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Ferroptosis-related oxidative
stress activation in the acute
phase of Kawasaki disease
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Jingwei Sun® and Fang Liu™

Heart Center, Children’s Hospital of Fudan University, Shanghai, China, ?Pediatrics Department,
Bengbu First People’s Hospital, Bengbu, China

Introduction: Kawasaki disease (KD) is an acute systemic vasculitis with unclear
etiology and pathogenesis. Emerging evidence suggests a potential role of
ferroptosis in various cardiovascular diseases. Therefore, this study aimed to
explore and validate the involvement of ferroptosis in the pathogenesis of KD.
Methods: Peripheral blood samples were collected from 10 patients with KD and
10 febrile controls (FC) were collected for RNA sequencing. Differentially expressed
genes (DEGs) were identified and subjected to pathway enrichment analysis.
Ferroptosis-related DEGs were further validated in patient samples. In vitro,
THP-1-derived macrophages (THP-1-Mos) were stimulated with sera from KD
patients to assess intracellular Fe2+ accumulation, lipid reactive oxygen species
(lipid ROS) levels, mitochondrial membrane potential, and mitochondrial
ultrastructural changes. Liproxstatin-1, a specific ferroptosis inhibitor, was
applied to determine whether the ferroptosis-related alterations were reversible.
Results: Transcriptomic analysis revealed significant enrichment of DEGs in the
ferroptosis pathway. Validation experiments confirmed a trend toward
ferroptosis activation in KD patients. In vitro, THP-1-Mes treated with KD sera
exhibited increased intracellular Fe2+ and lipid ROS levels, impaired
mitochondrial membrane potential, and characteristic mitochondrial
morphological alterations associated with ferroptosis. Notably, these
ferroptosis-related changes were attenuated by Liproxstatin-1 treatment.
Conclusion: Our findings indicate that ferroptosis is activated in KD and may
contribute to its pathogenesis. Ferroptosis inhibitor alleviated the associated cellular
damage, suggesting that it may represent a potential therapeutic strategy for KD.
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1 Introduction

Kawasaki disease (KD) is an acute systemic vasculitis that predominantly affects the
coronary arteries (1). Intravenous immunoglobulin (IVIG) combined with aspirin is the
standard treatment during the acute phase of KD (2-4), effectively reducing inflammation
and preventing the development and progression of coronary artery lesions (CALs).
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However, 8-25% of patients are unresponsive to this therapy, which
is a known risk factor for CAL (2-4).

Although the pathogenesis of KD remains unclear, multiple
factors have been implicated, including inflammation, oxidative
stress and endothelial dysfunction (5, 6). In particular, levels of
reactive oxygen species (ROS) are significantly elevated during the
acute phase and decreased following IVIG treatment (7).
Biomarkers such as elevated urinary 8-iso-prostaglandin F2o. have
been reported to support the role of oxidative stress as a key
mediator of KD-related inflammation (8). Excessive ROS
production not only exacerbates oxidative stress but also initiates
a self-perpetuating inflammatory cycle that contributes to the
progression of vasculitis (9). These findings underscore the
potential benefit of targeting oxidative stress as an adjunctive
therapeutic strategy for KD, especially in IVIG-resistant patients.

Ferroptosis is a distinct form of regulated cell death driven by
iron-dependent lipid peroxidation. It involves multiple metabolic
processes, including redox balance, iron homeostasis,
mitochondrial function, and amino acid and lipid metabolism
(10). This process is often accompanied by the accumulation of
mitochondrial ROS, which further amplifies oxidative damage (11).
Recent studies have shown the involvement of ferroptosis in various
cardiovascular diseases, such as doxorubicin-induced
cardiomyopathy (12, 13), ischemia-reperfusion injury (14, 15),
myocardial infarction (16, 17), and heart failure (18, 19). In the
context of KD, serum ferritin levels, which reflect iron overload, are
higher than those in other febrile illnesses (20, 21). Ferritin has also
been proposed as a biomarker for predicting IVIG resistance and
severe form of KD such as macrophage activation syndrome (MAS)
(22-24). But the involvement of ferroptosis in KD pathogenesis has
not been thoroughly elucidated.

To investigate the potential role of ferroptosis in the acute phase
of KD, we performed RNA sequencing (RNA-seq) and
bioinformatics analyses, followed by validation using clinical
samples and THP-1-derived macrophage (THP-1-M¢@) models.
The study aims to explore whether ferroptosis participate in the
pathogenesis of KD.

2 Methods
2.1 Study population

From December 2023 to December 2024, patients diagnosed
with KD (KD group) and patients with other febrile illnesses (fever
control group, FC group) were prospectively recruited at the
Children’s Hospital of Fudan University in a 1:1 age-matched
ratio. A total of 84 patients were enrolled (KD: FC = 42:42).
Peripheral blood leukocyte samples from 10 patients per group
were randomly selected for RNA-seq, while leukocytes from the
remaining patients were used for real-time fluorescence quantitative
PCR (qPCR) validation. Serum samples from both the KD and FC
groups were collected for stimulation experiments using THP-1-
Mgs. In addition, sera from 42 healthy children (healthy control
group, HC group) were collected and used as a baseline control.
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The diagnosis of KD was based on the 2017 American Heart
Association guidelines (2), and all blood samples from the KD
group were collected during the acute phase, prior to IVIG and
aspirin treatment. FC group were defined as children with a body
temperature >38°C and without clinical features suggestive of KD.
The febrile illnesses were primarily uncomplicated respiratory or
gastrointestinal infections. HC group were defined as afebrile
healthy children with no evidence of infection at the time
of sampling.

This study was approved by the Institutional Review Boards of
the Children’s Hospital of Fudan University (Approval No. 2023-
112). Written informed consent was obtained from the legal
guardians of all participants prior to sample collection.

2.2 Blood sample collection

Peripheral blood was collected into EDTA-containing tubes
(BD Vacutainer, USA). Erythrocytes were lysed using red blood cell
lysis buffer, and the remaining leukocytes were suspended in TRIzol
reagent (Invitrogen, USA) and stored at —80°C for subsequent RNA
extraction. For serum collection, whole blood samples were
centrifuged at 3000 xg for 10minutes at 4°C, and the supernatant
(serum) was aliquoted and stored at —80°C until use.

2.3 Whole-transcriptome sequencing and
bioinformatics analysis

2.3.1 Whole-transcriptome sequencing

To clarify the gene expression profile distinguishing KD and FC,
we performed RNA-seq on samples from 10 patients in the KD
group and 10 age- and sex-matched patients in the FC group using
the Tllumina NovaSeq 6000 platform. Sequencing was conducted by
Sequanta Technologies Co., Ltd. (Shanghai, China), following the
manufacturer’s protocols for 2x150 paired-end sequencing. The
quality of raw sequencing data was assessed using FastQC (version
0.11.2). Adaptor sequences were trimmed with Trim Galore
(version 0.6.7) to generate clean reads. These reads were aligned
to the human reference genome (GRCh37, gencode v19 annotation)
using STAR (version 2.7.10b). Gene and transcript quantification
was performed with RSEM (version 1.2.28) to gather raw counts
and fragments per kilobase of exon model per million mapped reads
(FPKM) values.

