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Background: Asthma was a chronic inflammatory illness driven by complicated
genetic regulation and environmental exposure. The complex pathophysiology of
asthma has not been fully understood. Ferroptosis was involved in inflammation and
infection. However, the effect of ferroptosis on asthma was still unclear. The study
was designed to identify ferroptosis-related genes in asthma, providing potential
therapeutic targets.

Methods: We conducted a comprehensive analysis combined with WGCNA, PPI,
GO, KEGG, and CIBERSORT methods to identify ferroptosis-related genes that were
associated with asthma and regulated the immune microenvironment in
GSE147878 from the GEO. The results of this study were validated in
GSE143303 and GSE27066, and the hub genes related to ferroptosis were further
verified by immunofluorescence and RT-qPCR in the OVA asthma model.

Results: 60 asthmatics and 13 healthy controls were extracted forWGCNA.We found
that genes in the blackmodule (r = −0.47, p < 0.05) andmagentamodule (r = 0.51, p <
0.05) were associated with asthma. CAMKK2 and CISD1 were discovered to be
ferroptosis-related hub genes in the black and magenta module, separately. We
found that CAMKK2 and CISD1 were mainly involved in the CAMKK-AMPK signaling
cascade, the adipocytokine signaling pathway, the metal cluster binding, iron-sulfur
cluster binding, and 2 iron, 2 sulfur cluster binding in the enrichment analysis, which
was strongly correlated with the development of ferroptosis. We found more
infiltration of M2 macrophages and less Tregs infiltration in the asthma group
compared to healthy controls. In addition, the expression levels of CISD1 and
Tregs were negatively correlated. Through validation, we found that CAMKK2 and
CISD1 expression were upregulated in the asthma group compared to the control
group and would inhibit the occurrence of ferroptosis.

Conclusion: CAMKK2 and CISD1 might inhibit ferroptosis and specifically regulate
asthma. Moreover, CISD1 might be tied to the immunological microenvironment.
Our results could be useful to provide potential immunotherapy targets and
prognostic markers for asthma.
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1 Introduction

Asthma was recognized as one of the most common chronic
diseases driven by interactions between genetic regulation and
environmental exposure (Vos et al., 2012; Kaur and Chupp, 2019).
Current asthma therapy was based mainly on inhaled corticosteroids
and bronchodilators to suppress symptoms, and the symptoms of
about 5%–10% of patients with asthma were not adequately controlled
(Papi et al., 2018). Little success has been achieved in developing drugs
that target the underlying mechanisms of asthma, which implied that
understanding the genetic basis of asthma might unravel many
disease-causing mechanisms (El-Husseini et al., 2020).

Ferroptosis after being first reported by Dixon et al., in 2012 has
been recognized as a potential therapeutic target in many diseases
(Hassannia et al., 2019; Qiu et al., 2020; Ma et al., 2021). Ferroptosis
was a unique intracellular iron-dependent form of non-apoptotic
cell death that occurred through excessive peroxidation of
polyunsaturated fatty acids (Dixon et al., 2012). Recent studies
have also indicated that ferroptosis played a critical role in the
pathogenesis of lung diseases (Xu et al., 2021). Some researchers
have also initially explored the role that ferroptosis acted in asthma.
Wu et al. (2020) found that the induction of ferroptosis alleviated
allergic inflammation in the OVA asthma model. In contrast, Zeng
et al. (2022) showed that ferroptosis might occur in airway
epithelial cells, and the inhibitors of ferroptosis could reduce
levels of IL4, IL5, and IL13 in the HDM asthma model. Most of
the currently published research on ferroptosis and asthma has
focused on animal models of asthma, and only Nagasaki et al. have
explored the potential mechanisms of ferroptosis in asthmatics
(Bao et al., 2022; Nagasaki et al., 2022). Furthermore, the results of
the relationship between ferroptosis and asthma were
controversial.

FerrDb was the first database of experimentally validated
ferroptosis regulators and markers and ferroptosis-disease
associations (Zhou and Bao, 2020). Several researchers took
advantage of this database in recent years to select ferroptosis-
related genes in various diseases. In addition, Weighted Gene Co-
expression analysis (WGCNA) was used as a data exploratory tool or
as a gene screening method and aimed to provide potential disease-
related molecular targets (Langfelder and Horvath, 2008). Therefore,
we first screened for asthma-related specific modules using the
WGCNA approach, and then further filtered for ferroptosis genes
associated with asthma in combination with the FerrDb database. In
this way, we want to clarify the molecular process by which genes
associated with ferroptosis were engaged in asthma, which might help
us find molecular targets that might aid in the early diagnosis of
asthma and improve patient treatment.

2 Methods

2.1 Data download and processing

GSE147878 was downloaded from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo). It was part of the

U-BIOPRED cohort and the Australian Newcastle severe asthma
cohort including endobronchial biopsies of 60 asthmatics
(including 18 mild/moderate asthma and 42 severe asthma) and
13 healthy controls. The criteria for diagnosis of asthma were
agreed upon at the U-BIOPRED consensus meeting. (1) Airflow
reversibility: Participants with asthma had an increase in forced
expiratory volume in 1 s (FEV1) >12% predicted or 200 mL after
inhaling 400 µg salbutamol; (2) Airway hyperresponsiveness:
methacholine provocative concentration caused a 20% fall in
FEV1 <8 mgmL−1, or diurnal peak expiratory flow (PEF)
amplitude >8% of mean; (3) Participants with asthma had a
decrease in FEV1 of 12% predicted or 200 mL within 4 weeks after
tapering maintenance treatment. Healthy controls had no history of
asthma or wheezing, no other chronic respiratory disease, and their
pre-bronchodilator FEV1 was ≥80% pred (Shaw et al., 2015).

