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Identification of ferroptosis-associated genes
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Abstract.Ferroptosis serves a pivotal role in developing chronic
kidney disease (CKD). The present study aimed to detect and
confirm the relevance of potential ferroptosis-related genes in
CKD using bioinformatics and experimentation strategies. The
original GSE15072 mRNA expression dataset was retrieved
from the Gene Expression Omnibus database. Subsequently,
the potential differentially expressed genes associated with
ferroptosis of CKD were screened using R software. Gene
Ontology (GO) and Kyoto Encyclopaedia of Genes and
Genomes (KEGG) pathway enrichment analyses, correlation
analysis and protein-protein interactions (PPI) were performed
for differentially expressed ferroptosis-associated genes
(DFGs). Lastly, the expression levels of the top nine DFGs were
measured in the kidney tissue of Adriamycin-induced CKD
rats and healthy controls via reverse transcription-quantitative
(RT-q)PCR analysis. Overall, 49 DFGs among 21 patients
with CKD and nine healthy controls were identified. GO and
KEGG enrichment analyses demonstrated that these DFGs
were primarily involved in ‘ferroptosis’ and ‘mitophagy’.
PPI findings indicated that these ferroptosis-associated genes
interacted with one another. RT-qPCR of CKD tissue from
the rat model revealed that STAT3, MAPK14, heat shock
protein (HSP)AS, MTOR and solute carrier family 2 member
1 (SLC2A1) mRNA levels in CKD were upregulated. Overall,
49 potential ferroptosis-associated genes of CKD were
identified via bioinformatics analyses. STAT3, MAPK14,
HSPAS5, MTOR and SLC2A1 may influence CKD onset by
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regulating ferroptosis. The present results add to the existing
body of knowledge about CKD and may be useful in the treat-
ment of CKD.

Introduction

Chronic kidney disease (CKD) has become a global threat
to public health. By 2040, CKD is anticipated to occupy
the top five major causes of patient death (1). CKD refers to
continuous renal damage and/or renal dysfunction and has
high incidence rate and mortality worldwide, imposing a
heavy economic and social burden (2). CKD is associated with
increased risk of coronary artery disease, cardiac failure and
sudden cardiac death (3). Notwithstanding progress that has
been made in preventing, diagnosing and treating CKD, this
disease continues to represent a notable threat to public health
in the world. Therefore, there is a pressing need to develop
simpler and more practical treatments for CKD.

Ferroptosis is a cell death mode that differs from apop-
tosis and necrosis and is induced by various small molecular
substances (4). It is cell death caused by the metabolic disorder
of intracellular lipid oxides and extensive reactive oxygen
species (ROS) production caused by iron overload (5). Cell
ferroptosis has been reported to cause endoplasmic reticulum
stress and mitochondrial dysfunction in renal cells, affecting
the severity and prognosis of chronic renal injury (6).
Zhou et al (7) found that in the kidneys of patients with
CKD and murine unilateral ureteral obstruction (UUO) or
ischemia-reperfusion injury (IRI) model systems, expression
of glutathione peroxidase 4 (GPX4) in renal tubular epithelial
cells decreased while content of 4-hydroxynonenol increased.
Moreover, compared with the healthy control group, inhibiting
iron death notably decreases renal injury, interstitial fibrosis
and inflammatory cell accumulation in UUO or IRI mice (7).
However, to the best of our knowledge, ferroptosis-associated
genes in CKD remain poorly characterized and require addi-
tional investigation. The investigation of the roles of these
potential ferroptosis-associated genes in CKD may highlight
novel biomarkers for treating this disease.

Bioinformatics is a multidisciplinary, interdisciplinary
approach that integrates molecular biological analyses and
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technological innovation (8). It is growing into a significant
computational tool to elucidate the molecular mechanism of
disease (9). Furthermore, minimally invasive blood-based
analysis of ferroptotic activity can offer clear insight into
underlying disease status (10). In the present study, periph-
eral blood mononuclear cells (PBMCs) were leveraged as
model targets to conduct bioenergetic analysis and monitor
disease progression. PBMC samples contain a T, B and
natural killer (NK) cells, as well as monocytes, that may
represent ideal targets for studies of ferroptotic activity
and other biosignatures of interest (11). PBMCs also reflect
systemic shifts in physiological homeostasis and previous
studies have explored chronic disease-associated changes
in PBMC bioenergetics (12-15). In the present study, the
dataset GSE15072 from the Gene Expression Omnibus
(GEO) database of PBMCs of patients with CKD undergoing
either conservative treatment (CKD; n=9) or haemodialysis
(HD; n=12), as well as healthy controls, were analysed
using bioinformatics tools. Gene Ontology (GO) and Kyoto
Encyclopaedia of Genes and Genomes (KEGG) pathway
enrichment analyses and correlation analyses were used to
analyse the differentially expressed ferroptosis-associated
genes (DFGs). Finally, expression levels of key ferroptosis
genes were further verified by RT-qPCR analysis of the CKD
rats and healthy renal tissue.