2.3.2 Differential expression analysis and
functional enrichment analysis

After that, mRNA-level count data were extracted from the
RNA sequencing data using R studio(version 4.3.1), and differential
expression analysis was performed using the edgeR package.
Differentially expressed genes (DEGs) were identified based on
the following criteria: absolute log,-fold change (log,FC) > 1 and
false discovery rate (FDR) < 0.01. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses
of the DEGs were conducted using the DAVID Bioinformatics
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website (https://davidbioinformatics.nih.gov/), and bubble plots
were generated with the ggplot2 package. Gene Set Enrichment
Analysis (GSEA) was performed using the ReactomePA package to
identify significantly enriched pathways and extract the leading-
edge genes.

2.3.3 Gene set enrichment analysis of ferroptosis-
related genes

Based on the classification of ferroptosis-related genes (Drivers,
Suppressors, and Markers) provided in FerrDb v2 website (http://
www.zhounan.org/ferrdb/current), we applied the GSVA package to
assess the relative enrichment of ferroptosis-associated gene sets in
the DESs. Specifically, single-sample gene set enrichment analysis
(ssGSEA) was performed across all samples. A higher ssGSEA score
indicated a higher expression level of the corresponding gene set
within a sample, whereas a lower score suggested reduced expression.

2.3.4 Immune cell infiltration analysis of the DEGs

Immune cell infiltration analysis of the DEGs was conducted
using CIBERSORTx (https://cibersortx.stanford.edu), and the
correlation between ferroptosis leading-edge genes and immune
cell proportions was calculated. Following the principle of biological
covariate adjustment, immune cells were grouped into three major
categories: neutrophils, lymphocytes, and monocyte-macrophages.
These immune cell categories were incorporated into the model as
covariates to derive ferroptosis scores adjusted for immune cell
proportions. The raw sequencing data generated in this study have
been deposited in the NCBI Sequence Read Archive (SRA) and are
accessible under accession number PRJNA1338940.

2.4 RNA isolation and gPCR

qPCR was used to validate the expression levels of ferroptosis-
related genes in patients with KD and THP-1-M@. RNA isolation
and qPCR were performed according to the manufacturer’s
instructions. The expression levels of DEGs were normalize to
the GAPDH level. The primer sequences are provided in
Supplementary Table 1.

2.5 Cell culture and serum stimulation

THP-1 cells were purchased from Shanghai Fuheng
Biotechnology Co., Ltd. (Shanghai, China) and maintained in
RPMI 1640 medium supplemented with 10% FBS and 1%
penicillin-streptomycin (Gibco, USA). The cell line was
authenticated by short tandem repeat (STR) profiling. To
differentiate THP-1 cells into macrophage-like cells (THP-1-
Mes), the cells were treated with 100 ng/mL PMA (Biosharp,
China) for 48 hours. These differentiated cells were then used for
subsequent cellular experiments. After differentiation, THP-1-M@s
were stimulated with 20% sera from independent patients from the
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KD group (KD sera-treated THP-1-M@s), while sera from HC and
FC groups were used as controls.

Liproxstatin-1, a potent ferroptosis inhibitor, primarily acts by
suppressing lipid peroxidation (25). Cotreatment with 20 uM
Liproxstatin-1 (MCE, USA) was used to evaluate the protective
effects of Liproxstatin-1 against KD sera exposure. The results of the
concentration exploration of Liproxstatin-1 are shown in
Supplementary Figure 1A.

2.6 Iron assay

The intracellular ferrous iron (Fe**) concentration was measured
to assess iron overload, and we compared its changes among different
groups. After 24 hours of sera stimulation, the Fe?" concentration in
the cells was measured using a Cell Iron Content Assay Kit (Solarbio,
China) in accordance with the manufacturer’s instructions. Briefly,
cells from each group were collected using extraction buffer and
disrupted by ultrasonication. The supernatant was collected, and the
protein concentration was determined using a BCA protein assay kit
(Takara, Japan). After the reaction buffer was added, the mixture was
incubated at 37 °C for 10 minutes, and the absorbance at 593 nm was
measured using a microplate reader. The Fe** concentration was
calculated based to the protein concentration.

2.7 Lipid peroxidation assay

Lipid peroxidation of the cell membrane is a hallmark of
ferroptosis; therefore, we used a BDP 581/591 Cl11 probe
(DOJINDO, Japan) to detect peroxidation in different groups.
After 48 hours of sera stimulation, cells were collected and
incubated with the BDP 581/591 Cl11 probe in the dark for 30
minutes at 37 °C. Upon lipid peroxidation, the fluorescence of BDP
581/591 C11 shifted from red (581/610 nm) to green (484/510 nm).
The green fluorescence intensity in each group was measured using
a flow cytometer and analyzed with Flow]Jo software.

2.8 Mitochondrial membrane potential
(MMP, A¥Ym) detection

Mitochondrial membrane potential reflects mitochondrial
dysfunction and energy metabolic disruptions, which are
downstream effects of lipid peroxidation damage in ferroptosis.
Therefore, A¥m was measured using a JC-1 assay kit (DOJINDO,
Japan) in accordance with the manufacturer’s instructions. After 48
hours of sera stimulation, cells were collected and incubated with 2
pumol/L JC-1 probe in the dark for 30 minutes at 37 °C. Following
incubation, the cells were washed three times with HBSS buffer and
then resuspended in JC-1 staining buffer. Finally, the percentage of
green fluorescence in each group was measured using a flow
cytometer and analyzed with FlowJo software.
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TABLE 1 Clinical baseline data of the patients for RNA-seq.