First, we used the GEOquery package of the R software (version
4.1.0) to download the GSE147878 from the GEO database. Second,
the raw gene expression data were normalized by the robust multi-
array average (RMA) method by the R Bioconductor package affy
(Bolstad et al., 2003). Third, we used the annotation information to
map gene IDs to microarray probes. Probes matching more than one
gene were excluded and the mean expression value of genes measured
by multiple probes was calculated. Four, the top 5,000 genes were
screened using the median absolute deviation (MAD) value (Zhao
et al., 2021). Finally, we imported data on clinical characteristics
including age, atopy, oral corticosteroid (OCS), gender, prednisone,
and smokers. The false discovery rate (FDR) technique modified the
p-value.

2.2 Network construction and consensus
module detection

WGCNA was used to separate genes into various clusters and
further explore the connection between co-expression modules and
clinical characteristics. All co-expression networks were created
using the Bioconductor WGCNA package (Langfelder and
Horvath, 2008). (1) Samples were clustered and looked for
outliers using the hclust function. (2) The pickSoftThreshold
function of WGCNA, which computed the scale-free topology fit
index for a set of candidate powers ranging from 1 to 20, was used to
determine the soft-thresholding power in the building of each
module. If the index value for the reference dataset was more
than 0.85, the appropriate power was found. (3) Co-expression
modules were discovered using one-step network construction,
with a minimum gene number of 50.

2.3 Relating modules to external clinical traits

The gene significance (GS) and module membership (MM) were
used to identify the gene of high group significance and module
membership in the modules. The significant module for asthma was
identified if: |GS|≥ 0.5 and |MM|≥ 0.5, and hub genes were visualized
in the Protein-Protein Interaction (PPI) network based on the
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STRING database. The relationship between MM and GS in the
module was statistically significant (p < 0.05).

2.4 Identification of hub genes related to
ferroptosis

FerrDb V2 was the first database of experimentally validated
ferroptosis regulators and markers and ferroptosis-disease
associations (Zhou and Bao, 2020). The ferroptosis-related genes
were downloaded to the FerrDb database (http://www.zhounan.org/
ferrdb/), including the driver, suppressor, and marker genes. These
genes were compared to asthma-related genes generated from
WGCNA. The overlapping genes were described by the Venn
diagram.

2.5 Enrichment analysis

To further visualize the biological function of key genes related to
ferroptosis in the key module, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses
were identified in the Cytoscape plug-in ClueGo. The p-value of less
than 0.05 was identified as a significant term.

2.6 Construction of ceRNA network

The RNA Interactome Database (RNAInter) was a comprehensive
resource for RNA interactome data obtained from the literature and
other databases, containing over 41 million RNA-associated
interactions (Lin et al., 2020). CDGSH iron sulfur domain 1
(CISD1) and Calcium/calmodulin-dependent protein kinase 2
(CAMKK2) were entered into the RNAInter website respectively to
get miRNA with a confidence score >0.5 related to the CISD1 and
CAMKK2. We then entered these miRNAs into RNAInter to search
for miRNA-associated lncRNAs with a confidence score >0.5. The
result of ceRNA was visualized by a Sankey diagram in the river plot
package.

2.7 Immune infiltrating

CIBERSORT was a deconvolution method for accurately
quantifying cell fractions from gene expression profiles (Newman
et al., 2015; Chen et al., 2018). LM22 gene signature files provided by
CIBERSORT were used to estimate the abundances of immunocytes
accompanying 1,000 permutations. In addition, the Wilcoxon test was
applied to establish the differentially infiltrated immune cells in
asthma compared to healthy control. The correlation between hub
genes and immune infiltrating cells was analyzed by Spearman’s rank
correlation analysis. The results were visualized by the lollipop chart
using the “ggplot2” and “ggpubr” packages.

2.8 Validation in the GEO dataset

Considering that the asthma group in this study was including
patients with mild to moderate asthma and severe asthma, we

validated the results of this study in mild to moderate asthma
and severe asthma separately to avoid our findings being the
main effect of a particular phenotype of mild to moderate asthma
or severe asthma. The characteristics of participants in the
GSE147878 were shown in Table S1. Furthermore, to validate the
robustness of the results, we validated the results in the
GSE143303 and GSE27066 datasets. The GSE143303 included
endobronchial biopsies of adults with severe asthma (n = 47), and
healthy controls (n = 13). The characteristics of participants in the
GSE143303 were shown in Table S2. In addition, we also validated
our results in animal models of asthma in the GSE27066. The mice
model of asthma was constructed as follows (n = 4 per group): Mice
were immunized with 3 intraperitoneal injections of 50 μg OVA
(Sigma-Aldrich) in 0.1 mL PBS on days 1, 4, and 7. Starting on day
12, mice have challenged with 20 μg OVA in 30 μL PBS weekly for
9 weeks; control mice received intraperitoneal injections and were
challenged with PBS at the same time (Yu et al., 2011).

2.9 Validation in the OVA models

2.9.1 Animals and treatments
We have also constructed OVA models to validate the

bioinformatic results. The OVA model was constructed based on
the study by Shen et al. (2003). C57BL/6J male mice were purchased
from Vital River Laboratories (Beijing, China). Mice were allowed tap
water and rodent chow and were maintained at 22°C with a 12 h light-
12 h dark cycle. All mice were acclimatized for 1 week before
experimentation. The C57BL/6 mice were randomly divided into
2 groups (n = 4 per group). The OVA group was immunized
intraperitoneally with OVA and challenged with inhaled OVA.
Briefly, mice were injected with 100 µL of 20 µg chicken OVA
(Sigma,United States) emulsified in Imject alum (Pierce,
United States) on days 0 and 14, and subsequently challenged for
40 min with an aerosol generated by ultrasonic nebulization of 2%
OVA in saline from 24 to 41 days. The control group was replaced
with saline in both the sensitization and excitation phases. All
experimental procedures used in this study were approved and
conducted according to the guidelines of the laboratory Animal
Management Committee of Shandong University.

