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Background: Ferroptosis, an iron-dependent form of cell death driven by lipid peroxidation, has been implicated in the pathogenesis
of asthma. This study aimed to identify and validate ferroptosis-related genes (FRGs) associated with asthma through bioinformatics
analysis, clinical samples, and experimental validation, thus providing new insights for treatment.

Methods: Transcriptome data from induced sputum samples of asthma patients were obtained from the GEO database. Differentially
expressed genes (DEGs) were subjected to GO and KEGG enrichment analyses. In addition, LASSO and SVM-RFE algorithms were
employed to screen FRGs related to asthma. The expression levels and predictive efficacy of the signature genes were verified by
differential expression analysis and ROC curves, and ssGSEA was used to further analyze their relationship with immune cell
infiltration levels. Lung tissue samples from clinical cases were collected to validate gene expression in vivo. Additionally, BEAS-2B
cells were selected for in vitro experiments, and small interfering RNA silencing and pcDNA3.1 overexpression candidate genes were
used to further validate their role in ferroptosis.

Results: The FRGs TFRC and CRYAB were identified as differentially expressed in asthma. Immune infiltration analysis revealed
significant alterations in immune cell abundance that correlated with signature gene expression levels in asthmatic samples. However,
only CRYAB was significantly upregulated in lung tissues from asthmatic patients compared to controls. In vitro experiments
demonstrated that erastin-induced ferroptosis led to downregulation of CRYAB expression in BEAS-2B cells; conversely, over-
expression of CRYAB resulted in decreased MDA and ROS levels but increased GSH content, thereby protecting BEAS-2B cells
against ferroptosis.

Conclusion: This study is the first to highlight the pivotal role of CRYAB among FRGs in asthma pathogenesis. Notably,
overexpression of CRYAB inhibits ferroptosis—suggesting its potential as a valuable biomarker for personalized diagnosis and
therapy for asthma.
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Introduction

Asthma is a heterogeneous respiratory disease, generally classified into Type 2 (T2) and non-Type 2 (non-T2) subtypes,
characterized by chest tightness, cough, wheezing, and shortness of breath, affecting approximately 1-18% of the global
population.' Previous studies have shown that airway epithelial damage plays a crucial role in asthma pathogenesis.*
Despite continual advancements in clinical guidelines and therapeutic strategies, a substantial proportion of patients fail to
achieve adequate disease control. This leads to frequent exacerbations and progressive decline in pulmonary function,’
underscoring the urgent need for highly sensitive and specific biomarkers to enhance diagnostic accuracy and optimize
management strategies. Ferroptosis is an iron-dependent form of regulated cell death driven by lipid peroxidation,” which can
trigger inflammatory cascades through the release of damage-associated molecular patterns (DAMPs) like reactive oxygen
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species (ROS).® Earlier studies have shown that ferroptosis in airway epithelial cells contributes to the inflammatory response
and plays a key role in the pathological progression of asthma.”'® Nevertheless, it remains unclear whether ferroptosis-related
genes (FRGs) have diagnostic or therapeutic value in asthma.

The CRYAB gene encodes aB-crystallin, a small heat shock protein that functions as a molecular chaperone and
modulates multiple intracellular signaling pathways, thereby influencing cellular proliferation and apoptosis.'"*'?
Emerging evidence suggests that novel therapeutic strategies targeting CRYAB or its interacting proteins—by selectively
inducing apoptosis or disrupting metastatic processes—can improve outcomes in patients with metastatic disease.'>!*
Although CRYAB has been implicated in the pathogenesis and progression of various disorders, its specific role in
asthma remains unclear, as does its involvement in the regulation of ferroptosis.

