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Purpose: Obstructive sleep apnea (OSA) is a common sleep disorder in children, with adenoid hypertrophy was recognized as the 
main cause. While ferroptosis has been linked to adult OSA, its role in children with adenoid hypertrophy remains unclear. Here, we 
aimed to explore the potential role of ferroptosis in pediatric OSA-associated adenoid hypertrophy.
Methods: We conducted RNA sequencing on adenoid tissues from children with OSA stratified by severity (mild-to-moderate, n=9; 
severe, n=9). Hub genes were identified by integrating differentially expressed genes (DEGs) with ferroptosis-related genes and constructing 
a protein–protein interaction (PPI) network. We further validated these findings in an independent cohort and primary cells.
Results: KEGG enrichment analysis revealed significant alterations in ferroptosis-related pathways, including p53 signaling pathway 
and Glutathione metabolism (p < 0.05). We identified 108 ferroptosis-related DEGs (fold change: 0.45–6.42, adjusted p < 0.05) and 
subsequently pinpointed 8 hub genes through PPI network construction and Cytoscape analysis (fold change:0.61–1.81, adjusted p < 
0.05). In clinical sample validation, mild-to-moderate tissues exhibited significant activation of ferroptosis. With the exception of 
PLA2G7, the expression trends of the other 7 hub DEGs were consistent with the findings from bioinformatics analysis. Moreover, 
ferroptosis inducers significantly suppressed the proliferation of adenoid primary cells in vitro (inhibition rate ≈70%, p < 0.0001).
Conclusion: This study helps us better understand how ferroptosis contributes to adenoid hypertrophy in children with OSA and also 
suggests that ferroptosis activation may attenuate disease advancement. Furthermore, the 7 hub genes are proposed as potential 
biomarkers and drug-binding targets.
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Introduction
Pediatric obstructive sleep apnea (OSA) is a common sleep apnea disorder, which is caused by recurrent partial or 
complete upper airway obstruction during sleep.1 Adenoid hypertrophy is recognized as the primary cause of pediatric 
OSA.2 Under repeated inflammatory stimulation, adenoids are prone to pathological hyperplasia, leading to symptoms 
such as nasal obstruction, mouth breathing, and snoring.3 If untreated, adenoid hypertrophy can result in adenoid facies, 
behavioral problems, and impaired growth and development, posing long-term risks to children’s physical and mental 
health.4 Despite its notable clinical impact, the underlying mechanisms of pediatric adenoid hypertrophy remain poorly 
understood. Previous studies have suggested potential links to immune responses, hormonal factors, and genetic 
predisposition.3 For example, the upregulation of interleukin (IL)-32 in adenoid tissue exacerbates hypertrophy by 
activating NLRP3-mediated pyroptosis and promoting inflammation.5 Additionally, children with adenoid hypertrophy 
often exhibit elevated levels of oxidative stress.6 However, these studies have not fully clarified the specific immune 
signaling pathways, the contribution of oxidative stress, or the tissue remodeling processes involved in adenoid 
hypertrophy. Therefore, it is essential to investigate the pathogenesis of adenoid hypertrophy in children in depth, so 
as to develop novel therapeutic strategies.
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Ferroptosis is a form of cell death caused by iron buildup and oxidative stress, which is characterized by Glutathione 
(GSH) depletion, Fe2+ overload, and reactive oxygen species (ROS) accumulation.7 Growing evidence indicates that 
ferroptosis plays a key role in hypoxia-related diseases, including hypoxic brain injury and myocardial infarction.8,9 Recent 
studies have demonstrated ferroptosis was closely related with OSA.10,11 OSA characteristic chronic intermittent hypoxic 
environment could lead to persistent accumulation of ROS.12 Moreover, OSA patients exhibit disturbances in iron 
metabolism, with serum iron overload and ferritin levels positively correlated with disease severity.13 In OSA-targeted 
organs such as the liver and brain, dysregulated expression of ferroptosis-related biomarkers has been observed, supporting 
a potential role in OSA pathophysiology.14,15 We hypothesize that ferroptosis could also contributes to adenoid hyper
trophy. Although the role of ferroptosis in adenoid hypertrophy remains unclear, elucidating its involvement may not only 
clarify its underlying pathophysiology but also support the identification of novel biomarkers and therapeutic targets that 
could improve clinical management in pediatric OSA. Therefore, this study aimed to investigate whether ferroptosis 
contributes to adenoid hypertrophy in children with OSA and to identify key genes involved in this process.