Febrile Kawasaki
Characteristics controls disease
(N =10) (N = 10)
Virus 1/10
Bacteria 6/10
Mycoplasma 1/10
Both virus and Bacteria 1/10
IKD 3/10
Sex
F 5 (50%) 4 (40%) 1.000
M 5 (50%) 6 (60%)
Age/M 24.0 (23.0, 36.0) 18.0 (11.5, 32.0) 0.121
Temperature 392+1.0 39.1+0.6 0.639
HGB 123.7 £ 10.8 989 +73 <0.001
WBC 16.4 (14.5,18.2) 12.9 (10.6,15.5) 0.043
PLT 282.0 (239.0,299.0) 3610 0.031
(330.0,531.0)
CRP 11.1 (8.0,46.0) 66.8 (39.3,83.0) 0.011
Neu 72.8 £9.6 60.2 + 16.9 0.055
SAA 294.4 (108.4,320.0) 2339 1.000
(105.2,320.0)
ALB 444 + 32 359 +2.6 <0.001
AST 37.2 (30.8, 44.3) 30.8 (29.7,332)  0.112
ALT 14.0 (13.1, 16.6) 17.1 (12.3, 44.7) 0.853

IKD: Incomplete Kawasaki disease; HGB, Hemoglobin; WBC: White bold cell; PLT, Blood
platelet; CRP, C-reactive protein; Neu, Neutrophil; SAA, Serum amyloid A; ALB, Albumin;
AST, Aspartate aminotransferase; ALT, Alanine aminotransferase.

2.9 Western blot analysis

Western blot was used to assess the protein levels of FTH1 in
different groups. The detailed procedure for Western blot was
descried previously (26). The following antibodies were used:
rabbit anti-FTHI1 antibody (cat. 3998S; dilution 1:1000; CST,
USA), rabbit anti-B-actin antibody (cat. 4970S; dilution 1:1000;
CST, USA), and anti-rabbit IgG, HRP-linked antibody (cat. no.
7074S; dilution 1:1,000; CST, USA). B-actin was used as the internal
control for each membrane. The raw data are available in
Supplementary Figure 1B.

2.10 Transmission electron microscopy

Transmission electron microscopy (TEM) was performed to
assess the morphology of mitochondria associated with ferroptosis
in different groups. After 48 hours of sera stimulation and
Liproxstatin-1 treatment, THP-1-M@s in 6-well plates were fixed
in 2.5% glutaraldehyde in 0.1 M PBS (pH 7.4) at room temperature.
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Post-fixation, the cells were incubated with 1% osmium tetroxide
prepared in 0.1 M PBS (pH 7.4) for 2 hours at room temperature in
the dark. The cells were then dehydrated through a graded series of
ethanol, embedded with epoxy resin and sectioned. Ultrathin (80-
nm) sections were collected on copper grids and stained with uranyl
acetate and lead citrate. Images were acquired using a Hitachi
HT7700 transmission election microscope (Hitachi, Ltd.).

2.11 Statistical analysis

Statistical analysis was performed using GraphPad Prism
(version 9). The choice of statistical test (parametric or
nonparametric) was based on the normality of the data and the
homogeneity of variance. For qPCR data from patients, Mann-
Whitney U test was used, and results are presented as the mean +
standard deviation (SD). For multiple group comparisons, data
from cell experiments were analyzed using one-way ANOVA
followed by Tukey’s multiple comparisons test and are expressed
as the mean + standard error of the mean (SEM). Paired t tests were
used for paired samples.

3 Results

3.1 Transcriptomic analysis revealed
ferroptosis-related molecular features in
Kawasaki disease

Baseline clinical characteristics of the patients included in the
RNA-seq analysis were summarized in Table 1 (KD: FC = 10:10).
Compared with the FC group, patients with KD exhibited higher
platelet counts and C-reactive protein (CRP) levels, but lower
hemoglobin and albumin levels. In contrast, some immune-
related markers, such as serum amyloid A (SAA), showed no
significant differences between the two groups.

In the RNA-seq analysis, a total of 3,153 DEGs were identified,
including 1,339 upregulated and 1,814 downregulated genes. The
distribution of DEGs between the KD and FC groups was shown in
Figure 1A, and the top 20 upregulated and downregulated genes
were displayed in Figure 1B.

To explore the biological significance of these DEGs, GO and
KEGG enrichment analyses were performed. The DEGs were
enriched in inflammation-related pathways, including the NF-xB
pathway, inflammatory response, and TNF signaling pathway, as
well as in oxidative stress-associated pathways such as cellular
response to oxidative stress and mitochondrial autophagy
(Figures 1C, D). Notably, KEGG analysis revealed that ferroptosis
and fatty acid biosynthesis pathways were significantly enriched in
the KD group (Figure 1D).

According to the results of KEGG, ferroptosis-related genes
such as ALOX15, TP53, ACSL6, and SLC39A14 were upregulated in
the KD group, whereas genes including SAT1, FTHI, SCL3A2,
ATGS5, VDAC2, SAT2, PRNP, MAP1LC3A, TFRC, ACSL3,
MAPILC3B and SLC7A11 were downregulated, as shown in the
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heatmap (Figure 1E). A corresponding bar plot further illustrated
the expression levels of ferroptosis-related DEGs with [log,FC| >
1.5 (Figure 1F).

3.2 Ferroptosis significantly and specifically
activated in Kawasaki disease

GSEA revealed that the ferroptosis pathway was significantly
enriched, with a notable NES value (NES = 1.698, p = 0.007, FDR =
0.172), ranking as the third most enriched pathway (Figures 2A, B).
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Among several pathways, including mitophagy, apoptosis, and
oxidative phosphorylation, only ferroptosis and mitophagy
showed significant enrichment. The leading-edge genes of
ferroptosis displayed minimal overlap with those of other
pathways, indicating that ferroptosis was independently
activated in the KD group (Supplementary Figure 1C and
Supplementary Table 2).

Based on the FerrDb v2 classification of ferroptosis-related
genes, activators such as ALOXI15 and SLC39A14 were
upregulated in the KD group, while suppressors such as SLC3A2,
FTHI1, and ASCL3 were downregulated. However, some activators,
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including ATG5, MAPILC3A, and SAT1, also showed decreased
expression. In addition, dual-function genes such as TP53, VDAC2,
and TFRC were identified (Figure 2C). As showed in Figure 2D,
ssGSEA analysis further demonstrated an increasing trend in the
ferroptosis score in the KD group (Driver-Suppressor, p = 0.089),
and a significantly lower score for the Suppressor gene set
(Suppressor, p = 0.007), while the Driver gene set scores were
comparable between groups (Driver, p = 0.25).

Because bulk RNA-seq was performed, potential differences in
immune cell composition between the KD and FC groups could
have influenced ferroptosis enrichment. Immune cell deconvolution
using CIBERSORTx revealed that predominant acute-phase
immune cells, such as neutrophils and monocyte-macrophages
(27), showed no significant differences between groups. In
contrast, lymphocytes, such as naive B cells, naive CD4 T cells,
and resting NK cells were significantly enriched in the KD group,
although these populations are not considered critical effectors
during the acute phase (Figure 3A). Correlation analysis revealed
that ferroptosis leading-edge genes, including ACSL6, ALOXI15,
SLC39A14, and TP53, were associated with T- and B-lymphocyte
subsets (Figure 3B). However, after adjusting for group effects, these
correlations were largely diminished, particularly for FTH1, ACSL3,
and TFRC, suggesting that ferroptosis activation was independent
of immune cell composition (Figure 3C). Finally, after adjusting
ferroptosis and suppressor scores for immune cell proportions, the
trends remained consistent with those observed before adjustment
(Figure 2D), and the 95% confidence intervals of the scores in the
KD and FC groups were nearly non-overlapping (Figure 3D).