Machine learning algorithms such as LASSO and SVM have shown significant potential in identifying disease
biomarkers by selecting key feature genes from large datasets.'>'® Zhang et al found that STUA1 and SLC27A3 are
valuable diagnostic biomarkers for chronic obstructive pulmonary disease (COPD) and affect the mechanism of COPD to
a certain extent through the combined LASSO and SVM algorithms.'” Previous studies have demonstrated that exposure
to house dust mites disrupts systemic iron homeostasis, exacerbates lipid peroxidation, and activates ferritinophagy in
asthma, ultimately inducing ferroptosis in airway epithelial cells and amplifying inflammatory responses.'® Consistent
with these findings, both asthma animal models and cell models exhibit markedly elevated levels of Fe*+, malondialde-
hyde (MDA), and reactive oxygen species (ROS), accompanied by reduced glutathione (GSH) levels—hallmarks of
enhanced ferroptosis—which further accelerate asthma progression.'® Based on this body of evidence, we hypothesize
that CRYAB, as a pivotal component of the ferroptosis regulatory network, may play a critical role in the pathophysio-
logical processes of asthma. In the present study, we employed an integrated approach combining LASSO and SVM
algorithms to systematically identify FRGs associated with asthma from the GEO database. Candidate FRGs were
subsequently validated using clinical specimens, followed by functional experiments involving CRYAB overexpression
or silencing in airway epithelial cells to elucidate its biological roles. Collectively, our findings not only reveal a potential
mechanistic link between FRGs-particularly CRYAB-and immune regulatory networks but also provide a theoretical
framework for developing precision diagnostic biomarkers as well as novel therapeutics targeting ferroptosis-related

pathways for improved management of asthma.

Materials and Methods

Data Collection
The GEO (Gene Expression Omnibus) database (https://www.ncbi.nlm.nih.gov/geo/) is an open-access repository that

archives high-throughput gene expression data submitted by research groups worldwide.>® Based on our research
objectives, we identified and included three microarray datasets for further analysis: GSE137268 (54 asthma patients
and 15 healthy controls), GSE148004 (9 asthma patients and 10 healthy controls), and GSE4302 (42 asthma patients and
28 healthy controls). We grouped these datasets as follows: GSE137268 and GSE148004 were designated as the
experimental cohorts for mining disease-specific gene expression profiles, while GSE4302 served as an independent
validation cohort to assess the accuracy of our findings.

Screening of DEGs

In this study, we used the “Limma” package in R to identify DEGs. The screening criteria were set as follows: |Log2 Fold
Change (Log2FC)|> 0.5, and an adjusted P-value (adjust P.Val) < 0.05. Initially, we compared asthma samples with
healthy controls within the experimental group to obtain the set of DEGs.

Enrichment Analysis of DEGs
Disease Ontology (DO) enrichment analysis was conducted using the DOSE package to further investigate disease
mechanisms and support novel drug development,?' with p < 0.05 set as the threshold for significance.
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Screening and Validation of Candidate Biomarkers

FRGs were downloaded from the FerrDb database and intersected with the previously identified DEGs to generate a list
of candidate diagnostic biomarkers. Feature selection was performed using LASSO and SVM-RFE algorithms to identify
potential diagnostic biomarkers from asthma patients, with p < 0.05 considered statistically significant. The predictive
value of these FRGs for asthma was assessed using receiver operating characteristic (ROC) curve analysis, and their
diagnostic performance was further validated using the GSE4302 dataset.

Immune Cell Infiltration Analysis
To investigate the role of immune cells in the pathogenesis of asthma, we performed single-sample Gene Set Enrichment
Analysis (ssGSEA) using the “GSVA” package in R.

Sample Collection

For this study, lung lobe and segmental bronchial specimens were collected from patients undergoing lobectomy who met
the inclusion criteria. A total of 12 specimens were obtained, including 6 from non-asthmatic patients and 6 from
asthmatic patients. All participants provided written informed consent prior to sample collection. The study protocol was
approved by the Ethics Committee of Henan Provincial People’s Hospital (No. 2024-077-01).

Cell Culture

The human bronchial epithelial cell line BEAS-2B was purchased from FuHeng (FH0319, Shanghai, China). Cells were
cultured in DMEM supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin in a 37°C, CO2
incubator.

Western Blot

Total protein was extracted from lung tissue or cells using RIPA lysis buffer (Jingcai Bio, Xian, China) and separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Subsequently, protein bands in the gel were
transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% non-fat milk and
incubated with primary anti-CRYAB overnight at 4°C, followed by incubation with IRDye 680RD Goat anti-Rabbit for
1 hour at room temperature. The relative expression of protein was measured using Image J, with B-actin/GAPDH
serving as the loading control.