In this study, we first conducted transcriptome sequencing of adenoids and screened for hub genes by intersecting 
DEGs with genes in FerrDb database. Then, we validated the results on adenoid tissue and explored the role of 
ferroptosis in primary adenoid cells. Our study offers new insights into the underlying mechanisms and highlights 
potential therapeutic targets for adenoid hypertrophy.

Materials and Methods
Patients
This study enrolled children aged 3–12 years who underwent adenoidectomy at Shanghai Children’s Hospital between 
May 2024 to September 2024. All participants were diagnosed with OSA by standard polysomnography, with an apnea- 
hypopnea index (AHI) ≥1, and were confirmed to have adenoid hypertrophy through imaging examinations by lateral 
cephalometric radiographs or fiberoptic endoscopy. Adenoid hypertrophy was graded based on choanal obstruction: 
Grade 1= 0–25% obstruction; Grade 2 = 25–50% obstruction; Grade 3 = 50–75% obstruction; Grade 4 = 75% or more 
obstruction. Based on this grading system, patients were categorized into two groups: mild-to-moderate hypertrophy 
group (Grade 1–3) and severe hypertrophy group (Grade 4). Exclusion criteria included recent infections, asthma, genetic 
disorders or other chronic diseases, and antibiotic use within two months prior to their visit. Body mass index (BMI) was 
calculated as weight/height2 (kg/m2). We ensured that the body mass index (BMI) distribution was balanced between the 
two groups during the enrollment phase to prevent it from being a major confounding variable.

A total of 18 pediatric patients were included in this study for RNA-seq analysis. This sample size was deemed 
sufficient to detect statistically significant differences, based on precedents established in prior research.16

Tissue Collection
Due to ethical constraints, adenoid tissue from healthy children was unavailable. Participants were graded preoperatively 
and categorized into mild-to-moderate and severe groups. Adenoid tissue was obtained by plasma radiofrequency- 
assisted ablation under general anesthesia. The excised tissues were immediately placed in liquid nitrogen and stored at 
−80°C. All intraoperative sampling procedures were performed by an experienced physician.

RNA Sequencing Analysis
Total RNA was isolated from adenoid tissue using TRIzol reagent (15596026CN, Invitrogen, CA, USA) according to the 
manufacturer’s instructions and the concentration and quality were evaluated. Extracted mRNA was enriched and 
fragmented via high-temperature incubation. After reverse transcription to cDNA, the PCR library was then amplified 
and finally assayed using Illumina Novaseq X Plus (Illumina, CA, USA).

Differential Expression Analysis and Functional Enrichment Analysis
Using DESeq2 software to analyze DEGs between two groups, genes with adjusted p-value below 0.05 and absolute fold 
change value greater than to 1.4 were considered significant. Volcano plots were generated to visualize DEGs. Gene 

https://doi.org/10.2147/NSS.S566579                                                                                                                                                                                                                                                                                                                                                                                                                                                                  Nature and Science of Sleep 2025:17 3168

Shen et al                                                                                                                                                                     

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



ontology (GO) enrichment analysis was performed to assess molecular function (MF), cellular component (CC), and 
biological process (BP), with gene counts and adjusted p-values calculated for each term. Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analysis identified significantly enriched metabolic and signaling pathways associated 
with DEGs, using an adjusted p-value <0.05 as the threshold.

Screening Ferroptosis-Related DEGs
Ferroptosis-related DEGs were identified by intersecting DEGs with genes from the FerrDb database and visualized 
using Venn diagrams. These genes were subjected to GO and KEGG enrichment analyses. The identified genes were 
uploaded to the STRING online platform (https://string-db.org/) to construct a protein-protein interaction (PPI) network 
with a minimum interaction score of 0.4, hiding disconnected nodes. Subsequently, Cytoscape software (version 3.10.3) 
is employed to visualize and analyze the network, followed by in-depth analysis using Molecular Complex Detection 
(MCODE) and CytoHubba plugins. The parameters were set as degree cutoff = 2, node score cutoff = 0.2, k hub = 2 and 
max depth = 100.