Materials and methods

Bioinformatics. GSE15072 mRNA profiles (GPL96 platform;
Affymetrix Human Genome U133A Array; ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE15072) were downloaded
from GEO database (ncbi.nlm.nih.gov/geo/). GSE15072
consisted of 29 samples, including eight PBMC samples
from healthy controls (NORM), 9 patients with CKD and
12 with HD. The R software (r-project.org/version 3.4.0)
and Bioconductor website(www.bioconductor.org/cluster-
Profiler) (16,17) were utilized to identify the differentially
expressed genes (DEGs). The limma package (bioconductor.
org/packages/release/bioc/html/limma.html/version 3.42.2)
was employed to normalize the gene expression profiles.
Unpaired Student's t test was utilized to find corresponding
P-values for gene symbols according to the predetermined
cut-off criteria P<0.05 and llog[fold-change (FC)]I>1,
thus the DEGs between patients with CKD and healthy
control were determined. The heatmap was created
using pheatmap package (bioconductor.org/packages/
release/bioc/html/heatmaps.html/versions/1.0.12) in R soft-
ware. Furthermore, principal component analysis (PCA) (18)
was conducted to verify the repeatability of the data in
GSEI15072. R ‘ggplot2’ package (http://docs.ggplot2.org/
current/Version 3.1.0) (19) was used to draw the PCA.

Screening DFGs. To identify ferroptosis-related mRNAs, 382
ferroptosis-associated genes were retrieved from the FerrDb
website (http://www.zhounan.org/ferrdb/) (20). The union sets
of DEGs associated with ferroptosis were validated by a Venn
diagram analysis using the Interacti-Venn website (bioinfogp.
cnb.csic.es/tools/venny/index. html/version 2.1) (21). The
heatmap and PCA wereused foranalysing ferroptosis-associated
genes (Table SI), as aforementioned. Subsequently, R ‘ggplot2’

package((http://docs.ggplot2.org/current/Version 3.1.0) (19)
was used to draw the box plot.

GO and KEGG analysis. The GO((http:/www.geneontology.
org/) (22) and KEGG((http://www.genome.jp/kegg/) (23)
enrichment were used for ferroptosis-associated gene function
analyses. Analysed GO terms included molecular function
(MF), cellular component (CC) and biological process (BP).

Immune infiltration analysis. The CIBERSORT algorithm
(cibersort.stanford.edu/) (24) was applied to examine the
ferroptosis-associated genes and the ratio of 20 immunolog-
ical cell types such as MO/M1/M2 macrophages, eosinophils,
neutrophils, ydT, regulatory T (Treg), naive, resting and acti-
vated memory CD4* T cells, as well as monocytes CD8" T,
naive and memory B, resting and activated NK, resting mast,
plasma and resting and activated dendritic cells were obtained.
Moreover, the association between prognostic genes and
immune cells was assessed via Spearman's correlation test.

Protein-protein interaction (PPI) and correlation analyses of
DFGs. The interaction among ferroptosis-associated genes was
examined using STRING online database (https://string-db.
org/version 11.0) and Cytoscape (manual.cytoscape.org/
version 3.8.1; Cytoscape Consortium, San Diego, CA, USA) (25).
DFG correlations were analysed using the ‘Corrplot’ package
((https://github.com/taiyun/corrplot) in R software (Spearman
correlation analysis).

Animals. National Institutes of Health guidelines (26) were
followed to conduct animal studies with pre-approval of
the Animal Ethical and Welfare Committee of Kunming
Medical University (approval no. Kmmu20221379). Male
Sprague-Dawley (SD) rats of 6 weeks of age (180-200 g) were
purchased from the Experimental Animal Center of Kunming
Medical University [specific-pathogen-free; license no. SYXK
(Dian) k2020-0006] and were housed under standard condi-
tions (12/12-h light/dark cycle; 22-25°C; 50-60% humidity).
During the period of the experiment, these rats took food and
water freely.