Quantitative Real-Time PCR (RT-qPCR)

Total RNA was isolated from human lung tissue or cells using TRIzol reagent (Invitrogen, USA) according to the
manufacturer’s protocol. Use a reverse transcription kit (Servicebio, Wuhan, China) to reverse transcribe RNA into
cDNA. RT-qPCR was carried out on an ABI 7500 qPCR system using the 2x SYBR Green qPCR Master Mix (Vazyme,
Nanjing, China) reagent. The endogenous reference gene primers for B-actin, as well as other RT-qPCR primers, are
listed in Table 1, all of which were obtained from Sangon Biotech (Shanghai, China). All experiments were repeated
three times. The relative expression level was calculated using the 2 **“" method, with B-actin mRNA serving as an
internal control for normalization.

Table | Primers Used in the RT-qPCR Reaction

Gene Forward Primer (5'-3") Reverse Primer (5'-3")
CRYAB CGGAGAGCACCTGTTGGAGT ACATCAGCTGGGATCCGGTA
TFRC TACACACCTGGATTCCCTTCCT CTGGGCCCCAACTACAACAT

B-actin CATCACTGCCACCCAGAAGACTG | ATGCCAGTGAGCTTCCCGTTCAG
GAPDH ACACCCACTCCTCCACCTTTG TCCACCACCCTGTTGCTGTAG
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Plasmid Transfection and RNA Interference

When cells reached 50-70% confluence in complete growth medium, they were transfected with either siRNAs or
plasmids. The siRNAs and pcDNA3.1 constructs were synthesized by Sangon Biotech (Shanghai, China). Ferroptosis
was induced by exposing the transfected cells with 10 uM erastin (MCE, USA) for 24 hours. All experiments were
performed 48 hours after transfection.

ROS Detection
Intracellular ROS levels were measured using the ROS Assay Kit (Solarbio, Beijing, China). BEAS-2B cells were seeded

at a density of 2x10° cells per well in a 12-well plate. Following transfection with siRNA or pcDNA3.1 for 24 hours,
cells were washed and incubated with PBS. The medium was then replaced with 500 pL of working solution containing
10 uM H,DCFDA, and the cells were incubated at 37°C for 30 minutes. After washing twice with serum-free medium,
ROS fluorescence was visualized and imaged using a laser confocal microscope (ZEISS LSMS800, Oberkochen,
Germany).

Cell Proliferation Assay

BEAS-2B cells were seeded at a density of 5x10° cells per well in a 96-well plate. After transfection with siRNA or
pcDNA3.1 plasmids, cell viability was assessed at 24, 48, and 72 hours using the CCK-8 assay (MCE, USA). CCK-8
solution was added to each well and incubated for an additional 1.5 hours. Absorbance was then measured at 450 nm
using a microplate reader (Thermo Scientific, USA).

GSH and MDA Measurement

Reduced GSH levels were measured using the GSH Content Assay Kit (Jiancheng, Nanjing, China), and MDA levels
were assessed with the Lipid Peroxidation MDA Assay Kit (Beyotime, Shanghai, China), following the manufacturers’
protocols. Cell preparation was performed as described for ROS detection.

Statistical Analysis of Data

All data are presented as mean =+ standard deviation (SD) and were analyzed using GraphPad Prism 9.0 software (USA).
Comparisons between two groups were made using an unpaired Student’s #-test; for variables not conforming to a normal
distribution, the Mann—Whitney test was applied. p < 0.05 was considered statistically significant.