Adenoid Primary Cell Culture
Surgically resected adenoids were used to isolate cells and establish mixed cell cultures. The adenoid tissue was cut into 
small fragments, and syringe plunger was used to grind the tissue and pass the contents through a 70um cell strainer 
(FSTR072, Beyotime, Shanghai, China) to obtain a cell suspension. Mononuclear cells were isolated using Ficoll-Paque 
(17544202, Cytiva, MA, USA) density gradient centrifugation at a density of 1.077 g/mL and cultured in RPMI1640 
(E600028, Sangon Biotech, Shanghai, China) supplemented with 10% FBS (10099–141C, Gibco, NY, USA), 100 units/ 
mL penicillin, and 100 ug/mL streptomycin (C100C5, NCM Biotech, Suzhou, China) at 37°C with 5% CO2 for 24 h.

To simulate adenoid hypertrophy in vitro, 25 mg/mL lipopolysaccharide (LPS, L2630, Sigma-Aldrich, MO, USA) 
and 10 mg/mL concanavalin A (conA, C5275, Sigma-Aldrich, MO, USA) were added to the culture medium.17 After 
24 hours, cells were pretreated with 0 or 5μM Ferrostatin-1 (Fer-1, HY-100579, MedChemExpress, NJ, USA) for 
2 hours, followed by 3μM RSL3 (Cat.HY-100218A, MedChemExpress, NJ, USA) for 24 hours, and proceed with 
subsequent experiments.

Cell Counting Kit-8 Assay
Cell viability was measured using the Cell Counting Kit-8 (CCK-8, HY-K0301, MedChemExpress, NJ, USA). Cells were 
seeded in 96-well plates at 1×106 cells/well. After treatments, 10 μL CCK-8 solution was added to each well according to 
the manufacturer’s instructions and incubated at 37°C for 3 hours followed by measurement of absorbance at 450 nm.

RNA Isolation and Quantitative Real-Time PCR
Total RNA was extracted using Universal RNA Purification Kit (EZB-RN4, EZBioscience, MN, USA) and reverse 
transcription was performed with the Color Reverse Transcription Kit (A0010CGQ, EZBioscience, MN, USA). qPCR 
was then carried out using the Color SYBR Green qPCR Master Mix (A0012-R2, EZBioscience, MN, USA), with 
GAPDH as the internal control. Primer sequences are listed in the Table S1. The relative gene expression was calculated 
using the 2– ΔΔCT method.

Transmission Electron Microscopy (TEM)
Fresh adenoid tissues were sectioned into 1 mm3 pieces on ice. The tissue fragments were fixed with 2.5% glutaralde
hyde, followed by post-fixation with 1% aqueous osmium tetroxide. After graded ethanol and acetone dehydration, 
samples were embedded in epoxy resin. Ultrathin sections were double-stained with uranyl acetate and lead citrate. 
Ultrastructural images were captured using transmission electron microscopy (JEM-1230, JEOL, Japan).
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ROS Measurements
To evaluate the production of ROS, DHE staining for tissues (S0063, Beyotime, Shanghai, China) and DCFH-DA 
staining for cells (S0033S, Beyotime, Shanghai, China). In brief, fresh-frozen tissue sections or cells were incubated at 
room temperature or 37°C for 30 minutes in the dark, followed by analysis using fluorescence microscopy.

GSH Level and MDA Level Assay
GSH content in adenoid tissues and cells were detected using Reduced glutathione assay kit (A006-2-1, Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China). The level of MDA was determined using Lipid Peroxidation 
MDA Assay Kit (S0131S, Beyotime, Shanghai, China). Protein concentrations were quantified using BCA protein 
assay kit (ZJ102, EpiZyme, Shanghai, China) to normalize MDA levels.

Fe2+ Assay
Measured the ferrous ion levels in tissues using Ferrous Ion Content Assay Kit (BC5415, Solarbio, Beijing, China). 
Adenoid tissues were homogenized in buffer on ice, centrifuged at 10,000×g for 10 minutes at 4°C and 200 μL 
supernatant mixed with 100 μL of working solution. After incubation at 37°C for 10 minutes, absorbance was measured 
at 593 nm. Generate a standard curve simultaneously according to the manufacturer’s instructions.