3.3 Clinical validation of ferroptosis-related
genes expression

To validate these transcriptomic findings, qPCR was performed
on selected ferroptosis-related DEGs. As showed in Figure 4, the
expression levels of ALOX15, TP53, and SLC39A 14 were elevated in
the KD group, consistent with the upregulation observed in the
RNA-seq heatmap (Figure 1E). In contrast, the expression levels of
MAPILC3B, ACSL3, FTH1, SAT1 and SAT2 were decreased, also
aligning with the transcriptomic results.

3.4 Sera from the KD group induces
ferroptosis in THP-1-derived macrophages

Based on the transcriptomic discovery of ferroptosis pathway
activation in peripheral blood leukocytes of KD patients, we
validated ferroptosis in the in vitro KD model by assessing
intracellular Fe** concentration, lipid peroxidation, and A¥m.
KD sera-treated THP-1-Me@s exhibited significantly increased
intracellular Fe** levels and enhanced lipid ROS levels, compared
to cells treated with sera from HC or FC groups (Figures 5A-C). In
addition, JC-1 staining revealed a marked reduction in A¥m in KD
sera-treated THP-1-M@s (Figures 5D, E). However, no significant
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differences in Fe*" levels, lipid ROS, or A¥m were observed between
the HC and FC groups.

To further explore whether sera from patients with KD
modulate the expression of ferroptosis-related DEGs in immune
cells, THP-1-M@s were stimulated with sera from patients in the
KD, FC, and HC groups, respectively. As shown in Figure 5F,
ALOX15, TP53 and SLC39A14 upward trend in expression in the
KD group compared with the FC group, but not the HC group.
SATI and SAT2 also exhibited a decreasing trend in the KD group
compared to the FC group, but not the HC group. FTH1 expression
was consistently downregulated in the KD group compared to both
HC and FC groups. However, other genes such as MAPILC3B and
ACSL3 did not follow the same expression trends as observed in the
RNA-seq analysis.

3.5 Liproxstatin-1 alleviates KD-induced
ferroptosis

To further determine whether ferroptosis contributes to
pathological effects induced by KD sera, THP-1-M@s were co-
stimulated with KD sera and Liproxstatin-1, a specific ferroptosis
inhibitor. This co-treatment markedly reduced Fe** accumulation
and lipid ROS (Figures 6A-C). Subsequently, TEM was used to
assess mitochondrial morphology. As shown in Figure 6D,
mitochondria in THP-1-M@s treated with KD sera exhibited
classical ferroptosis-associated structural changes, including
mitochondrial shrinkage, increased membrane density, and loss of
cristae, compared to the FC and HC groups. Notably, these
ultrastructural abnormalities were partially reversed by
Liproxstatin-1 treatment.

FTHI is a key iron storage protein and negative regulator of
ferroptosis. The mRNA-expression of FTH1 was downregulated in
patients with KD and also suppressed by KD sera in vitro. To
validate the involvement of ferroptosis in KD sera-treated THP-1-
Mes, we assessed FTHI protein levels. As shown in Figures 6E, F,
FTHI protein expression was significantly reduced in THP-1-Mes
treated with KD sera compared to those treated with sera from the
FC and HC groups. Co-treatment with Liproxstatin-1 partially
restored FTH1 protein expression.

4 Discussion

In this study, we identified significant alterations in the
expression of ferroptosis-related DEGs during the acute phase of
KD, providing evidence that ferroptosis may contribute to its
pathogenesis. The combined results of ssGSEA and ferroptosis
scores suggested that ferroptosis activation in KD may be driven
by reduced expression of suppressor/protective genes, playing an
important role in the pathogenesis of KD. Sera from patients with
KD induced both phenotypic and molecular changes of ferroptosis
in THP-1-Mes, which were partially reversed by the ferroptosis
inhibitor Liproxstatin-1. These findings offer novel insights into the
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underlying mechanism of KD, and suggest ferroptosis as a potential
biomarker for diagnosis and a target for therapeutic intervention.

Wang et al. have shown that most DEGs in patients with KD
originate from monocytes using single-cell sequencing, including
key pro-inflammatory mediators and therapeutic targets such as
S100 genes, TNF, and IL1f (28). Therefore, we selected THP-1 cells
as the in vitro model to explore KD pathogenesis. THP-1 cells have
been widely used to study mechanisms related to monocytes and
macrophages, as well as immune and inflammatory signaling
pathways (29). Compared with peripheral blood mononuclear
cells (PBMCs), THP-1 cells more closely resemble human
primary monocytes in morphology and function, while also being
easier to culture and expand in vitro. In addition, they possess a
more stable genetic background and avoid the inter-individual
variability inherent to PBMCs, thereby enhancing reproducibility
of experimental results (29). We attempted to stimulate THP-1 cells
with sera from patients with KD to determine whether ferroptosis
could be induced. Consistent with the transcriptomic analysis,
mRNA levels of FTH1 were downregulated compared to HC and
FC groups. However, some genes did not fully align with the
transcriptome results, which may be attributable to intrinsic gene
expression differences between THP-1 cells and peripheral
leukocytes from patients with KD. Nevertheless, these
discrepancies do not undermine the evidence supporting
ferroptosis activation in KD. Since monocytes mature into
macrophages and play an important role in immune responses,
THP-1 cells were differentiated into adherent macrophages (THP-
1-M¢) using PMA for subsequent experiments.

Frontiers in Immunology

Oxidative stress is a well-recognized contributor to the
pathophysiology of KD. Uchida et al. reported elevated plasma lipid
peroxide levels during the acute phase of KD, along with increased
manganese superoxide dismutase activity in lymphocytes and
increased glutathione peroxidase and catalase activity in erythrocytes
(30). Recent studies have further elucidated its mechanistic role: Jin
et al. demonstrated that neutrophil extracellular traps activate the
NLRP3 inflammasome and induce pyroptosis via ROS-dependent
pathways (31), while Yao et al. reported that silencing NFATCI
alleviates oxidative stress in human coronary artery endothelial cells
exposed to sera from KD patients (32). Excessive or dysregulated
intracellular iron generates reactive ROS via Fenton reactions, leading
to lipid peroxidation and cellular injury (33, 34). Impaired antioxidant
defenses, such as reduced glutathione peroxidase 4 (GPX4) activity,
further promote ferroptosis by limiting lipid peroxide clearance
(33, 35). This creates a feed-forward loop in which oxidative stress
and ferroptosis exacerbate each other (36). Consistent with this
interplay, previous reports of elevated serum ferritin in patients with
KD support the involvement of iron metabolism in disease pathology.
Our RNA-seq analysis aligns with these observations, revealing
significant enrichment of ferroptosis-related pathways in the KD
group compared to the FC group. Furthermore, by examining the
overlap of leading-edge genes among GSEA-enriched pathways, we
found that ferroptosis represented an activation pathway largely
independent of oxidative stress.