Results
Results of Differential Analysis and DO Analysis

After performing differential analysis on the experimental group dataset, a total of 213 DEGs were identified, including
39 downregulated and 174 upregulated genes. These DEGs were further visualized using heatmaps and volcano plots, as
shown in Figure la and b. DO analysis refers to the enrichment analysis of differentially expressed or target gene sets
using the DO database, in order to elucidate their potential roles in diseases such as asthma and other respiratory
disorders.** The results of this analysis (Figure 1c and d) indicated that the primary diseases significantly enriched among
these DEGs included asthma, obstructive pulmonary disease, bronchial disease, and other respiratory system diseases.
Therefore, this study preliminarily suggests that these DEGs are closely associated with the occurrence and development
of asthma, thereby providing new insights into its diagnosis and treatment.

LASSO and SVM-RFE Analysis for Screening FRGs in Asthma

To investigate the role of ferroptosis in the pathogenesis of asthma, we retrieved a list of FRGs from the FerrDb database.
Differentially expressed FRGs were identified using Venn diagram analysis, resulting in five candidate genes: TFRC,
ACO1, CRYAB, SLC7A11, and GCLM (Figure 2a). To further determine which of these may serve as asthma-specific
signature genes, we employed two machine learning algorithms: LASSO and SVM-RFE. LASSO regression identified
four hub genes (TFRC, CRYAB, SLC7A11, and GCLM), while SVM-RFE selected five genes (TFRC, ACO1, CRYAB,
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Figure | Analysis of DEGs and disease ontology enrichment in asthma samples. (a) Heatmap of DEGs. (b) Volcano map of DEGs. (c) Bar chart of DO analysis results. (d)

Bubble chart of DO analysis results.
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Figure 2 Analysis results of FRGs in asthma. (a) Venn diagram showing the identification of differentially expressed FRGs. (b) LASSO regression analysis plot. (c) SYM-RFE
algorithm analysis plot. (d) Venn diagram depicting the final selection of signature genes.

SLC7A11, and GCLM), To enhance specificity, the intersection of both algorithms was taken. Ultimately, four FRGs—
TFRC, CRYAB, SLC7A1l, and GCLM—were identified as potential signature genes for asthma, as shown in
Figure 2b—d.

Diagnostic Value and Validation of Signature FRGs in Asthma

To determine the specificity and diagnostic value of the identified signature FRGs for asthma, ROC curve analysis was
performed to assess their performance. The results showed (Figure 3a—d) that the areas under the curves (AUCs) of these four
signature genes were 0.767 (CRYAB), 0.726 (GCLM), 0.722 (SLC7A11), and 0.756 (TFRC). Notably, both CRYAB and
TFRC exhibited AUC values greater than 0.75, suggesting superior clinical utility as diagnostic biomarkers in asthma.
Furthermore, we analyzed the expression levels of TFRC and CRYAB in an independent validation cohort (GSE4302). The
results revealed CRYAB expression was significantly upregulated in patients with asthma, whereas TFRC expression was
significantly downregulated compared to controls (Figure 3¢ and f). To further validate their diagnostic potential, ROC
analyses were conducted based on their expression levels in the validation group, and AUC values were calculated as 0.659 for
CRYAB and 0.629 for TFRC (Figure 3g and h). Taken together, results from both discovery and validation cohorts indicate
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that altered expression levels of CRYAB and TFRC may serve as promising diagnostic biomarkers or potential therapeutic
targets for asthma.

The Level of Immune Cell Infiltration and Its Relationship with Signature FRGs in
Asthma

Immune cells play a crucial role in the pathological process of asthma, particularly in mediating inflammatory responses
and airway remodeling. To investigate differences in immune cell infiltration between asthmatic patients and healthy
controls, ssGSEA was performed on the experimental dataset. As shown in Figure 4a, the analysis revealed significantly
increased infiltration of activated B cells, activated dendritic cells, myeloid-derived suppressor cells (MDSCs), macro-
phages, and mast cells in the peripheral blood of asthma patients compared to controls.

To further elucidate their roles, we analyzed correlations between these hub genes and immune cell abundance. The
results demonstrated that CRYAB expression was positively correlated with plasmacytoid dendritic cells, neutrophils,
mast cells, eosinophils, activated dendritic cells, activated CD4 T cells, and activated B cells. Additionally, TFRC
expression showed a positive correlation with immature dendritic cells but negative correlations with monocytes,
macrophages, effector memory CD8 T cells and activated B cells (Figure 4b). Collectively, these findings suggest that
CRYAB and TFRC may influence asthma pathophysiology through modulation of immune cell activity.