Western Blot Assay
Tissues or cultured cells were lysed in RIPA Lysis Buffer (P0013B, Beyotime, Shanghai, China) and were quantified 
using BCA protein assay kits. Proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes, and 
blocked with 5% non-fat milk powder in TBST for 1 hour at room temperature. Then incubated with primary antibody 
overnight at 4°C: GPX4 (1:1500, A11243, Abclonal, Wuhan, China), β-actin (1:6000, 66,009-1-Ig, Proteintech, IL, 
USA), followed by 1 hour incubation with secondary antibodies and detection using ECL (SQ202, EpiZyme, Shanghai, 
China). Band intensities were quantified with ImageJ.

Statistical Analysis
Data were analyzed using GraphPad Prism 10.2. Comparisons between two groups were performed using the t-test, 
Mann–Whitney U-test, or chi-square test, while differences among three or more groups were analyzed using one-way 
ANOVA. Data were presented as mean±standard deviation (SD) when normally distributed, or as median with 
interquartile range (IQR) otherwise. Categorical variables were presented as counts (percentages). P < 0.05 was 
considered statistically significant.

Results
DEGs and Functional Enrichment Analysis in Adenoid from Severe and Mild-to- 
Moderate Hypertrophy
In this study, 18 pediatric OSA patients indicated for adenotonsillectomy (mild-to-moderate vs severe, n=9 for each 
group) were enrolled for RNA-seq, there were no significant differences between the two groups except for the degree of 
adenoid hypertrophy (Table 1).

We performed Principal Component Analysis to assess the overall variation in gene expression profiles (Figure 1A). 
Compared with mild-to-moderate group, there were 1615 genes up-regulated and 540 genes down-regulated in the severe 
group (Figure 1B). Although KEGG and GO analyses did not directly enrich the ferroptosis pathway, KEGG results 
showed that DEGs were involved in glutathione metabolism and P53 signaling pathway (Figure 1C), both closely 
associated with ferroptosis.18,19 The expression patterns of these DEGs in these two pathways were shown in Figure 1D. 
Therefore, significant differences in gene expression were observed between the two groups, primarily enriched in 
glutathione metabolism and P53 signaling pathway.
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Ferroptosis-Related DEGs in Adenoid Hypertrophy
To further investigate the role of ferroptosis in adenoid hypertrophy, we obtained a dataset of 1290 ferroptosis-related 
genes from FerrDb database. Intersection of this gene set with the DEGs from our transcriptome and identified 108 
ferroptosis-related DEGs (Figures 2A and S1), which were further classified as ferroptosis drivers, inhibitors, markers, 
and unclassified (Table S2). Subsequently, we performed GO enrichment analyses of these ferroptosis-related DEGs 
(Figure 2B). To determine the interactions among ferroptosis-related DEGs, we used the STRING online platform to 
analyze the PPI of these DEGs. The PPI network graph contains a total of 49 nodes and 47 edges (Figure 2C). To identify 
ferroptosis-related hub DEGs, we used the MCODE plugin for functional module analysis. A total of three functional 
modules comprising 11 genes were identified by MCODE analysis (Figure 2D). We further employed the CytoHubba 
plugin to analyze PPI network again based on the MCC algorithm, and obtained the top 10 hub genes in terms of degree 
value (Figure 2E). Combining these two algorithms, we obtained 8 hub genes, including HSPA1B, HSPA13, HSPA14, 
HSPA1A, PLTP, PLA2G7, HDLBP, LDLR (Table S3). Subsequently, the transcription levels of these hub genes were 
validated by qRT-PCR in a new set of independent adenoid samples. Compared to the mild-to-moderate group, transcript 
levels of HSPA1B, HSPA1A, PLTP, HDLBP, LDLR were significantly increased (P < 0.05), while HSPA13, HSPA14 were 
significantly lower in the severe group (P < 0.05). However, there was no significant difference in expression of PLA2G7 
between two groups (Figure 2F and Table S4). Collectively, ferroptosis was closely associated with the development of 
adenoid hypertrophy.

