreased in the AD cell model, while their expressions increased after
intervention (Figure 6A and B). The expression of Ptgs2 and Acsl4 increased in the cell model but decreased after SP
intervention (Figure 6C and D). At the same time, ROS and LPO were detected in the cells, and it was found that ROS
and LPO expressions increased in the cell model, and decreased after the intervention of SP (Figure 6E). These results
indicated that SP improved the ferroptosis phenomenon in the AD cell model.

SP Inhibits the Expression of Inflammatory Genes in HaCaT Cells and Promoted the

Expression of Skin Barrier Related Genes

The cell viability rate of HaCaT cells decreased, and cytotoxicity increased under the combined stimulation of TNF-a and
IFN-y, but the cell viability rate increased, and toxicity decreased after the intervention of SP (Figure 7A and B). In cell
models, we also validated three key genes that were screened using bioinformatics, LTBP2, FABP4, and CDKI1
(Figure 7C and E). IL-4, IL-13, TNF-0, and TSLP were significantly increased in the cell model, and the mRNA
expression levels of IL-4, IL-13, TNF-a and TSLP genes were significantly decreased by SP intervention (Figure 7H and
J-L). SP treatment significantly enhanced the protein and mRNA expression levels of the FLG and LOR genes encoding
skin structural components (Figure 7D, F, G, and I). The expression level of CXCL1 decreased after the intervention of
SP, but this trend does not variant (Figure 7M).
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Discussion

AD is a local, chronic, non-infectious skin disease typically characterized by persistent itching. Repeated attacks of AD
bring great burden to families and patients, and greatly reduce the quality of life of patients. At present, there are many
treatments for AD, but these methods have more or less negative effects. Even though long-term topical application of
corticosteroids is the mainstay of treatment for moderate to severe AD, it can produce some adverse effects.”® In addition,
there has been a reported annual increase in harmful medical conditions following long-term systemic glucocorticoid use
in Germany.”” In addition, immunosuppressive therapy for AD can cause conjunctivitis, and the authors suggest that
Janus kinase inhibitors or other therapeutic agents should be considered as soon as possible.®® In one case report, the
patient’s AD symptoms did not relieve after the use of immune preparations, but after switching to Baricitinib, both hair
loss and AD symptoms were significantly alleviated.®' Studies have shown that JAK inhibitors, such as abrocitinib,
baricitinib, and upadacitinib, are effective options for adolescents with moderate to severe AD, with a rapid onset of
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action and minimal side effects in subjects.® In addition, Japanese researchers have highlighted the good efficacy of JAK
inhibitors and have investigated biomarkers for the efficacy of JAK inhibitors on AD, which better reflects the prospect
of JAK inhibitors in the application of AD.?*? In recent years, there are also some other treatments, which have a better
effect on alleviating AD. For example, hydrogel.®> However, ordinary hydrogels are difficult to quantitatively administer
drugs in experiments, so the emergence of Conductive hydrogel can accurately control the dosage.®®> The pathophysio-
logical characteristics of AD are not simple, including genetic, environmental, immune response and other contributing
causes. In the United States, the prevalence of AD varies according to diet, and for instance exclusively breastfed infants,
mothers supplementing with fruits, vegetables, and prebiotics may have beneficial effects.®* At the same time, the
destruction of microbial balance on the skin surface is an important factor in the pathogenesis of AD.®> Microorganisms,
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influenced by both environment and diet, play a key role in allergic diseases, and microorganisms can regulate a variety
of host cellular processes and immune responses.®® In this article, we understand the molecular mechanisms of
childhood AD that may help in the search for ways to prevent atopic disease. Inflammation is the main characteristic
of AD, and inflammation is closely related to oxidative stress, while ferroptosis is closely related to oxidative stress.
Meanwhile, SP has been proved effective in improving AD symptoms. So we explored short-chain fatty acids to inhibit
ferroptosis and improve AD. We selected dataset GSE107361, searched for key genes, and selected intersection genes
with genes related to ferroptosis. In order to better understand the interaction between DEGs, we further performed GO,
KEGG pathway and PPI network analysis.

We used R programming language to screen out 585 significantly expressed genes of AD from the data set. Then,
1407 genes related to ferroptosis were obtained from Genecards, and 51 genes co-expressed by AD and ferroptosis were
obtained by intersection of these 585 and 1407 genes, and the pathways and functions of these key genes were explored.
The results of the GO analysis showed that DEGs are mainly associated with response to metal ion, epidermis
development, and skin development. KEGG pathway analysis showed that DEGs were mainly as sociated with tight
junction, shigellosis and regulation of actin cytoskeleton. Therefore, all of these pathways may be involved in the
pathogenesis of childhood AD. At the same time, the analysis based on PPI network shows that JUN, CDC42, AURKA,
FABP4, and CDK1 exhibit the highest number of intermediaries and belong to the key modules of PPI network. We then
used three machine learning algorithms to obtain two key genes, CDK1 and LTBP2. Machine learning plays an important
role in solving clinical problems.®” Finally, the therapeutic targets of SP were obtained from the drug target prediction
website, and the intersection of these target genes with 51 genes screened to obtain FABP4, which is the key therapeutic
target of SP on AD.