Validation of CRYAB Expression in Lung Tissues from Asthma Patients

To further verify the differential expression of CRYAB in clinical samples, we assessed its mRNA and protein levels in
lung tissues from asthma patients and non-asthmatic controls using RT-qPCR and WB, respectively. As shown in
Figure 5a and b, CRYAB expression was significantly upregulated in the asthma group compared to controls, while
TFRC expression showed no significant difference between groups. Consistently, Western blot analysis confirmed
increased CRYAB protein levels in asthmatic lung tissues (Figure 5c and d). As CRYAB is a FRG implicated in asthma,
we speculate that it may contribute to disease pathogenesis by modulating ferroptosis.
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Overexpression of CRYAB Attenuates Ferroptosis in BEAS-2B Cells

CRYAB, a key heat shock protein, is known to confer protection against oxidative stress-induced apoptosis, but its
impact on ferroptosis in BEAS-2B cells remains unknown. To elucidate this, we performed siRNA-mediated knockdown
and pcDNA3.1-mediated overexpression of CRYAB in BEAS-2B cells. RT-qPCR and Western blot analyses demon-
strated effective knockdown by all three siRNAs (si-CRYAB-1/2/3), with si-CRYAB-3 exhibiting the highest silencing
efficiency and thus selected for subsequent experiments (Figure 6a—c). Conversely, transfection with pcDNA3.1-CRYAB
significantly increased both mRNA and protein levels of CRYAB compared to negative control (Figure 6d-f).
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Furthermore, erastin-induced ferroptosis resulted in a significant downregulation of CRYAB expression at both mRNA
and protein levels (Figure 6g—i).

To investigate whether CRYAB participates in ferroptosis by affecting the lipid peroxidation and antioxidant systems
in human bronchial epithelial cells, we employed reagent kits to measure the levels of MDA and GSH. As shown in
Figure 7a—d, erastin significantly elevated MDA levels while reducing GSH content in BEAS-2B cells, similar changes
were observed upon CRYAB knockdown. In contrast, overexpression of CRYAB decreased MDA accumulation and
increased GSH levels relative to controls. Additionally, intracellular ROS levels and cell viability were evaluated:
overexpression of CRYAB reduced ROS accumulation and improved cell viability compared to the silenced group,
which exhibited enhanced ROS production and decreased viability (Figure 7e—h). Collectively, these results suggested
that CRYAB upregulation attenuates ferroptosis by maintaining redox homeostasis and reducing lipid peroxidation in
airway epithelial cells. This highlights its potential protective role in the pathogenesis of asthma through regulation of
ferroptotic pathways.

Discussion

Asthma is one of the most common chronic diseases worldwide, with a continuously increasing prevalence and affecting
over 300 million people globally. Regardless of economic development status, asthma remains a significant public health
challenge in most countries.> 2> The pronounced heterogeneity of asthma often limits the effectiveness of conventional
treatments; therefore, guiding diagnostic and therapeutic decisions based on specific molecular mechanisms, rather than
relying solely on clinical manifestations, has become a central tenet of contemporary precision medicine. Ferroptosis, an
iron-dependent form of regulated cell death, has recently been demonstrated to be closely associated with asthma.?®?’
Additionally, algorithmic tools such as LASSO and SVM-RFE have provided greater convenience for disease analysis.”®
In this study, we sought to explore the diagnostic value of FRGs in asthma and determine their expression levels in
asthma patients as well as their role in ferroptosis within bronchial epithelial cells, thereby providing new biomarkers and
drug targets for the diagnosis and treatment of asthma.