Our analysis converged on a network of 8 hub genes, which functionally clustered into two major modules: a stress- 
responsive HSP70 cohort (HSPA1A, HSPA1B, HSPA13, HSPA14) and a lipid metabolism cluster (PLTP, PLA2G7, 
HDLBP, LDLR). The coordinated presence of these modules strongly suggests an integrated adaptive pathway that 
enhances cellular resistance to ferroptosis, thereby contributing to the pathogenesis of adenoid hypertrophy.

Ferroptosis Is Reduced in Severe Adenoid Hypertrophy
Based on the above bioinformatics analysis results, we collected a cohort of adenoid tissues to verify whether the 
identified hub genes are associated with the ferroptosis- related phenotypes. The results showed that GSH levels 
significantly higher in the severe group compared to the mild-to-moderate group (Figure 3A). As ferroptosis is 
characterized by intracellular iron overload and lipid peroxidation, we measured the levels of Fe2+ and MDA in adenoid 
tissues, which were both markedly lower in the severe group (Figure 3B and C). Excess Fe2+ can generate ROS through 
the Fenton reaction, thereby inducing ferroptosis.7 Therefore, we performed ROS detection on fresh-frozen adenoid 
tissue sections using DHE. The results demonstrated that ROS levels in the mild-to-moderate hypertrophy group were 
statistically significantly higher than those in the severe hypertrophy group (Figure 3D). Concurrently, TEM showed that 
mitochondria from mild-to-moderate hypertrophy group exhibited characteristic alterations of ferroptosis, including 

Table 1 Baseline Demographic and Polysomnography Characteristics of Participants

Mild-to-Moderate (n=9) Severe (n=9) Total (n=18) P value

Mean Age (years) 5.6±2.33 5.7±1.81 5.6±2.03 0.902a

Gender (male, %) 7 (77.8%) 5 (55.6%) 12 (66.7%) 0.735b

BMI (kg/m2) 15.18 (14.55–21.75) 15.42 (13.26–16.94) 15.30 (14.08–17.95) 0.399c

Adenoid size 
grade, n (%)

Grade 2 4 (44.4%) 0 (0%) 4(22.2%)

Grade 3 5 (55.6%) 0 (0%) 5(27.8%)
Grade 4 0 (0%) 9 (100%) 9(50%) <0.0001b

AHI 5.00 (2.69–15.56) 5.60 (3.17–14.69) 5.53 (3.16–14.80) 0.605c

Minimum SaO2 91.11±4.17 89.11±5.65 90.11±4.92 0.405a

ODI 10.20±7.52 15.35±9.48 12.78±8.71 0.221a

Notes: Continuous data with a normal distribution are presented as mean ± SD, skewed data are presented as median (IQR). 
Categorical data are presented as number (percentage, %). at-test. bchi-square test. cmann–Whitney U-test. 
Abbreviations: BMI, body mass index; AHI, apnea-hypopnea index; SaO2, oxygen saturation; ODI, oxygen desaturation index.
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Figure 1 DEGs and functional enrichment analysis between mild-to-moderate and severe groups. (A) Principal component analysis between the two groups. (B) Volcano 
plot of DEGs. Red dots represent upregulated genes, blue dots represent downregulated genes, and gray dots represent unchanged genes. (C) KEGG pathway enrichment 
analysis was performed based on differentially expressed genes, showing the top 15 significantly enriched pathways. (D) Clustered heatmap displaying differentially expressed 
genes enriched in glutathione metabolism and p53 signaling pathways.
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Figure 2 Identification and analysis of ferroptosis-related DEGs in adenoid hypertrophy. (A) Venn diagram shows the intersection between FerrDb genes and DEGs. (B) 
GO enrichment analysis results of ferroptosis-related DEGs. (C) PPI network of ferroptosis-related DEGs. (D) Three functional modules identified by MCODE analysis. (E) 
Top 10 hub genes identified by CytoHubba. (F) The mRNA expression of ferroptosis-related hub genes in adenoid tissues from mild-to-moderate and severe groups, n=5, 
data are presented as fold change relative to the mild to moderate group (set as 1). Statistical significance was determined by t-test. ns, not significant. Compared with the 
mild-to-moderate group, *P < 0.05, ***P < 0.001 and ****P< 0.0001.
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Figure 3 Ferroptosis is suppressed in tissues with severe adenoid hypertrophy. (A) GSH levels in adenoid tissue, n=16 per group. (B) Ferrous ion content in adenoid tissue, n=16 per 
group. (C) MDA level in adenoid tissue, n=16 per group. (D) Representative DHE staining images of adenoid tissue. (E) Representative TEM images of adenoid tissue, M, mitochondria. 
(F) Relative expression of GPX4 mRNA in adenoid tissue, n=16 per group. (G and H) Representative Western blot bands and average protein levels of GPX4 in adenoids from the two 
groups, n=5 per group. Statistical significance was determined by t-test. Compared with the mild-to-moderate group, **P < 0.01, ***P < 0.001 and ****P< 0.0001.
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irregular morphology and increased membrane density (Figure 3E). In addition, Western blotting and qRT-PCR showed 
that the protein expression level and mRNA transcript level of glutathione peroxidase 4 (GPX4) were significantly higher 
in the severe hypertrophy group (Figure 3F–H). The above results suggest that the ferroptosis process is significantly 
inhibited in tissues with severe adenoid hypertrophy.