Animal model. A total of 22 male SD rats were randomized
into healthy control and CKD groups, with 11 rats in each
group. CKD model rats were prepared as described below.
Anesthetization was induced by inhalation of 2.5% isoflurane
and was maintained with 1.5% isoflurane. Rats were intrave-
nously injected via the tail vein with Adriamycin (3.5 mg/kg in
saline; Sigma-Aldrich; Merck KGaA). After two weeks, a second
dose of the Adriamycin solution was administered. In addition,
healthy control group received an equal volume normal saline
injections. After 8 weeks from the final administration, blood
urea nitrogen (BUN) and serum creatinine (Scr) were quantified
to assess successful model generation. Then 2.5% isoflurane was
used to anesthetize rats prior to euthanasia via cervical disloca-
tion. After rats had ceased breathing, the hearts were no longer
beating and paws and eyeballs had turned white, their left renal
tissue was harvested. Each left kidney was split into two, with
one portion undergoing 4% paraformaldehyde fixation before
histological analysis and the other being snap-frozen with liquid
nitrogen before storage at -80°C.



EXPERIMENTAL AND THERAPEUTIC MEDICINE 25: 60, 2023 3

Table I. Primer sequences.

Gene Forward Reverse

STAT?3 5'-TTAACATTCTGGGCACGAACA-3' 5'-TGACAATCAAGGAGGCATCAC-3'
JUN 5'-TGGGCACATCACCACTACACC-3' 5'-GAAGTTGCTGAGGTTGGCGTAG-3'
MTOR 5'-ACCCTCCATCCACCTCATCAG-3' 5'-CCTGGTCATTCAGAGCCACAAA-3'
VEGF 5'-GCACTGGACCCTGGCTTTACT-3' 5'-AACTTCACCACTTCATGGGCTTT-3'
HMOX1 5'-CACAGGGTGACAGAAGAGGCT-3' 5'-TCTGTGAGGGACTCTGGTCTTTG-3'
HSPAS 5'-TTCTGCTTGATGTGTGTCCTCTTAC-3' 5'-CACCTTCGTAGACCTTGATTGTTAC-3'
MAPK 14 5'-CCCGAGCGATACCAGAACCT-3 5'-TGGCGTGAATGATGGACTGA-3'
ATF3 5'-GGGTCACTGGTGTTTGAGGATT-3' 5-“TTTGTTTCTTTCCCGCCG-3'

SLC2A1 5'-AGGAGATGAAAGAAGAGGGTCG-3' 5'-GTGTTGACGATACCCGAGCC-3'
GAPDH 5'-CTGGAGAAACCTGCCAAGTATG-3' 5'-GGTGGAAGAATGGGAGTTGCT-3'

Histological analysis. Following fixation overnight using 4%
paraformaldehyde at room temperature, renal tissue samples
were paraffin-embedded, cut into 4-pm slices and deparaf-
finized with ascending series of alcohol (95, 90, 80 and 70%
alcohol each 10 min). For H&E staining (Wuhan Servicebio
Technology Co., Ltd.), the sections were stained with hema-
toxylin for 1 min and eosin for 20 sec at room temperature, and
then washed with tap water. Next, the sections were dehydrated
in 100% alcohol, permeabilized with xylene and mounted
with neutral gum. For Masson staining (Wuhan Servicebio
Technology Co., Ltd.), the sections were soaked in Masson A
overnight and rinsed with tap water. Next, Masson B, Masson C
were prepared into Masson solution according to the ratio of
1:1. Then, the sections were stained with Masson solution for
1 min. After washing with running water, the sections were
differentiated with 1% hydrochloric acid alcohol and rinsed
with tap water. The sections were then treated with Masson D
for 6 min, washed with tap water, immersed in a Masson E
for 1 min and Masson F for 2-30s. Sections were rinsed with
1% glacial acetic acid and then dehydrated with anhydrous
ethanol. Finally, the sections were immersed with xylene and
sealed with neutral gum. For PAS staining (Wuhan Servicebio
Technology Co., Ltd.), the sections were stained with PAS dye
solution B for 10-15 min, rinsed with tap water, and then rinsed
twice with distilled water. Next, the sections were stained with
PAS A for 25-30 min in the dark and rinsed with tap water
for 5 min. Then the sections were stained with PAS C for 30s
and rinsed with tap water. Subsequently, the sections were
treated with Hydrochloric acid solution and Ammonia, each
step required washing with distilled water. Then the sections
were dehydrated with alcohol and xylene and mounted in
neutral gum. Morphological changes in the renal tissues were
evaluated using an Olympus light microscope (magnification,
x400; Olympus Corporation).