In this study, we identified 213 DEGs in the asthma group, with upregulated genes predominating. DO enrichment analysis
further demonstrated that these DEGs are significantly associated with respiratory diseases, particularly asthma, obstructive
pulmonary disease, and bronchial disorders. These findings underscore their potential involvement in the pathogenesis of
asthma. To further elucidate specific mechanisms underlying asthma development, we focused on FRGs, given growing
evidence linking ferroptosis to asthma. Using LASSO and SVM-RFE algorithms, we narrowed down potential diagnostic
biomarkers to four hub FRGs: TFRC, CRYAB, SLC7A11, and GCLM. Previous studies have demonstrated that TFRC,
CRYAB, SLC7A11, and GCLM play pivotal regulatory roles in key biological processes of ferroptosis, particularly in the
regulation of intracellular iron metabolism and maintenance of redox homeostasis.'>** ' The identification of these FRGs as
putative signature genes for asthma not only provides novel insights into disease mechanisms but also offers promising targets
for biomarker development or therapeutic intervention. This lays the foundation for future clinical validation and functional
studies aimed at improving diagnosis and management strategies for patients with asthma.

Our study systematically evaluated the diagnostic potential of four FRGs in asthma. Among them, TFRC and CRYAB
exhibited consistent expression patterns and demonstrated significant diagnostic value. Specifically, CRYAB was
significantly upregulated while TFRC was downregulated in asthma patients compared to controls. These results suggest
that altered expression of CRYAB and TFRC may serve as reliable molecular biomarkers for asthma diagnosis across
diverse patient populations and implicate their involvement in ferroptosis-associated disease mechanisms. Previous
research has shown that activation of TFRC mediates ROS generation and promotes cellular iron accumulation;
conversely, inhibition of the TFRC pathway can suppress lung cancer cell growth, indicating its potential as
a therapeutic target.*>*> Additionally, high CRYAB protein expression is clinically and pathologically relevant to the
disease, including TNM stage and overall survival rate, playing a crucial role in the biology of non-small cell lung
cancer.'* In summary, our findings highlight CRYAB and TFRC as promising candidate biomarkers or therapeutic targets
related to ferroptosis pathways underlying asthma pathogenesis. Notably, their roles in asthma have not been previously
reported, offering novel directions for future investigation.
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Figure 7 Effects of CRYAB knockdown or overexpression on ferroptosis-related markers in BEAS-2B cells. (a and b) Bar charts of GSH and MDA levels following CRYAB
knockdown. (c and d) Bar charts of GSH and MDA levels following CRYAB overexpression. (€) Immunofluorescence images showing ROS accumulation after modulation of

CRYAB expression. (f and g) Histograms of ROS immunofluorescence intensity. (h) Line charts of relative viability of BEAS-2B cells with altered CRYAB expression. *p<0.05,
p<0.01, **p<0.001.
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To better understand the role of immune cells in asthma, we utilized the ssGSEA algorithm to assess the infiltration of
28 immune cell types in asthma samples. The analysis revealed significant differences in peripheral immune cell
composition between asthmatic patients and healthy controls, with marked increases in activated B cells, dendritic
cells, MDSCs, macrophages, and mast cells among asthma patients. These findings are consistent with previous reports
emphasizing the involvement of both innate and adaptive immune components in airway inflammation and remodeling
associated with asthma.>*>° Furthermore, expression levels of CRYAB and TFRC were correlated with several pro-
inflammatory cell types, suggesting that these genes may influence asthma pathophysiology by modulating distinct
immune cell populations. These findings further demonstrate the importance of FRGs in immune responses and immune
cell infiltration, and better support their potential as therapeutic targets for asthma.

To further elucidate the expression levels and potential mechanisms of TFRC and CRYAB in asthma, we conducted
a comprehensive analysis of lung tissue specimens from asthmatic patients and non-asthmatic controls. Compared with
controls, CRYAB expression was significantly increased in asthmatic lung tissue, which not only corroborates our bioinfor-
matic findings but also underscores its potential relevance to asthma pathogenesis. In contrast, TFRC expression did not show
significant differences at the tissue level. Previous studies have demonstrated that CRYAB is induced by heat shock, pro-
inflammatory cytokines, and oxidative stress, playing a role in cell growth, migration, differentiation, and development.®”-*®
Moreover, CRYAB has been implicated in inflammatory diseases by modulating the TNF-a signaling pathway through its
antioxidant properties and regulation of TAK-1 activity.*® Research has established that the antioxidant capacity of Hsp27 is
closely associated with airway inflammation in asthma, particularly in bronchial epithelial damage. Increased expression of
Hsp27 in the bronchial epithelium of asthmatic subjects has been observed, which helps mitigate oxidative stress caused by
chronic inflammation.*® Our research results are consistent with these findings. Therefore, we speculate that CRYAB may be
involved in the pathogenesis of asthma by affecting ferroptosis in bronchial epithelial cells.