Induction of Ferroptosis Reduce the Viability of Primary Adenoid Hypertrophy Cells
Since ferroptosis is closely associated with the severity of adenoid hypertrophy, we further investigated the effects of 
ferroptosis activation in primary adenoid cells. Cells were stimulated with LPS and conA (stimulation, STIM) to mimic 
hypertrophy and treated with the ferroptosis inducer RSL3 or the inhibitor Fer-1. The results showed that LPS+conA 
stimulation significantly promoted cell proliferation, whereas RSL3 treatment markedly inhibited this proliferation, and 
Fer-1 pretreatment partially restored the proliferative capacity (Figure 4A). GSH levels increased in the STIM group, 
decreased with RSL3, and were rescued by Fer-1 (Figure 4B). The trend of GPX4 protein expression was generally 
consistent with that of GSH, although the STIM group showed a slight increase compared with the control group without 
statistical significance (Figure 4C). RSL3 elevated ROS and Fe2+ levels, both attenuated by Fer-1 (Figure 4D and E). 
Taken together, these findings suggest that RSL3 can induce ferroptosis in primary adenoid cells and inhibit their 
proliferation. Subsequently, we examined the expression levels of hub genes, and the results showed that the transcript 
levels of HSPA1B, HSPA1A, PLTP, HDLBP, and LDLR were significantly reduced in the STIM+RSL3 group, while 
HSPA13, HSPA14, and were significantly increased. However, there was no significance difference in PLA2G7 expres
sion (Figure 4F and Table S5). These results confirm that the effect of ferroptosis in vitro.

Discussion
Adenoid hypertrophy is the major cause of OSA in children, yet its cellular and molecular mechanisms remain unclear. 
Our study is the first to identify key ferroptosis-related genes involved in adenoid hypertrophy, which were further 
validated in tissue samples by RT-qPCR. Tissue analyses revealed that marked downregulation of ferroptosis were 
increased with hypertrophy. Consistently, in a cellular model, RSL3-induced ferroptosis significantly suppressed cell 
proliferation, suggesting a potential role of ferroptosis in the progression of adenoid hypertrophy.