In our study, THP-1-M@s exposed to KD sera exhibited
increased intracellular Fe" concentrations and elevated levels of
lipid ROS, two central features of ferroptosis. These changes were
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(n = 8). (C) Quantification of the mean fluorescence intensity (MFI) for lipid ROS (green fluorescence) analyzed by FlowJo. (D) Flow cytometry
analysis of the mitochondrial membrane potential (A¥m) in THP-1-Mes cultured with different patient sera (n = 8). (E) Percentage of green
fluorescent cells (low A¥m), as determined by FlowJo. (F) Expression of Ferroptosis-related DEGs in THP-1-Mes cultured with different patient sera
(n = 6). The data are presented as the mean + SEM. Statistical analysis was performed using one-way ANOVA, followed by Tukey's multiple
comparisons test. Statistical significance is indicated as follows: ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.01. KD, sera from patients with
Kawasaki disease before IVIG treatment; FC, sera from febrile controls; HC, sera from healthy controls.

not observed in cells treated with HC or FC sera, suggesting a
specific effect of KD sera. As mitochondrial dysfunction plays a

critical role in ferroptosis-induced lipid peroxidation (37-39), we

examined mitochondrial ultrastructure by TEM and observed

Frontiers in Immunology

10

typical ferroptosis-associated mitochondrial alterations induced
by KD sera. Importantly, these phenotypes were alleviated by
Liproxstatin-1, further supporting the role of ferroptosis in the
cellular response to KD sera. These findings also suggest that the
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Liproxstatin-1 attenuates ferroptosis induced by KD sera in THP-1-Mgs. (A) Intracellular Fe?* levels in THP-1-Megs treated with Liproxstatin-1 (n = 5).
(B) Flow cytometry analysis of lipid ROS levels in THP-1-Mgs treated with or without Liproxstatin-1 (n = 6). (C) Quantification of the mean
fluorescence intensity (MFI) of lipid ROS (green fluorescence), as determined by FlowJo. (D) TEM ultrastructural analysis of mitochondrial
morphology in THP-1-Mgs. (E) WB analysis of protein expression levels of FTH1 in different groups (n = 5). (F) Relative quantification of FTH1 protein
expression. Statistical analysis: Student's t test was used for comparisons between the KD and HC/FC groups, and a paired t test was used for
comparisons between the KD and KD + Lip-1 groups. Statistical significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001. Lip-1,
Liproxstatin-1; KD, sera from patients with Kawasaki disease before IVIG treatment; KD + Lip-1, KD groups treated with Liproxstatin-1; FC, sera from
febrile controls; HC, sera from healthy controls.

observed increase in Fe*" and lipid ROS levels likely result from
ferroptosis rather than other forms of cell death.

At the molecular level, ferroptosis is regulated by a network of
genes involving in lipid metabolism, iron homeostasis, redox
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balance, and antioxidant defenses (10). FTHI encodes the heavy
chain of ferritin, which catalyzes the oxidation of Fe*" to Fe’'.
Reduced FTHI1 expression suggests diminished iron storage
capacity and increased intracellular Fe?" levels (40-42), which is
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considered a characteristic molecular feature of ferroptosis. In
patients with KD, both FTHI mRNA and protein levels were
markedly decreased, and Liproxstatin-1 treatment partially
restored its expression, suggesting a potential protective role
through FTHI-related pathways. ALOXI5 encodes 15-
lipoxygenase, an enzyme that promotes lipid peroxidation and
drives ferroptosis (43, 44). Its upregulation in KD indicates
enhanced lipid peroxidation and increased susceptibility to
ferroptosis. SLC7A11 encodes a subunit of the cystine/glutamate
antiporter, which supports glutathione synthesis and suppresses
ferroptosis, whereas TP53, a tumor suppressor protein, promotes
ferroptosis by repressing SLC7A11 expression (33, 45, 46). In our
dataset, TP53 upregulation combined with SLC7AIlI
downregulation indicates TP53-mediated enhancement of
ferroptosis. Although certain pro-ferroptosis genes, such as SATI
(43), were downregulated, the overall gene expression profile in KD
favors ferroptosis. To determine whether ferroptosis pathway
enrichment was influenced by immune cell composition, we
adjusted ferroptosis enrichment scores for immune cell
proportions. The results showed that significant enrichment of
ferroptosis pathway was independent of immune cell
composition, further confirming the involvement of ferroptosis in
KD. Based on the FerrDb v2 classification of ferroptosis-related
genes, ssSGSEA analysis demonstrated a significantly lower score for
the Suppressor gene set in the KD group, whereas the ferroptosis
score (calculated as the difference between Driver and Suppressor
scores) was elevated. This suggests that reduced expression of
ferroptosis-protective genes may play a more critical role in KD
pathogenesis. Overall, this pattern is characterized by upregulated
pro-ferroptosis genes and downregulated protective genes, likely
reducing antioxidant capacity and increasing ferroptosis
susceptibility. Further studies are warranted to elucidate the
specific contributions of these genes to KD pathogenesis.

KD often presents with non-specific febrile symptoms in the
acute phase, making it difficult to differentiate from other febrile
illnesses (47). Comparative analysis between KD and other febrile
illnesses may enhance our understanding of KD-specific
mechanisms. A previous study compared ferroptosis-related gene
expression profile in KD and healthy controls, identifying genes
such as MAPKI4, SLC2A3, and PGD as potential diagnostic
biomarkers (48). In contrast, our study used febrile illness
controls to identify DEGs that distinguish KD from other febrile
illnesses. Notably, MAPKI14, SLC2A3, or PGD did not differ
significantly between KD and FC groups in our dataset,
suggesting these genes reflect generalized febrile inflammation
rather than KD-specific processes.

This study has several limitations. First, the experiments were
conducted exclusively in cellular models. The primary objective of
this study, however, was to explore whether ferroptosis activation
occurs in KD. Future studies should incorporate animal models to
validate our findings, elucidate the specific molecular mechanisms
of ferroptosis in KD, and identify potential therapeutic targets.
Second, our investigation focused exclusively on the acute phase of
KD; it remains unclear whether ferroptosis contributes to the
progression or resolution of CALs. Third, although our results
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implicate the involvement of ferroptosis in KD, other forms of cell
death, such as pyroptosis, apoptosis, and necroptosis, cannot be
excluded from the pathophysiology of KD and should be
further investigated.