RT-qPCR. Total RNA in kidney tissue was extracted using
RNA Extracting Solution (Wuhan Servicebio Technology
Co., Ltd. G3013) according to the manufacturer's instructions.
Total RNA (1 ug) was reverse transcribed into cDNA using
the RevertAid reverse transcriptase kit (Wuhan Servicebio
Technology Co., Ltd.) under the following conditions: 25°C for
5 min,42°C for 30 min and 85°C for 5 sec. qPCR was performed

using 2X SYBR Green qPCR Master Mix kit (Wuhan
Servicebio Technology Co., Ltd. G3320). Thermocycling
conditions for PCR were: Pre-incubation at 95°C for 30 sec;
40 cycles of 95°C for 15 sec, annealing 60°C for 30 sec.
Subsequently, 2.0% agarose gel electrophoresis was used to
separate PCR amplicons, which underwent densitometric
analysis. Applied Biosystems 7300 real-time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.) and
software (7500 Fast System SDS Software version 1.4) were
used with primers for STAT3, Jun kinase (JUN) , Mechanistic
target of rapamycin (MTOR), vascular endothelial-derived
growth factor (VEGF), Heme oxygenase 1 (HMOX1), Heat
shock protein A5 (HSPAS), Mitogen-activated protein kinase
14 (MAPK14), activation transcription factor 3 (ATF3), solute
carrier family 2 member 1 (SLC2A1), and GAPDH, as listed
in Table I. mtDNA levels were quantified using the 2-AACq
method for triplicate samples with GAPDH as the internal
reference (27).

Statistical analysis. All experiments were performed in trip-
licate. Data are expressed as the mean + standard deviation. R
(version 3.6.2 x64; R Foundation for Statistical Computing) (28)
was used for statistical analyses. Unpaired Student's t test was
used to analyse gene expression levels of the animal samples
with SPSS version 23.0 (IBM Corp.). P<0.05 was considered
to indicate a significant difference.

Results

Validation of DFGs in COPD Patients. DFGs were identified
following batch correction and microarray standardization for
GSEI15072. A total of 2,247 DFGs were identified, consisting
of 1,238 up- and 1,009 downregulated genes (Fig. 1B).
The heatmap in Fig. 1A presents the expression levels of
DFGs. PCA was performed to examine the repeatability of
intra-group data, which revealed that the data in GSE15072
had good repeatability (Fig. 1C). By taking the intersec-
tion of ferroptosis-related genes and DEGs, 49 DFGs were
identified between CKD and normal groups (Fig. 1D and E).
PCA of DFGs is displayed in Fig. 1F. Moreover, box plots
demonstrated the expression of 49 DFGs in CKD and normal
samples (Fig. 2). The top five up-regulated genes of the CKD
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Figure 1. Bioinformatics analysis of differential gene expression. (A) Heatmap, (B) volcano plots and (C) PCA of gene expression of CKD in GSE5406.
(D) Heatmap, (E) volcanic plots and (F) PCA of 49 differentially expressed ferroptosis-associated genes. PCA, principal component analysis; Adj.P.val,

adjusted P-value; CKD, chronic kidney disease.

group included aldo-keto reductase 1C3, ATF3, antithymo-
cyte globulin 3 (ATG3), ATGS and cyclin-dependent kinase
inhibitor 1 (CDKNI1A), and the top five downregulated genes
included arachidonate lipoxygenase 3 (ALOXE3), autophagy
related 16 like 1 (ATGI16L1), bromodomain-containing protein
4 (BRD4), cystathionine [3-synthase (CBS), and dopamine
receptor D5 (DRDS) (Fig. 2).

Pathway enrichment analysis of DFGs. To explore the biological
roles of these DFGs, GO and KEGG enrichment analysis was
conducted using R software. This approach demonstrated that
the most significantly enriched GO terms were involved in
‘response to nutrient levels’, ‘cellular response to extracellular
stimulus’ and ‘ROS metabolic process’ (BP), ‘melanosome’,
‘pigment granule’ and ‘autophagosome’ (CC) and ‘ubiquitin
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Figure 2. Boxplot of 49 DFGs in CKD and healthy samples. (A) Boxplot of
the top 25 DFGs in CKD and healthy control samples. (B) Boxplot of the
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and ““P<0.001 vs. healthy control. DFGs, differentially expressed ferrop-
tosis-associated genes; CKD, chronic kidney disease.

protein ligase binding’, ‘ubiquitin-like protein ligase binding’
and ‘protein self-association’ (MF; Fig. 3). In KEGG enrichment
analysis, DFGs were primarily involved in ‘ferroptosis’ and
‘Kaposi sarcoma-associated herpesvirus infection’ (Fig. 4). The
KEGG pathway annotation of ‘ferroptosis’ is presented in Fig. 5.