2.9.2 Real-time quantitative PCR
The gene expression was tested by real-time quantitative PCR

(RT-qPCR). Briefly, TRIzol reagent (Cwbio, Jiangsu, China) was used
for total RNA extraction of lung tissues. RNA was reverse transcribed
using a HiFiScript cDNA Synthesis Kit (Cwbio), and cDNA was
synthesized by reverse transcription using the HiFiScript cDNA
Synthesis Kit (Cwbio). RT-qPCR was carried out using an
UltraSYBR Mixture (Cwbio) and real-time PCR detection
equipment (Bio-Rad, Hercules, CA, United States). Primers used as
follows: mouse CAMKK2 (Forward: GGAGGACGAGAACTGCAC
AC, Reverse: TTCGCTGCCTTGCTTCGTGA) mouse
CISD1(Forward: GCTGTGCGAGTTGA-GTGGAT, Reverse: TGG
TGCGATT-CTCTTTAGCGTA), and mouse GAPDH (Forward:
GGCCCCTCTGGAAAGCTGTGG, Reverse: CCCGGCATCGAA
GGT-GGAAGA) were purchased from Sangon Biotech (Shanghai,
China). The t-test (two-tailed) was used to compare the expression
differences between the groups in GraphPad Prism 9. p < 0.05 was
considered statistically significant.
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2.9.3 Immunofluorescent staining
For immunofluorescent (IF) staining, frozen myocardial tissues

were fixed with 4% paraformaldehyde for 20 min Primary
antibodies, anti-CISD1 antibody at dilution of 1:25, and anti-
CAMKK2 antibody at dilution of 1:200 (Proteintech, Chicago,
United States) were used, respectively. The secondary antibody
was coralite 594-conjugated goat anti-rabbit Ig G (H + L) (1:200,
Proteintech, Chicago, United States). DAPI was applied to stain
nuclei (blue). All the above staining was conducted according to the
manufacturer’s instructions. Staining results were observed and
photographed by the fluorescence microscope (Nikon, Tokyo,
Japan) and calculated by ImageJ software.

3 Results

3.1 Co-expression network construction

After clustering all samples, we did not discover any outliers in
Figure 1A. The soft thresholding power β was set at 5 when the scale

independence reached 0.9 in Figure 1B. Finally, 12 gene co-
expression modules were constructed after using the one-step
network construction function of the WGCNA R package
(Figure 1C).

3.2 Identification of the clinically significant
module and hub genes

The correlation between module eigengene and clinical
features was used to identify module-trait associations
(Figure 2A). The black module was shown to be adversely
associated with asthma, with correlations of 0.47 (p < 0.05).
This indicated that genes in the black module were
predominantly downregulated in asthmatics. The magenta
module was recognized as the positive module with a
correlation of 0.51(p< 0.05). Figures 2B, C, showed that the
black, magenta modules had the GS-MM correlation (p < 0.05).
Finally, we found 26 and 17 key genes in the black and magenta
modules (Figures 2D, E).

FIGURE 1
Co-expression network construction. (A) Sample clustering dendrogram based on Euclidean distance. (B) Analysis of network topology for various soft-
thresholding powers. With a scale-free topological criterion >0.9, 5 was chosen as the fittest power value. (C) Clustering dendrogram of genes, with
dissimilarity based on the topological overlap, together with assigned module colors.
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3.3 Identification of differentially expressed
genes related to ferroptosis

The ferroptosis-related genes including 369 drivers,
348 suppressors, 11 markers, and 116 unclassified were
downloaded from the FerrDb. After removing duplicate genes, we
obtained 563 genes related to ferroptosis. After overlapping the hub
genes in the black module with genes in the FerrDb database, we found
that CAMKK2 was associated with ferroptosis in the black module.
And only CISD1 in the magenta module was associated with
ferroptosis (Figure 3A). We further identified CAMKK2 and
CISD1 as suppressors of ferroptosis by FerrDb.

3.4 Enrichment analysis

GO analysis showed that CISD1 was mainly located in the
cytoplasmic side of the mitochondrial outer membrane, meanwhile,
it was involved in the metal cluster binding, iron-sulfur cluster
binding, 2 iron, 2 sulfur cluster binding, and regulation of cellular
respiration. We found that CAMKK2 was associated with CAMKK-
AMPK signaling cascade, calmodulin-dependent kinase signaling
pathway, autophagy of mitochondrion, positive regulation of

mitochondrion organization, mitochondrion disascembly and
regulation of autophagy of mitochondrion in the GO analysis.
KEGG pathway analysis showed that CAMKK2 was mainly
involved in the Adipocytokine signaling pathway (Figure 3B).

3.5 Construction of ceRNA network

We discovered that lncRNA such as BLACAT1, CASC15, and
CASC2 acted as the miRNA sponge and thus cause the upregulation of
CISD1 and CAMKK2 (Figure 3C).

3.6 Immune infiltrating

The top 5 immune cell subtypes with the highest infiltration
proportion in the asthma group were macrophages M2, mast cells
resting, T-cell CD8, plasma cells, and T-cell CD4 memory resting
(Figure 4A). Compared with the healthy control group, the infiltration
proportion of Regulatory T-cell (Tregs) (p < 0.05) decreased
significantly in the asthma group, and macrophages M2 (p < 0.01)
increased significantly in the asthma group (Figure 4B). In addition,
we found a negative correlation between CISD1 and Tregs or plasma

FIGURE 2
Identification of the clinically significant module and hub genes. (A)Module-trait associations. Each row corresponds to a module eigengene, column to
a clinical trait. (B,C) A scatterplot of Gene Significance (GS) for asthma vs. ModuleMembership (MM) in the black andmagentamodule. (D,E) The PPI network in
the black and magenta modules.
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cells in Figure 4C (p < 0.05). In contrast, CAMKK2 was not involved in
immune cell infiltration in Figure 4D (p > 0.05).