5 Conclusion

With RNA-seq analysis and in vitro experiments, this study
revealed significant enrichment of ferroptosis-related genes and
activation of ferroptosis-associated pathways in KD. Sera from
patients with KD promoted ferroptosis in macrophages, as
evidenced by elevated intracellular iron levels, increased lipid
peroxidation, and mitochondrial dysfunction. Notably, treatment
with Liproxstatin-1 alleviated these changes by partially restoring
FTHI expression, and improving mitochondrial morphology,
suggesting ferroptosis inhibition as a potential therapeutic
approach for KD.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/s and accession number(s)
can be found below: PRJNA1338940 (SRA).

Ethics statement

The studies involving humans were approved by Institutional
Review Boards of the Children’s Hospital of Fudan University. The
studies were conducted in accordance with the local legislation and
institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin.

Author contributions

XX: Conceptualization, Data curation, Methodology,
Visualization, Writing - original draft, Writing - review &
editing. GD: Data curation, Writing — original draft, Writing -
review & editing. YL: Data curation, Resources, Writing - review &
editing. LH: Funding acquisition, Writing - review & editing. WS:
Conceptualization, Resources, Writing — review & editing. JS:
Funding acquisition, Writing - review & editing. FL:
Conceptualization, Data curation, Funding acquisition, Project
administration, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This study was supported
by National Natural Science Foundation of China (82070513 and

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1704978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xue et al.

82100524) and Key Project of Bengbu Municipal Health
Commission (BBWK2024A102).

Acknowledgments

Bioinformatics analysis was supported by the Medical Science
Data Center of Fudan University.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that Generative Al was used in the
creation of this manuscript. During the preparation of this work
the authors used ChatGPT in order to improve the readability and
language of the manuscript.

References

1. Saguil A, Fargo M, Grogan S. Diagnosis and management of kawasaki disease. Am
Fam Physician. (2015) 91:365-71.

2. McCrindle BW, Rowley AH, Newburger JW, Burns JC, Bolger AF, Gewitz M,
et al. Diagnosis, treatment, and long-term management of kawasaki disease: A scientific
statement for health professionals from the american heart association. Circulation.
(2017) 135:€927-99. doi: 10.1161/CIR.0000000000000484

3. Zhang RL, Lo HH, Lei C, Ip N, Chen J, Law BY-K. Current pharmacological
intervention and development of targeting IVIG resistance in Kawasaki disease. Curr
Opin Pharmacol. (2020) 54:72-81. doi: 10.1016/j.coph.2020.08.008

4. Guimardes ICB. Kawasaki disease: predictors of intravenous immunoglobulin
resistance and cardiac complications: new perspectives? Arq Bras Cardiol. (2021)
116:492-3. doi: 10.36660/abc.20201353

5. Jia C, Zhang ], Chen H, Zhuge Y, Chen H, Qian F, et al. Endothelial cell pyroptosis
plays an important role in Kawasaki disease via HMGB1/RAGE/cathespin B signaling
pathway and NLRP3 inflammasome activation. Cell Death Dis. (2019) 10:778.
doi: 10.1038/541419-019-2021-3

6. Qiu Y, Zhang Y, Li Y, Hua Y, Zhang Y. Molecular mechanisms of endothelial
dysfunction in Kawasaki-disease-associated vasculitis. Front Cardiovasc Med. (2022)
9:981010. doi: 10.3389/fcvm.2022.981010

7. Bayers S, Shulman ST, Paller AS. Kawasaki disease: part I. Diagnosis, clinical
features, and pathogenesis. ] Am Acad Dermatol. (2013) 69:501.e1-512. doi: 10.1016/
jjaad.2013.07.002

8. Takatsuki S, Ito Y, Takeuchi D, Hoshida H, Nakayama T, Matsuura H, et al. IVIG
reduced vascular oxidative stress in patients with Kawasaki disease. Circ Journal: Off ]
Japanese Circ Society. (2009) 73:1315-8. doi: 10.1253/circj.CJ-07-0635

9. LiY, Lan S, Zhang H. Expression of oxidative stress and inflammatory indicators
for coronary artery disease in kawasaki disease. Mediterr ] Hematol Infect Dis. (2024)
16:€2024052. doi: 10.4084/MJHID.2024.052

10. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role in
disease. Nat Rev Mol Cell Biol. (2021) 22:266-82. doi: 10.1038/s41580-020-00324-8

11. Zeng F, Nijiati S, Tang L, Ye ], Zhou Z, Chen X. Ferroptosis detection: from
approaches to applications. Angew Chem Int Ed Engl. (2023) 62:€202300379.
doi: 10.1002/anie.202300379

12. TaN, Qu C, Wu H, Zhang D, Sun T, Li Y, et al. Mitochondrial outer membrane
protein FUNDC2 promotes ferroptosis and contributes to doxorubicin-induced
cardiomyopathy. Proc Natl Acad Sci U S A. (2022) 119:€2117396119. doi: 10.1073/
pnas.2117396119

Frontiers in Immunology

13

10.3389/fimmu.2025.1704978

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1704978/full#supplementary-material

13. CuiJ, ChenY, Yang Q, Zhao P, Yang M, Wang X, et al. Protosappanin A protects
DOX-induced myocardial injury and cardiac dysfunction by targeting ACSL4/FTH1
axis-dependent ferroptosis. Adv Sci (Weinh). (2024) 11:¢2310227. doi: 10.1002/
advs.202310227

14. Wang Z, Yao M, Jiang L, Wang L, Yang Y, Wang Q, et al. Dexmedetomidine
attenuates myocardial ischemia/reperfusion-induced ferroptosis via AMPK/GSK-3[/
Nrf2 axis. Biomedicine Pharmacotherapy = Biomedecine Pharmacotherapie. (2022)
154:113572. doi: 10.1016/j.biopha.2022.113572

15. Ju], Li X-M, Zhao X-M, Li F-H, Wang S-C, Wang K, et al. Circular RNA FEACR
inhibits ferroptosis and alleviates myocardial ischemia/reperfusion injury by interacting
with NAMPT. ] BioMed Sci. (2023) 30:45. doi: 10.1186/s12929-023-00927-1

16. Miao M, Cao S, Tian Y, Liu D, Chen L, Chai Q, et al. Potential diagnostic
biomarkers: 6 cuproptosis- and ferroptosis-related genes linking immune infiltration in
acute myocardial infarction. Genes Immun. (2023) 24:159-70. doi: 10.1038/s41435-
023-00209-8

17. Wu X, Li J, Cheng H, Wang L. Ferroptosis and lipid metabolism in acute
myocardial infarction. Rev Cardiovasc Med. (2024) 25:149. doi: 10.31083/j.rcm2505149