To investigate the potential involvement of CRYAB in asthma pathogenesis via the ferroptosis pathway, we performed an
in vitro study using BEAS-2B cells. MDA is one of the final products of lipid peroxidation triggered by free radicals, while
GSH is an important intracellular antioxidant that can remove ROS and protect cells from oxidative damage,*° both of which
play an important role in ferroptosis. We observed that CRYAB expression was downregulated upon treatment with erastin,
a classical ferroptosis inducer. Overexpression of CRYAB reduced intracellular ROS and MDA levels while increasing GSH
content, thereby attenuating erastin-induced ferroptosis in BEAS-2B cells. We conclude that overexpression of CRYAB
significantly reduces lipid peroxide levels and enhances antioxidant capacity, thus protecting BEAS-2B cells from ferroptosis.
Previous studies have shown that phosphorylated CRYAB promotes NRF2 upregulation and nuclear translocation, alleviating
ferroptosis in cardiomyocytes through transcriptional regulation,*' consistent with our findings. Furthermore, we observed
that overexpression of CRYAB increased bronchial epithelial cell survival rates under oxidative stress conditions. Other
researchers have similarly found that overexpression of CRYAB reduces CSE-induced apoptosis and enhances cell survival.**
Our results suggest that CRYAB plays a pivotal role in asthma progression by regulating ferroptosis in bronchial epithelial
cells through modulation of antioxidant and lipid peroxidation pathways, potentially serving as a biomarker and molecular
therapeutic target for asthma in the future.

Previous studies have shown that in certain asthma phenotypes—particularly neutrophilic asthma—ferroptosis plays
an important role. For example, the ferroptosis inhibitor Liproxstatin-1 (Lip-1) has been demonstrated to effectively
attenuate pulmonary pathological changes in models of neutrophilic asthma, with its mechanism closely associated with
the significant upregulation of key ferroptosis-regulating factors SLC7A11 and GPX4.** Notably, excessive accumulation
of reactive oxygen species (ROS) not only induces ferroptosis but also contributes to oxidative damage in neutrophilic
asthma.** In our study, we confirmed that upregulation of CRYAB expression in bronchial epithelial cells can effectively
enhance antioxidant defenses and suppress lipid peroxidation, thereby markedly alleviating ferroptosis. The present
findings provide a new perspective and potential therapeutic targets for understanding the regulation of ferroptosis in
neutrophilic asthma. We propose that targeting CRYAB or its regulatory pathways may represent an effective strategy to
mitigate ferroptosis and associated inflammatory injury in neutrophilic asthma. Therefore, future research will further
explore the impact of CRYAB overexpression or inhibition on core inflammatory responses in neutrophilic asthma and

elucidate its specific underlying mechanisms.
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In conclusion, this study integrated bioinformatics analysis with clinical sample validation and in vitro experiments to
identify CRYAB as a potential diagnostic biomarker with immunological relevance in asthma. Our findings demonstrate
that CRYAB overexpression attenuates ferroptosis in bronchial epithelial cells, suggesting its role in modulating disease
pathophysiology. However, current conclusions remain preliminary, primarily due to limitations including exploratory
database mining without multi-cohort stratified validation, and bench-derived experiments constrained by modest sample
sizes that lack endotype-specific mechanistic dissection. Future investigations should focus on deploying larger-scale
independent cohorts for robust confirmatory validation; executing targeted mechanistic studies, including both cellular
and animal models, to clarify the functional integration of CRYAB activity within ferroptosis regulatory networks across
Th2 and non-Th2 asthma, and performing preclinical evaluations aimed at assessing translational viability prior to
clinical application.
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