3.7 Validation

CISD1 was significantly upregulated and CAMKK2 was
downregulated in both mild to moderate asthma and severe
asthma compared to healthy controls in the GSE147878 dataset
(Figures 5A–D) (p < 0.05), which was consistent with the results of
this study. Similar results were also obtained in the
GSE143303 dataset, CAMKK2 was significantly downregulated in
the asthma group, and CISD1 was significantly upregulated in the
asthma group (Figures 5E, F) (p < 0.05). In addition, we found that
CISD1 was also upregulated in the OVA group with no statistically
significant difference (p > 0.05) in the GSE27066. Interestingly,
CAMKK2 was also significantly upregulated in the OVA group
(Figures 5G, H) (p < 0.05).

IF staining was performed to verify the expression of CISD1 and
CAMKK2 between the OVA group and the control group. CISD1 was
highly expressed mainly in the airway epithelium of OVA mice, while
CAMKK2 was widely expressed around the airway in Figure 6A. The
results after fluorescence quantification showed that CISD1 and

CAMKK2 were overexpressed in the OVA group compared to the
control group in Figures 6B, C (p < 0.05). The RT-PCR results were
also consistent with the staining results (Figures 6D, E) (p < 0.05).

4 Discussion

This study was the first to use WGCNA to investigate the role of
genes associated with ferroptosis in asthma. We discovered that
CAMKK2 and CISD1 were crucial ferroptosis suppressors in
asthma. It was interesting that there was a negative correlation
between the gene expression of CISD1 and Tregs, suggesting that
CISD1 might be tied to the immunological microenvironment. This
result suggested that ferroptosis might play important function in
asthma.

Ferroptosis, a novel form of non-apoptotic cell death, was
regulated by multiple cellular metabolic pathways, including redox
homeostasis, iron handling, mitochondrial activity, and metabolism of
amino acids, lipids, and sugars (Li and Li, 2020; Jiang et al., 2021).
According to recent studies, various illnesses’ pathogenic processes
and ferroptosis were related (Liang et al., 2019; Chen et al., 2021; Wu
et al., 2021). Cell death-related disorders might benefit from
ferroptosis therapy, according to certain research (Tang et al.,

FIGURE 3
Identification of genes related to ferroptosis, enrichment analysis of ferroptosis-associated genes and construction of ceRNA networks (A) The Venn
figure for intersected genes in FerrBD and different modules (A: black module; B: FerrBD; C: magenta module) (B) Functional enrichment of CISD1 AND
CAMKK2. The signal pathways were discovered by enrichment analysis into groups based on functional connection, the same group was colored the same
color, and the labels of each group of themost essential termswere color-coded. (C) The lncRNA-miRNA-mRNA ceRNA network of CISD1 and CAMKK2.
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2021). Numerous studies conducted recently have discovered that
ferroptosis was crucial to asthma. According to some studies, the
malfunctioning of airway epithelial cells caused by ferroptosis might
be the cause of asthma control loss. In contrast, inhibiting ferroptosis
might reduce inflammation associated with asthma (Wenzel et al.,
2017; Zeng et al., 2022). And Wu et al. (2020) have found that
ferroptosis inducers could relieve allergic airway inflammation. It
was still debatable whether ferroptosis and asthma were related. As
we all know, asthma was characterized by the infiltration and
activation of immune cells such as eosinophils, neutrophils,
lymphocytes, and mast cells (Hammad and Lambrecht, 2021). The
investigation of immune cells and ferroptosis together might result in a
discussion of possible therapeutic applications.

CISD1, a mitochondrial protein mitoNEET was an iron-
containing outer mitochondrial membrane protein with 13 kDa.
Additionally, it was crucial for iron and reactive oxygen species
(ROS) homeostasis detection and regulation (Geldenhuys et al.,
2014; Lipper et al., 2019). The results of the enrichment analysis in
this study also showed that CISD1 was mainly located in the
cytoplasmic side of mitochondrial outer membrane, meanwhile, it
was involved in the iron-sulfur cluster binding, 2 iron, and 2 sulfur
cluster binding. These biological processes were highly associated with
ferroptosis. However, no studies were conducted to explore the role

CISD1 plays in asthma. In the present study, we found that CISD1 was
significantly upregulated in the asthma group compared to healthy
controls in asthmatic or OVA mice. Previous findings have
consistently shown that CISD1 negatively regulated ferroptosis by
protection against mitochondrial lipid peroxidation in Cancer (Yuan
et al., 2016; Wang et al., 2021a).

Interestingly, we discovered a negative correlation between
CISD1 and Tregs, pointing to the potential role of CISD1 in
immune cell infiltration. Tregs were viable target against airway
allergic inflammatory responses, and played an indispensable role
in the maintenance of immune tolerance in asthma (Li et al., 2021;
Zhang et al., 2022). By upregulating immunosuppressive molecules
and suppressing genes, the Tregs fraction of CD4+ T-cell prevented the
development of proinflammatory activities and reduced inflammation
(Burzyn et al., 2013; van der Veeken et al., 2016). One intriguing study
suggested that generating highly suppressive allergen-specific Tregs
could alleviate the inflammatory and allergic aspects of asthma
(Burzyn et al., 2013; Dembele et al., 2021). Tregs undoubtedly
contributed significantly to asthma. A correlation between
ferroptosis and immune infiltration has been found in cancer
disease (Wang et al., 2021b; Hu et al., 2021). No studies, however,
have found a connection between ferroptosis and immune infiltration
in asthma. Ye et al. discovered in gliomas that CYP2E1 was engaged in