18. Fang X, Ardehali H, Min J, Wang F. The molecular and metabolic landscape of
iron and ferroptosis in cardiovascular disease. Nat Rev Cardiol. (2023) 20:7-23.
doi: 10.1038/s41569-022-00735-4

19. Zhang K, Tian X-M, Li W, Hao L-Y. Ferroptosis in cardiac hypertrophy and
heart failure. Biomedicine Pharmacotherapy = Biomedecine Pharmacotherapie. (2023)
168:115765. doi: 10.1016/j.biopha.2023.115765

20. Xue M, Tian'Y, Sui Y, Zhao H, Gao H, Liang H, et al. Protective effect of fucoidan
against iron overload and ferroptosis-induced liver injury in rats exposed to alcohol.
Biomedicine Pharmacotherapy = Biomedecine Pharmacotherapie. (2022) 153:113402.
doi: 10.1016/j.biopha.2022.113402

21. Kim SH, Song ES, Yoon S, Eom GH, Kang G, Cho YK. Serum ferritin as a
diagnostic biomarker for kawasaki disease. Ann Lab Med. (2021) 41:318-22.
doi: 10.3343/alm.2021.41.3.318

22. Wen H, Hun M, Zhao M, Han P, He Q. Serum ferritin as a crucial biomarker in
the diagnosis and prognosis of intravenous immunoglobulin resistance and coronary
artery lesions in Kawasaki disease: A systematic review and meta-analysis. Front Med
(Lausanne). (2022) 9:941739. doi: 10.3389/fmed.2022.941739

23. Qiu Z, Liu HH, Fan GZ, Chen WX, Hu P. The clinical implications of serum
ferritin in Kawasaki disease: a helpful biomarker for evaluating therapeutic
responsiveness, coronary artery involvement and the tendency of macrophage

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1704978/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1704978/full#supplementary-material
https://doi.org/10.1161/CIR.0000000000000484
https://doi.org/10.1016/j.coph.2020.08.008
https://doi.org/10.36660/abc.20201353
https://doi.org/10.1038/s41419-019-2021-3
https://doi.org/10.3389/fcvm.2022.981010
https://doi.org/10.1016/j.jaad.2013.07.002
https://doi.org/10.1016/j.jaad.2013.07.002
https://doi.org/10.1253/circj.CJ-07-0635
https://doi.org/10.4084/MJHID.2024.052
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1002/anie.202300379
https://doi.org/10.1073/pnas.2117396119
https://doi.org/10.1073/pnas.2117396119
https://doi.org/10.1002/advs.202310227
https://doi.org/10.1002/advs.202310227
https://doi.org/10.1016/j.biopha.2022.113572
https://doi.org/10.1186/s12929-023-00927-1
https://doi.org/10.1038/s41435-023-00209-8
https://doi.org/10.1038/s41435-023-00209-8
https://doi.org/10.31083/j.rcm2505149
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1016/j.biopha.2023.115765
https://doi.org/10.1016/j.biopha.2022.113402
https://doi.org/10.3343/alm.2021.41.3.318
https://doi.org/10.3389/fmed.2022.941739
https://doi.org/10.3389/fimmu.2025.1704978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xue et al.

activation syndrome. Arch Med Science: AMS. (2022) 18:267-74. doi: 10.5114/aoms/
144293

24. Han SB, Lee S-Y. Macrophage activation syndrome in children with Kawasaki
disease: diagnostic and therapeutic approaches. World ] Pediatrics: WJP. (2020)
16:566-74. doi: 10.1007/s12519-020-00360-6

25. Costa I, Barbosa DJ, Benfeito S, Silva V, Chavarria D, Borges F, et al. Molecular
mechanisms of ferroptosis and their involvement in brain diseases. Pharmacol Ther.
(2023) 244:108373. doi: 10.1016/j.pharmthera.2023.108373

26. Chi C, Fu H, Li Y-H, Zhang G-Y, Zeng F-Y, Ji Q-X, et al. Exerkine fibronectin
type-III domain-containing protein 5/irisin-enriched extracellular vesicles delay
vascular ageing by increasing SIRT6 stability. Eur Heart ]. (2022) 43:4579-95.
doi: 10.1093/eurheartj/ehac431

27. XieZ,HuangY,LiX,Lun Y, Li X, He Y, et al. Atlas of circulating immune cells in
Kawasaki disease. Int Immunopharmacol. (2021) 102:108396. doi: 10.1016/
j.intimp.2021.108396

28. Wang Z, Xie L, Ding G, Song S, Chen L, Li G, et al. Single-cell RNA sequencing
of peripheral blood mononuclear cells from acute Kawasaki disease patients. Nat
Commun. (2021) 12:5444. doi: 10.1038/s41467-021-25771-5

29. Chanput W, Mes JJ, Wichers HJ. THP-1 cell line: an in vitro cell model for
immune modulation approach. Int Immunopharmacol. (2014) 23:37-45. doi: 10.1016/
j.intimp.2014.08.002

30. Uchida N, Asayama K, Dobashi K, Hayashibe H, Kato K. Antioxidant enzymes
and lipoperoxide in blood in patients with Kawasaki disease. Comparison with the
changes in acute infections. Acta Paediatrica Japonica: Overseas Edition. (1990) 32:242—-
8. doi: 10.1111/§.1442-200X.1990.tb00820.x

31. JinJ, Zhao Y, Fang Y, Pan Y, Wang P, Fan Z, et al. Neutrophil extracellular traps
promote the activation of the NLRP3 inflammasome and PBMCs pyroptosis via the
ROS-dependent signaling pathway in Kawasaki disease. Int Immunopharmacol. (2025)
145:113783. doi: 10.1016/j.intimp.2024.113783

32. YaoL,Lai Y, Li H, Chen S, Yu X, Zhou N, et al. USP5 deletion inhibits KD serum
induced-human coronary artery endothelial cell dysfunction by regulating the
NFATC1/TLR4-mediated NF-xB signaling pathway in kawasaki disease.
Inflammation. (2025). doi: 10.1007/s10753-025-02276-7

33. LiJ, Cao F, Yin H-L, Huang Z-], Lin Z-T, Mao N, et al. Ferroptosis: past, present
and future. Cell Death Dis. (2020) 11:88. doi: 10.1038/s41419-020-2298-2

34. Liu J, Kang R, Tang D. Signaling pathways and defense mechanisms of
ferroptosis. FEBS J. (2022) 289:7038-50. doi: 10.1111/febs.16059

35. Liang FG, Zandkarimi F, Lee ], Axelrod JL, Pekson R, Yoon Y, et al. OPAL
promotes ferroptosis by augmenting mitochondrial ROS and suppressing an integrated
stress response. Mol Cell. (2024) 84:3098-114. doi: 10.1016/j.molcel.2024.07.020