In a study that analyzed four GSE datasets, the key genes identified for AD included CDK1 and PTGS2.”” This
finding is verified by the results of the screening conducted in this study. CDK1 is a cyclin-dependent kinase 1 that is
highly expressed in skin cancer,’® Skin cancer tissue has 33 times more CDK1 than in normal skin.® It is also highly
expressed in melanoma.”® Knockdown of CDKI in cells experiments can inhibit the development of melanoma.”’
Inhibition of CDK1 in cells can block cell proliferation, migration, and invasion in psoriasis.”> PTGS2 is a gene in human
skin that is sensitive to ultraviolet light,”> PTGS2 is a key gene in ferroptosis and a potential regulator of targeted
immunity and inflammation. In a passive cutaneous anaphylaxis mouse model, inhibit PTGS2 can significantly inhibit
mast cell degranulation and reduce inflammatory cytokines, increase vascular barrier.”* Studies have shown that PTGS2
is involved in skin inflammation and apoptosis caused by ultraviolet light, and topical inhibitors of PTGS2 can
effectively improve photosensitive skin keratosis.”> However, the mechanism of PTGS2 inhibitors in skin malignant
diseases is complex and not fully understood. In this study, we explored that SP reduces the expression of PTGS2 in AD
model of HaCaT cells by blocking ferroptosis, which not only lays the foundation for SP to improve skin diseases, but
also helps to reduce the expression of PTGS2 in AD model of HaCaT cells. It also provides in vitro experimental basis
for evaluating the local use of non-steroidal anti-inflammatory drugs to prevent high-risk skin diseases. One study shown
that in the small extracellular vesicles of HIV patients, the expression of LTBP2 is down-regulated in human adipocytes
with dystrophia, and the down-regulation of LTBP2 causes the down-regulation of FABP4.”> LTBP2 is a potential TGF-
B-binding protein 2,”® It is a multi-domain extracellular matrix protein localized to chromosome 14q24.3.”7 Studies have
shown that LTBP2 can act as a binding protein for EGF-likeprotein, which is critical for the formation of elastic fibers
that play a major role in providing elasticity and integrity in skin tissue.”® In addition, LTBP2 may act as a molecular
switch to determine the location of EGF-likeprotein deposition, thereby regulating the subfiber assembly of elastic fiber
components.”® Downregulation of LTBP2 may cause dysregulation of adipose differentiation and inflammatory
responses, which may cause associated metabolic disorders and inflammatory fluctuations.”

FABP4 is a recently discovered fatty acid-binding protein that can work with adenosine kinase to form a functional
hormone complex that regulates ATP levels inside and outside cells.”® In addition, the lack of FABP4/FABPS5 in T cells
can cause the uptake efficiency of exogenous free fatty acids by CD8  Tgycells. In addition, skin CD8 " Trycells knocked
out by FABP4/FABP5 showed poor protection against skin virus infection in mice.*® Patrick M Brunner et al examined
blood samples from 30 AD patients under 5 years of age by high throughput and found that FABP4 expression was
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decreased relative to the normal group.®' Another study that included four datasets, also showed decreased expression of
ferroptosis-related gene FABP4 in AD samples.”® These are consistent with the results of this paper.

In summary, we identified genes that differ in the expression of genes associated with ferroptosis in childhood AD,
while looking for therapeutic targets for SP, and explored the potential functions and related pathways involved in the
pathogenesis of childhood AD. In addition, our study shows that LTBP2 and FABP4 play a crucial role in the molecular
mechanism of childhood AD.

However, there are still some shortcomings in this study. Only one GSE dataset was obtained, which may lead to bias
in results. Secondly, the therapeutic effect of SP on AD was only explored in cell experiments, without experimental
verification in animal experiments. At the same time, no key pathway genes were knocked out or overexpressed to
further explore the up-regulation effect of SP on LTBP2 and FABP4, and the improvement effect of up-regulation of
LTBP2 by SP on AD. In future studies, if conditions permit, we will collect more blood or skin samples from children
with AD, reduce the deviation of results, and explore and verify them in animal experiments. In particular, further
research is needed to validate CDK 1, LTBP2, and FABP4, which can be considered key genes involved in childhood AD
with potential for diagnostic and therapeutic applications.

Conclusion

We performed bioinformatics analysis on the GEO dataset to explore the underlying molecular mechanisms and key
genes for the development of ferroptosis of AD. Through three machine learning algorithms, LASSO, RF, and SVM-
RFE, we identified three genes, CDK1, LTBP2 and FABP4, as potential therapeutic targets and biomarkers of SP for the
development of ferroptosis of AD. Based on these 3 genes, we have generated a new understanding of the pathogenesis
of ferroptosis in AD and may be an interesting target for future in-depth studies.
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