FIGURE 4
Evaluation of immune cell infiltration and correlational analysis. (A) Barplot shows the proportion of 22 types of immune cells in asthma. (B) The
identification of differentially infiltrating immune cells (C) The correlation analysis of CISD1 and immune cells. (D) The correlation analysis of CAMKK2 and
immune cells.
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FIGURE 5
The validation of CAMKK2 and CISD1 in the GEO datasets (A,B) the expression of CAMKK2 and CISD1 in the severe asthma were verified in GSE 147878
(p < 0.05) (C,D) The expression of CAMKK2 andCISD1 in themild/moderate asthmawere verified in GSE 147878 (p < 0.05) (E,F) The expression of CAMKK2 and
CISD1 in the severe asthma were verified in GSE 143303(p<0.05) (G,H) The expression of CAMKK2 and CISD1 were verified in GSE 27066 (p < 0.05)

FIGURE 6
The result of validation by immunofluorescent staining and RT-qPCR in mouse models (A–C) immunofluorescent staining images of lung tissues and
quantification of fluorescence intensity, Nucleus (blue), CISD1/CAMKK2 (red), scale bar, 500 um, (n = 4 per group) (D–E) The expression of CISD1 and
CAMKK2 verified by RT-PCR in the OVA model (n = 4 per group).
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lipid metabolism, ferroptosis, and associated to the tumor immune
microenvironment, due to its significant link with Treg levels (Ye et al.,
2021). Further investigation on the precise mechanisms governing
ferroptosis and immune infiltration in asthma was anticipated in
future studies.

CAMKK2 was a member of the serine/threonine-specific protein
kinase family (Marcelo et al., 2016). It was a key regulator of glucose
metabolism, insulin production, adipogenesis, and inflammation
(Williams and Sankar, 2019). We found that CAMKK2 was
downregulated in asthmatics and upregulated in animal models of
asthma. The inconsistent results were mainly due to the 99% of the
asthmatics in this study inhaled glucocorticoids (Shaw et al., 2015) and
that glucocorticoids might downregulate CAMKK2. Our previous
studies have also found that glucocorticoids downregulated several
genes (Wang H. et al., 2022). Although this hypothesis has not been
verified in other studies, we look forward to future studies to explore it.
We, therefore, believe that CAMKK2 was upregulated in asthma,
which in turn inhibited ferroptosis. CAMKK2 was considered to be an
inhibitor of ferroptosis. Wang et al. showed that the suppression of
CAMKK2 increased the efficacy of the ferroptosis inducer and
inhibited the AMPK‒NRF2 pathway and promoted ferroptosis
(Wang S. et al., 2022). In addition, we found that CAMKK2 was
mainly involved in the CAMKK-AMPK signaling cascade, and the
Adipocytokine signaling pathway, which was strongly correlated with
the development of ferroptosis. Furthermore, our enrichment analysis
revealed that CAMKK2 was involved in the autophagy of
mitochondrion. Autophagy and ferroptosis were distinct patterns of
cell death, and several studies have shown that CAMKK2 did activate
mitochondrial autophagy (Lin et al., 2021; Xie et al., 2021), while a
study has also found that the activation of autophagy protected cells
from ferroptosis and the release of mitochondrial DNA (Zhao et al.,
2020). We hypothesize that upregulated CISD1 might activate
autophagy, whereas it would inhibit ferroptosis.

Our study was the first to find that upregulated CISD1 and
CAMKK2 inhibited ferroptosis and played an important regulatory
role in asthma. However, there were some weaknesses in this study.
Firstly, we did not obtain consistent results for CAMKK2, which was
downregulated in asthma patients and upregulated in the OVAmouse
model. We speculated that the inconsistent results were mainly due to
the use of inhaled glucocorticoids in asthma patients. However, there
was no evidence that glucocorticoids downregulated CAMKK2, so
future studies are urgently needed to investigate this problem.
Furthermore, the asthma group in this study included patients with
different severity of asthma (mild/moderate and severe), and severe
asthma accounted for 70% of the patients, our results might only be an
effect of severe asthma. Therefore, we verified the expression of
CISD1 and CAMKK2 in mild/moderate asthma and severe asthma.
We found CISD1 was significantly upregulated and CAMKK2 was
downregulated in both mild to moderate asthma and severe asthma
compared to healthy controls.

5 Conclusion

We discovered CAMKK2 and CISD1 were ferroptosis-related key
genes for asthma patients, which could provide a reference for
immunotherapies and targeted therapies.

Further investigation of the role andmechanism of the ferroptosis-
related genes in the progression of asthma is still needed.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The studies involving human participants were reviewed and
approved by GEO DATESETS. The patients/participants provided
their written informed consent to participate in this study. The
animal study was reviewed and approved by all experimental
procedures used in this study were approved and conducted
according to the guidelines by the laboratory Animal
Management Committee of Shandong University. Written
informed consent was obtained from the owners for the
participation of their animals in this study. Written informed
consent was obtained from the individual(s) for the publication
of any potentially identifiable images or data included in this article.

Author contributions

HW, YJ, SY, and OC designed the study; HW, and JG analyzed the
data, HW wrote this article. All the authors read and approved the
final manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (82172535 and 82172543), the Major
Scientific and Technological Innovation Project in Shandong
Province (2019JZZY011112), the Natural Science Foundation of
Shandong Province (ZR2020MH006), and the Key Research and
Development Program of Shandong Province (2019GSF108198).

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.