Previous studies have shown that in the liver of OSA patients, GPX4 and GSH levels are decreased, whereas iron and 
MDA levels are increased, suggesting that chronic intermittent hypoxia (CIH) promotes ferroptosis and contributes to the 
progression of nonalcoholic fatty liver disease.14 Similarly, CIH model mice exhibit typical morphological changes of 
ferroptosis in the brain, accompanied by reduced neuronal survival.15 In contrast, in hypertrophic adenoid tissues from 
children with OSA, we observed that ferroptosis decreased with increasing severity of adenoid hypertrophy. This may be 
explained by the fact that adenoid size cannot accurately reflect the severity of OSA, including either the total number of 
apnea events or the degree of hypoxia.20,21 Second, the effect of hypoxia on ferroptosis varies by tissue and cell type. 
Hypoxia can upregulate hypoxia-inducible factor (HIF), which can either suppress ferroptosis directly or promote it 
through heme oxygenase-1 (HO-1) transcription.22,23 In human tonsillar cells, hypoxia enhances HIF-1α activity via 
SUMO-1 upregulation.24 Therefore, in adenoid cells, hypoxia may primarily activate HIF signaling and its downstream 
antioxidant programs, thereby reducing their susceptibility to ferroptosis. Finally, the local inflammatory milieu adds 
complexity. In children with adenoid hypertrophy, the levels of inflammatory factors such as TNF-α, IL-6, and IL-32 
increase with the severity.25 The crosstalk between inflammation and ferroptosis is not uniformly promotive and can 
yield divergent outcomes depending on the cellular context and cytokine profile.26 Different degrees of adenoid 
hypertrophy may reflect distinct pathological states rather than a linear continuum. Variations in inflammatory cytokine 
profiles across these states could diverge in their effects on ferroptosis. Under CIH and sustained inflammation, adenoid 
cells may undergo adaptive changes, ultimately leading to reduced lipid peroxidation and iron levels, along with elevated 
GSH in severely hypertrophic adenoid tissue.

Emerging evidence indicates that ferroptosis may participate in several pediatric inflammatory conditions beyond 
adenoid hypertrophy. In asthma-related airway inflammation, allergen exposure and chronic inflammation can trigger 
ferritinophagy, creating a microenvironment that favors ferroptosis in bronchial epithelial cells, thereby promoting 
epithelial injury and airway hyperresponsiveness.27 Similarly, in pediatric conditions such as chronic rhinosinusitis 
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Figure 4 RSL3 induced ferroptosis suppresses the viability of primary adenoid cells and alters the transcription levels of ferroptosis hub genes. (A) CCK-8 assay for 
detecting the proliferation of primary adenoid cells. Data normalized to control group (set as 100%). n=7 per group. (B) Detection of the levels of GSH, n=7 per group. (C) 
Representative Western blot bands and average protein levels of GPX4, n=7 per group. (D) Intracellular ROS levels detected by DCFH-DA staining. (E) Ferrous ion content 
in cell, n=5 per group. (F) The mRNA expression of ferroptosis-related hub genes, data are normalized to the control group (set as 1, not shown in the figure), n=3 per 
group. Statistical significance was determined by one-way ANOVA. ns, not significant. Compared with the control group, **P < 0.01, ***P < 0.001. Compared with the STIM 
group, #P< 0.05, ##P < 0.01, ### P < 0.001, #### P < 0.0001. Compared with the STIM+RSL3 group, $P< 0.05, $$P < 0.01, $$$P < 0.001, $$$$P< 0.0001.
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with nasal polyps,28 Crohn’s disease,29 and pediatric sepsis,30 ferroptosis in airway or intestinal epithelial cells disrupts 
barrier integrity and amplifies neutrophil-driven inflammation. In these contexts, ferroptosis is generally regarded as 
a pathogenic driver that exacerbates tissue injury and inflammatory responses. In contrast to this typically upregulated 
and detrimental process, our findings reveal a paradoxical decrease of ferroptosis in severely hypertrophic adenoids, 
suggesting a unique and potentially compensatory suppression of ferroptosis in the specific disease context of OSA- 
related adenoid hypertrophy.