Frontiers in Immunology

14

10.3389/fimmu.2025.1704978

36. Galaris D, Barbouti A, Pantopoulos K. Iron homeostasis and oxidative stress: An
intimate relationship. Biochim Biophys Acta Mol Cell Res. (2019) 1866:118535.
doi: 10.1016/j.bbamcr.2019.118535

37. Schieber M, Chandel NS. ROS function in redox signaling and oxidative stress.
Curr Biology: CB. (2014) 24:R453-62. doi: 10.1016/j.cub.2014.03.034

38. Xu XQ, Xu T, Ji W, Wang C, Ren Y, Xiong X, et al. Herpes simplex virus 1-
induced ferroptosis contributes to viral encephalitis. mBio. (2023) 14:e0237022.
doi: 10.1128/mbio.02370-22

39. LiJ, Jia YC, Ding YX, Bai ], Cao F, Li F. The crosstalk between ferroptosis and
mitochondrial dynamic regulatory networks. Int J Biol Sci. (2023) 19:2756-71.
doi: 10.7150/ijbs.83348

40. Tian Y, Lu J, Hao X, Li H, Zhang G, Liu X, et al. FTHI1 inhibits ferroptosis
through ferritinophagy in the 6-OHDA model of parkinson’s disease.
Neurotherapeutics: ] Am Soc For Exp NeuroTherapeutics. (2020) 17:1796-812.
doi: 10.1007/s13311-020-00929-z

41. Xiong X, Li W, Yu C, Qiu M, Zhang Z, Hu C, et al. SMURFI-induced
ubiquitination of FTH1 disrupts iron homeostasis and suppresses myogenesis. Int |
Mol Sci. (2025) 26:1390. doi: 10.3390/ijms26031390

42. Yi W, Zhang ], Huang Y, Zhan Q, Zou M, Cheng X, et al. Ferritin-mediated
mitochondrial iron homeostasis is essential for the survival of hematopoietic stem cells
and leukemic stem cells. Leukemia. (2024) 38:1003-18. doi: 10.1038/s41375-024-
02169-y

43. Wan K, Jia M, Zhang H, Lan Y, Wang S, Zhang K, et al. Electroacupuncture
alleviates neuropathic pain by suppressing ferroptosis in dorsal root ganglion via SAT1/
ALOXI15 signaling. Mol Neurobiol. (2023) 60:6121-32. doi: 10.1007/s12035-023-03463-z

44. Li D, Lu X, Xu G, Liu S, Gong Z, Lu F, et al. Dihydroorotate dehydrogenase
regulates ferroptosis in neurons after spinal cord injury via the P53-ALOX15 signaling
pathway. CNS Neurosci Ther. (2023) 29:1923-39. doi: 10.1111/cns.14150

45. Mao C, Wang X, Liu Y, Wang M, Yan B, Jiang Y, et al. A G3BP1-Interacting
IncRNA Promotes Ferroptosis and Apoptosis in Cancer via Nuclear Sequestration of
p53. Cancer Res. (2018) 78:3484-96. doi: 10.1158/0008-5472.CAN-17-3454

46. Koppula P, Zhuang L, Gan B. Cystine transporter SLC7A11/xCT in cancer:
ferroptosis, nutrient dependency, and cancer therapy. Protein Cell. (2021) 12:599-620.
doi: 10.1007/s13238-020-00789-5

47. Zhu ], Yang F, Wang Y, Wang Z, Xiao Y, Wang L, et al. Accuracy of machine
learning in discriminating kawasaki disease and other febrile illnesses: systematic
review and meta-analysis. ] Med Internet Res. (2024) 26:¢57641. doi: 10.2196/57641

48. Yan R, Chen S, Lang X, Liu J, Zhou T. Identification of key ferroptosis—related
biomarkers in Kawasaki disease by clinical and experimental validation. BioMed Rep.
(2025) 22:16. doi: 10.3892/br.2024.1894

frontiersin.org


https://doi.org/10.5114/aoms/144293
https://doi.org/10.5114/aoms/144293
https://doi.org/10.1007/s12519-020-00360-6
https://doi.org/10.1016/j.pharmthera.2023.108373
https://doi.org/10.1093/eurheartj/ehac431
https://doi.org/10.1016/j.intimp.2021.108396
https://doi.org/10.1016/j.intimp.2021.108396
https://doi.org/10.1038/s41467-021-25771-5
https://doi.org/10.1016/j.intimp.2014.08.002
https://doi.org/10.1016/j.intimp.2014.08.002
https://doi.org/10.1111/j.1442-200X.1990.tb00820.x
https://doi.org/10.1016/j.intimp.2024.113783
https://doi.org/10.1007/s10753-025-02276-7
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1111/febs.16059
https://doi.org/10.1016/j.molcel.2024.07.020
https://doi.org/10.1016/j.bbamcr.2019.118535
https://doi.org/10.1016/j.cub.2014.03.034
https://doi.org/10.1128/mbio.02370-22
https://doi.org/10.7150/ijbs.83348
https://doi.org/10.1007/s13311-020-00929-z
https://doi.org/10.3390/ijms26031390
https://doi.org/10.1038/s41375-024-02169-y
https://doi.org/10.1038/s41375-024-02169-y
https://doi.org/10.1007/s12035-023-03463-z
https://doi.org/10.1111/cns.14150
https://doi.org/10.1158/0008-5472.CAN-17-3454
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.2196/57641
https://doi.org/10.3892/br.2024.1894
https://doi.org/10.3389/fimmu.2025.1704978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Ferroptosis-related oxidative stress activation in the acute phase of Kawasaki disease
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Blood sample collection
	2.3 Whole-transcriptome sequencing and bioinformatics analysis
	2.3.1 Whole-transcriptome sequencing
	2.3.2 Differential expression analysis and functional enrichment analysis
	2.3.3 Gene set enrichment analysis of ferroptosis-related genes
	2.3.4 Immune cell infiltration analysis of the DEGs

	2.4 RNA isolation and qPCR
	2.5 Cell culture and serum stimulation
	2.6 Iron assay
	2.7 Lipid peroxidation assay
	2.8 Mitochondrial membrane potential (MMP, &Delta;&Psi;m) detection
	2.9 Western blot analysis
	2.10 Transmission electron microscopy
	2.11 Statistical analysis

	3 Results
	3.1 Transcriptomic analysis revealed ferroptosis-related molecular features in Kawasaki disease
	3.2 Ferroptosis significantly and specifically activated in Kawasaki disease
	3.3 Clinical validation of ferroptosis-related genes expression
	3.4 Sera from the KD group induces ferroptosis in THP-1-derived macrophages
	3.5 Liproxstatin-1 alleviates KD-induced ferroptosis

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References