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/fphar.2023.1087557/
full#supplementary-material

Frontiers in Pharmacology frontiersin.org09

Wang et al. 10.3389/fphar.2023.1087557

https://www.frontiersin.org/articles/10.3389/fphar.2023.1087557/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1087557/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1087557


References

Bao, C., Liu, C., Liu, Q., Hua, L., Hu, J., Li, Z., et al. (2022). Liproxstatin-1 alleviates LPS/IL-
13-induced bronchial epithelial cell injury and neutrophilic asthma in mice by inhibiting
ferroptosis. Int. Immunopharmacol. 109, 108770. doi:10.1016/j.intimp.2022.108770

Bolstad, B. M., Irizarry, R. A., Astrand, M., and Speed, T. P. (2003). A comparison of
normalization methods for high density oligonucleotide array data based on variance and
bias. Bioinformatics 19, 185–193. doi:10.1093/bioinformatics/19.2.185

Burzyn, D., Benoist, C., and Mathis, D. (2013). Regulatory T cells in nonlymphoid
tissues. Nat. Immunol. 14 (10), 1007–1013. doi:10.1038/ni.2683

Chen, B., Khodadoust, M. S., Liu, C. L., Newman, A. M., and Alizadeh, A. A. (2018).
Profiling tumor infiltrating immune cells with CIBERSORT.Methods Mol. Biol. Clift. N.J.)
1711, 243–259. doi:10.1007/978-1-4939-7493-1_12

Chen, X., Kang, R., Kroemer, G., and Tang, D. (2021). Ferroptosis in infection,
inflammation, and immunity. J. Exp. Med. 218 (6), e20210518. doi:10.1084/jem.20210518

Dembele, M., Tao, S., Massoud, A. H., Miah, S. M. S., Lelias, S., De Groot, A. S., et al.
(2021). Tregitopes improve asthma by promoting highly suppressive and antigen-specific
Tregs. Front. Immunol. 12, 634509. doi:10.3389/fimmu.2021.634509

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C. E.,
et al. (2012). Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 149 (5),
1060–1072. doi:10.1016/j.cell.2012.03.042

El-Husseini, Z.W., Gosens, R., Dekker, F., and Koppelman, G. H. (2020). The genetics of
asthma and the promise of genomics-guided drug target discovery. Lancet. Respir. Med. 8
(10), 1045–1056. doi:10.1016/S2213-2600(20)30363-5

Geldenhuys, W. J., Leeper, T. C., and Carroll, R. T. (2014). mitoNEET as a novel drug
target for mitochondrial dysfunction. Drug Discov. today 19 (10), 1601–1606. doi:10.1016/
j.drudis.2014.05.001

Hammad, H., and Lambrecht, B. N. (2021). The basic immunology of asthma. Cell 184
(6), 1469–1485. doi:10.1016/j.cell.2021.02.016

Hassannia, B., Vandenabeele, P., and Vanden Berghe, T. (2019). Targeting ferroptosis to
iron out cancer. Cancer Cell 35 (6), 830–849. doi:10.1016/j.ccell.2019.04.002

Hu, S., Ma, J., Su, C., Chen, Y., Shu, Y., Qi, Z., et al. (2021). Engineered exosome-like
nanovesicles suppress tumor growth by reprogramming tumor microenvironment and
promoting tumor ferroptosis. Acta biomater. 135, 567–581. doi:10.1016/j.actbio.2021.09.003

Jiang, X., Stockwell, B. R., and Conrad, M. (2021). Ferroptosis: Mechanisms, biology and
role in disease. Nat. Rev. Mol. Cell Biol. 22 (4), 266–282. doi:10.1038/s41580-020-00324-8

Kaur, R., and Chupp, G. (2019). Phenotypes and endotypes of adult asthma: Moving
toward precision medicine. J. allergy Clin. Immunol. 144 (1), 1–12. doi:10.1016/j.jaci.2019.
05.031

Langfelder, P., and Horvath, S. (2008). Wgcna: an R package for weighted correlation
network analysis. BMC Bioinforma. 9, 559. doi:10.1186/1471-2105-9-559

Li, D., and Li, Y. (2020). The interaction between ferroptosis and lipid metabolism in
cancer. Signal Transduct. Target. Ther. 5 (1), 108. doi:10.1038/s41392-020-00216-5

Li, J., Sha, J., Sun, L., Zhu, D., and Meng, C. (2021). Contribution of regulatory T cell
methylation modifications to the pathogenesis of allergic airway diseases. J. Immunol. Res.
2021, 5590217. doi:10.1155/2021/5590217

Liang, C., Zhang, X., Yang, M., and Dong, X. (2019). Recent progress in ferroptosis
inducers for cancer therapy. Adv. Mater. 31 (51), e1904197. doi:10.1002/adma.201904197

Lin, C., Blessing, A. M., Pulliam, T. L., Shi, Y., Wilkenfeld, S. R., Han, J. J., et al. (2021).
Inhibition of CAMKK2 impairs autophagy and castration-resistant prostate cancer via
suppression of AMPK-ULK1 signaling. Oncogene 40 (9), 1690–1705. doi:10.1038/s41388-
021-01658-z

Lin, Y., Liu, T., Cui, T., Wang, Z., Zhang, Y., Tan, P., et al. (2020). RNAInter in 2020:
RNA interactome repository with increased coverage and annotation. Nucleic acids Res. 48
(1), D189–D197. doi:10.1093/nar/gkz804

Lipper, C. H., Stofleth, J. T., Bai, F., Sohn, Y., Roy, S., Mittler, R., et al. (2019). Redox-
dependent gating of VDAC by mitoNEET. Proc. Natl. Acad. Sci. U. S. A. 116 (40),
19924–19929. doi:10.1073/pnas.1908271116

Ma, T., Zhou, Y., Wang, C., Wang, L., Chen, J., Yang, H., et al. (2021). Targeting
ferroptosis for lung diseases: Exploring novel strategies in ferroptosis-associated
mechanisms. Oxidative Med. Cell. Longev. 2021, 1098970. doi:10.1155/2021/1098970

Marcelo, K. L., Means, A. R., and York, B. (2016). The Ca(2+)/calmodulin/
CaMKK2 Axis: Nature’s metabolic CaMshaft. Trends Endocrinol. metabolism TEM 27
(10), 706–718. doi:10.1016/j.tem.2016.06.001