We used the MCODE and CytoHubba plugins in Cytoscape to analyze the DEGs and identified 8 hub genes, which 
formed two functionally distinct clusters. The first cluster comprises 4 HSP70 family members (HSPA1A, HSPA1B, 
HSPA13, HSPA14), maintaining cellular homeostasis under environmental and physiological stress conditions.31 In 
pediatric adenoid tissue, HSP70 is expressed and can modulate immune responses, suggesting a potential contribution 
to chronic inflammation and tissue remodeling.32,33 Notably, HSPA1A and HSPA1B demonstrate specific immunomodu
latory roles by regulating interferon signaling pathways, which directly impacts CD8+ T cell exhaustion and ferroptosis 
resistance.34 Interestingly, previous studies have demonstrated that children with adenoid hypertrophy exhibit elevated 
interferon levels, and a reduction in CD8+ T cells in severe adenoid hypertrophy group.35,36 A similar mechanism may 
underlie adenoid hypertrophy: chronic interferon activation leads to a reduction in CD8+ T cells, thereby establishing an 
immune microenvironment that favors cell survival while suppressing ferroptosis. While HSPA13 and HSPA14 maintain 
endoplasmic reticulum protein homeostasis and ribosome-associated protein folding respectively, their precise contribu
tions to ferroptosis regulation in adenoid tissue warrant further investigation.31 The second cluster encompasses lipid 
metabolism–related genes (PLTP, PLA2G7, HDLBP, LDLR) that collectively modulate cellular ferroptosis susceptibility 
through lipid homeostasis. PLTP and PLA2G7 primarily participate in lipid transport and oxidized phospholipid 
clearance, while HDLBP and LDLR regulate cholesterol balance, thereby suppressing ferroptosis.37–39 Although the 
specific roles of these genes in adenoid hypertrophy remain unclear, children with adenoid hypertrophy commonly 
exhibit lipid metabolism disorders, characterized by decreased HDL-C and elevated LDL-C levels.40,41 Therefore, we 
speculate that lipid metabolism disorders may alter the ferroptosis threshold of cells through this cluster of hub genes, 
contributing to disease progression. These pathways may also offer therapeutic potential. Modulators of ferroptosis, such 
as inducers or inhibitors, have demonstrated efficacy in preclinical models of inflammatory and hyperplastic disorders,42 

suggesting that targeting the HSP70-mediated stress response or the lipid metabolism–ferroptosis axis could be explored 
as potential strategies for adenoid hypertrophy in future studies.

To our knowledge, this is the first study to identify key ferroptosis-related genes associated with adenoid hypertrophy 
and assess their functional role in both tissue and cellular models. Our findings reveal an additional and previously 
unrecognized pathophysiologic pathway. Critically, we demonstrate that suppressed ferroptosis is associated with 
increased adenoid hypertrophy. In contrast to the prevailing view that ferroptosis contributes to tissue injury, our results 
highlight its protective role in this specific pathology. Thus, we identify ferroptosis-related alterations as a novel 
component of the disease process, providing new biological insights into adenoid hypertrophy. The consistent expression 
patterns of several ferroptosis-related hub genes across both RNA-seq and qRT-PCR validation suggest their potential as 
molecular indicators of adenoid hypertrophy severity and offer promising therapeutic targets beyond traditional inflam
mation-based approaches. Nevertheless, our study has several limitations. First, we demonstrated only an association 
between ferroptosis and the progression of adenoid hypertrophy; the causal relationship and the extent of ferroptosis’ 
contribution remain to be further elucidated. Second, due to ethical constraints, we were unable to obtain adenoid tissues 
from healthy children and had to use mildly to moderately hypertrophic adenoids as controls. The findings reflect 
changes across the progression of hypertrophy rather than differences from a truly healthy baseline. This constitutes 
a potential source of bias and may limit the generalizability of the findings, which should be interpreted within this 
context. Third, the sample size for transcriptome sequencing was limited, which may affect the representativeness of the 
data. Fourth, although primary adenoid cells partially mimicked the in vivo environment, the complex cellular composi
tion of adenoids prevented detailed exploration of the metabolic mechanisms linking ferroptosis to disease progression. 
Lastly, the absence of in vivo experiments limits causal inference. Future studies incorporating animal models or 
prospective clinical follow-up will be needed to further prove causation and confirm the mechanistic involvement of 
ferroptosis in adenoid hypertrophy.
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Conclusion
In conclusion, our study identified certain ferroptosis-related genes associated with adenoid hypertrophy through 
bioinformatics analysis and in vitro studies. These findings suggest that impaired ferroptosis may promote tissue 
hypertrophy by enhancing cellular survival and resistance to oxidative stress. Targeting ferroptosis pathways may help 
develop novel anti-hypertrophic or anti-inflammatory strategies for children with OSA, potentially alleviating pediatric 
airway obstruction. Furthermore, ferroptosis-related markers may serve as promising biomarkers for assessing disease 
severity or treatment response. Future in vivo studies and validation in larger cohorts are warranted to confirm these 
mechanisms and advance translational applications.
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