Nagasaki, T., Schuyler, A. J., Zhao, J., Samovich, S. N., Yamada, K., Deng, Y., et al. (2022).
15LO1 dictates glutathione redox changes in asthmatic airway epithelium to worsen type
2 inflammation. J. Clin. investigation 132 (1), e151685. doi:10.1172/JCI151685

Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al. (2015).
Robust enumeration of cell subsets from tissue expression profiles. Nat. methods 12 (5),
453–457. doi:10.1038/nmeth.3337

Papi, A., Brightling, C., Pedersen, S. E., and Reddel, H. K. (2018). Asthma. Lancet
(London, Engl. 391 (10122), 783–800. doi:10.1016/S0140-6736(17)33311-1

Qiu, Y., Cao, Y., Cao, W., Jia, Y., and Lu, N. (2020). The application of ferroptosis in
diseases. Pharmacol. Res. 159, 104919. doi:10.1016/j.phrs.2020.104919

Shaw, D. E., Sousa, A. R., Fowler, S. J., Fleming, L. J., Roberts, G., Corfield, J., et al. (2015).
Clinical and inflammatory characteristics of the European U-BIOPRED adult severe
asthma cohort. Eur. Respir. J. 46 (5), 1308–1321. doi:10.1183/13993003.00779-2015

Shen, H. H., Ochkur, S. I., McGarry, M. P., Crosby, J. R., Hines, E. M., Borchers, M. T.,
et al. (2003). A causative relationship exists between eosinophils and the development of
allergic pulmonary pathologies in the mouse. J. Immunol. Baltim. Md 170 (6), 3296–3305.
doi:10.4049/jimmunol.170.6.3296

Tang, D., Chen, X., Kang, R., and Kroemer, G. (2021). Ferroptosis: Molecular
mechanisms and health implications. Cell Res. 31 (2), 107–125. doi:10.1038/s41422-
020-00441-1

van der Veeken, J., Gonzalez, A. J., Cho, H., Arvey, A., Hemmers, S., Leslie, C. S., et al.
(2016). Memory of inflammation in regulatory T cells. Cell 166 (4), 977–990. doi:10.1016/j.
cell.2016.07.006

Vos, T., Flaxman, A. D., Naghavi, M., Lozano, R., Michaud, C., Ezzati, M., et al. (2012).
Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 1990-2010:
A systematic analysis for the global burden of disease study 2010. Lancet (London, Engl.
380 (9859), 2163–2196. doi:10.1016/S0140-6736(12)61729-2

Wang, D., Chen, S., Ying, Y., Ma, X., Shen, H., Li, J., et al. (2021b). Comprehensive
analysis of ferroptosis regulators with regard to PD-L1 and immune infiltration in clear cell
renal cell carcinoma. Front. Cell Dev. Biol. 9, 676142. doi:10.3389/fcell.2021.676142

Wang, D., Wei, G., Ma, J., Cheng, S., Jia, L., Song, X., et al. (2021a). Identification of the
prognostic value of ferroptosis-related gene signature in breast cancer patients. BMC
cancer 21 (1), 645. doi:10.1186/s12885-021-08341-2

Wang, H., Zhang, Z., Ma, Y., Jia, Y., Ma, B., Gu, J., et al. (2022). Construction of severe
eosinophilic asthma related competing endogenous RNA network by weighted gene Co-
expression network analysis. Front. Pharmacol. 13, 852536. doi:10.3389/fphar.2022.852536

Wang, S., Yi, X., Wu, Z., Guo, S., Dai, W., Wang, H., et al. (2022). CAMKK2 defines
ferroptosis sensitivity of melanoma cells by regulating AMPK‒NRF2 pathway.
J. investigative dermatology 142 (1), 189–200.e8. doi:10.1016/j.jid.2021.05.025

Wenzel, S. E., Tyurina, Y. Y., Zhao, J., St Croix, C. M., Dar, H. H., Mao, G., et al. (2017).
PEBP1 wardens ferroptosis by enabling lipoxygenase generation of lipid death signals. Cell
171 (3), 628–641. doi:10.1016/j.cell.2017.09.044

Williams, J. N., and Sankar, U. (2019). CaMKK2 signaling in metabolism and skeletal
disease: A new Axis with therapeutic potential. Curr. Osteoporos. Rep. 17 (4), 169–177.
doi:10.1007/s11914-019-00518-w

Wu, X., Li, Y., Zhang, S., and Zhou, X. (2021). Ferroptosis as a novel therapeutic target
for cardiovascular disease. Theranostics 11 (7), 3052–3059. doi:10.7150/thno.54113

Wu, Y., Chen, H., Xuan, N., Zhou, L., Wu, Y., Zhu, C., et al. (2020). Induction of
ferroptosis-like cell death of eosinophils exerts synergistic effects with glucocorticoids in
allergic airway inflammation. Thorax 75 (11), 918–927. doi:10.1136/thoraxjnl-2020-214764

Xie, B., Zhao, M., Song, D., Wu, K., Yi, L., Li, W., et al. (2021). Induction of autophagy
and suppression of type I IFN secretion by CSFV. Autophagy 17 (4), 925–947. doi:10.1080/
15548627.2020.1739445

Xu,W., Deng, H., Hu, S., Zhang, Y., Zheng, L., Liu, M., et al. (2021). Role of ferroptosis in
lung diseases. J. Inflamm. Res. 14, 2079–2090. doi:10.2147/JIR.S307081

Ye, L., Xu, Y., Wang, L., Zhang, C., Hu, P., Tong, S., et al. (2021). Downregulation of
CYP2E1 is associated with poor prognosis and tumor progression of gliomas. Cancer Med.
10 (22), 8100–8113. doi:10.1002/cam4.4320

Yu, M., Eckart, M. R., Morgan, A. A., Mukai, K., Butte, A. J., Tsai, M., et al. (2011).
Identification of an IFN-γ/mast cell axis in a mouse model of chronic asthma. J. Clin.
investigation 121 (8), 3133–3143. doi:10.1172/JCI43598

Yuan, H., Li, X., Zhang, X., Kang, R., and Tang, D. (2016). CISD1 inhibits ferroptosis by
protection against mitochondrial lipid peroxidation. Biochem. biophysical Res. Commun.
478 (2), 838–844. doi:10.1016/j.bbrc.2016.08.034

Zeng, Z., Huang, H., Zhang, J., Liu, Y., Zhong, W., Chen, W., et al. (2022). HDM induce
airway epithelial cell ferroptosis and promote inflammation by activating ferritinophagy in
asthma. Fed. Am. Soc. Exp. Biol. 36 (6), e22359. doi:10.1096/fj.202101977RR

Zhang, J., Zou, Y., Chen, L., Xu, Q., Wang, Y., Xie, M., et al. (2022). Regulatory T cells, a
viable target against airway allergic inflammatory responses in asthma. Front. Immunol.
13, 902318. doi:10.3389/fimmu.2022.902318

Zhao, H., Tang, X., Wu, M., Li, Q., Yi, X., Liu, S., et al. (2021). Transcriptome
characterization of short distance transport stress in beef cattle blood. Front. Genet.
12, 616388. doi:10.3389/fgene.2021.616388

Zhao, J., Dar, H. H., Deng, Y., St Croix, C. M., Li, Z., Minami, Y., et al. (2020). PEBP1 acts
as a rheostat between prosurvival autophagy and ferroptotic death in asthmatic epithelial
cells. Proc. Natl. Acad. Sci. U. S. A. 117 (25), 14376–14385. doi:10.1073/pnas.1921618117

Zhou, N., and Bao, J. (2020). FerrDb: A manually curated resource for regulators and
markers of ferroptosis and ferroptosis-disease associations. Database J. Biol. databases
curation 2020, baaa021. doi:10.1093/database/baaa021

Frontiers in Pharmacology frontiersin.org10

Wang et al. 10.3389/fphar.2023.1087557

https://doi.org/10.1016/j.intimp.2022.108770
https://doi.org/10.1093/bioinformatics/19.2.185
https://doi.org/10.1038/ni.2683
https://doi.org/10.1007/978-1-4939-7493-1_12
https://doi.org/10.1084/jem.20210518
https://doi.org/10.3389/fimmu.2021.634509
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/S2213-2600(20)30363-5
https://doi.org/10.1016/j.drudis.2014.05.001
https://doi.org/10.1016/j.drudis.2014.05.001
https://doi.org/10.1016/j.cell.2021.02.016
https://doi.org/10.1016/j.ccell.2019.04.002
https://doi.org/10.1016/j.actbio.2021.09.003
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1016/j.jaci.2019.05.031
https://doi.org/10.1016/j.jaci.2019.05.031
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1038/s41392-020-00216-5
https://doi.org/10.1155/2021/5590217
https://doi.org/10.1002/adma.201904197
https://doi.org/10.1038/s41388-021-01658-z
https://doi.org/10.1038/s41388-021-01658-z
https://doi.org/10.1093/nar/gkz804
https://doi.org/10.1073/pnas.1908271116
https://doi.org/10.1155/2021/1098970
https://doi.org/10.1016/j.tem.2016.06.001
https://doi.org/10.1172/JCI151685
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1016/S0140-6736(17)33311-1
https://doi.org/10.1016/j.phrs.2020.104919
https://doi.org/10.1183/13993003.00779-2015
https://doi.org/10.4049/jimmunol.170.6.3296
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1016/j.cell.2016.07.006
https://doi.org/10.1016/j.cell.2016.07.006
https://doi.org/10.1016/S0140-6736(12)61729-2
https://doi.org/10.3389/fcell.2021.676142
https://doi.org/10.1186/s12885-021-08341-2
https://doi.org/10.3389/fphar.2022.852536
https://doi.org/10.1016/j.jid.2021.05.025
https://doi.org/10.1016/j.cell.2017.09.044
https://doi.org/10.1007/s11914-019-00518-w
https://doi.org/10.7150/thno.54113
https://doi.org/10.1136/thoraxjnl-2020-214764
https://doi.org/10.1080/15548627.2020.1739445
https://doi.org/10.1080/15548627.2020.1739445
https://doi.org/10.2147/JIR.S307081
https://doi.org/10.1002/cam4.4320
https://doi.org/10.1172/JCI43598
https://doi.org/10.1016/j.bbrc.2016.08.034
https://doi.org/10.1096/fj.202101977RR
https://doi.org/10.3389/fimmu.2022.902318
https://doi.org/10.3389/fgene.2021.616388
https://doi.org/10.1073/pnas.1921618117
https://doi.org/10.1093/database/baaa021
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1087557

	Ferroptosis-related genes are involved in asthma and regulate the immune microenvironment
	1 Introduction
	2 Methods
	2.1 Data download and processing
	2.2 Network construction and consensus module detection
	2.3 Relating modules to external clinical traits
	2.4 Identification of hub genes related to ferroptosis
	2.5 Enrichment analysis
	2.6 Construction of ceRNA network
	2.7 Immune infiltrating
	2.8 Validation in the GEO dataset
	2.9 Validation in the OVA models
	2.9.1 Animals and treatments
	2.9.2 Real-time quantitative PCR
	2.9.3 Immunofluorescent staining


	3 Results
	3.1 Co-expression network construction
	3.2 Identification of the clinically significant module and hub genes
	3.3 Identification of differentially expressed genes related to ferroptosis
	3.4 Enrichment analysis
	3.5 Construction of ceRNA network
	3.6 Immune infiltrating
	3.7 Validation

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