PPI and correlation analysis of DFGs. To determine the
interactions between DFGs, a PPI network was constructed.
These findings showed that the ferroptosis-associated genes
interacted with one another (Fig. 6A) and revealed interaction
numbers for individual genes (Fig. 6B). As STRING database
does not completely cover all genes, only 40 DFGs could be
analysed. To examine expression correlation between these
DFGs, correlation analysis was performed. Fig. 7 shows the
association between 49 DFGs in the GSE15072 dataset.

Immune infiltration assessment. To the best of our knowledge,
due to technical limitations, such as integration and search
of genomic information (29), the immune landscape in CKD
remains to be fully elaborated, particularly in a low abundance
of cell subpopulations. Using immune score P<0.05,20 samples
were screened for immune analysis. To study differences in
immune infiltration between patients with CKD and healthy
controls in 20 immune cell types, the CIBERSORT algorithm
was used. Fig. 8A displays the results obtained from eight
healthy controls and 21 patients with CKD. Compared with
normal tissue, CKD tissue generally exhibited more plasma
cells, resting memory CD4* T, y3T, resting and activated NK

cells as well as monocytes. By contrast, the proportions of
naive B and CD4* T and Tregs, as well as MO macrophages
and neutrophils, were lower (Fig. 8B).

Correlation between DFG expression and immune infiltration
in CKD. It is unclear if DFGs influence immune cell recruit-
ment in the CKD microenvironment. Therefore, the present
study analysed the association between ferroptosis-related
genes and immune infiltration in CKD. The immune infiltra-
tion level of naive CD4* T cells was positively associated with
expression of SET domain-containing 1B (SETD1B), MTOR
and SLC38A1 (Fig. 9). The immune infiltration of yoT cells
was positively associated with ATF3 and JUN expression
levels (Fig. 9). Immune infiltration of Tregs was positively
correlated with MT3 and MTOR levels (Fig. 9). The immune
infiltration of monocytes was positively correlated with anti-
thymocyte globulin 3 (ATG3), ATG5, CDKNIA, CCAAT
enhancer binding protein (CEBPG), charged multivesicular
body protein 5 (CHMPS5), Cytochrome b-245 beta chain
(CYBB), DDIT4 (DNA damage inducible transcript 4), GCH1
(GTP cyclohydrolase 1), high mobility group box 1 (HMGBI),
HMOX1, HSPAS), MAPK9, neuroblastoma RAS viral onco-
gene homolog (NRAS), retinoblastoma susceptibility gene
(RB1), SLC3A2), sorting nexin-4 (SNX4), TNF-alpha-induced
protein 3 (TNFAIP3) and VEGFA) expression, but negatively
correlated with arachidonate lipoxygenase 3 (ALOXES3),
autophagy related 16 like 1 (ATG16L1), BRD4), DRDS),
endothelial PAS Domain Protein 1 (EPAS1), MAPK 14,
metallothionein-3 (MT3), MTOR), phosphoserine aminotrans-
ferase 1 (PSAT1), SETD1B), SLC38A1), STAT3, transferrin
receptor 2 (TFR2) and zinc Finger Protein 419 (ZNF419)
(Fig. 10). The immune infiltration of neutrophils was positively
associated with expression of ALOXE3, ATG16L1, BRD4,
CBS, DRD5, EPAS1, MAPK14, MT3, MTOR, peroxiredoxin
6 (PRDX6), PSATI, SETDIB, SLC38A1, STAT3, TFR2 and
ZNF419, whereas it was negatively correlated with antithymo-
cyte globulin 3 (ATG3), ATGS, CDKNI1A, CCAAT enhancer
binding protein (CEBPG), charged multivesicular body protein
5 (CHMPS), CYBB, DNA damage inducible transcript 4
(DDIT4), GTP cyclohydrolase 1 (GCHI), high mobility group
box 1 (HMGBI1), HMOX1, HSPAS, HSPBI1, Lon protease
1 (LONPI1), lysophosphatidylcholine acyltransferase 3
(LPCAT?3), MAPK9, SLC3A2, SNX4 and TNFAIP3 (Fig. 11).
CDKNI1A and CXC motif chemokine ligand 2 (CXCL2) levels
were negatively associated with levels of resting NK cells
(Fig. 12). A positive association between activated NK cells
and CDKNI1A, activated dendritic cells and GABA type A
receptor-associated protein 2 and plasma cells and HMOX1
expression was found in this analysis (Fig. 12). Moreover, MO
macrophages were positively associated with expression of
CBS,EPASI and TFR2 (Fig. 12). The present results suggested
that DFGs were associated with immune infiltration in CKD.

Validating DFGs in CKD. To confirm GSE15072 dataset
reliability, the expression of the top nine DFGs was assessed
in the CKD animal model via RT-qPCR. To confirm that the
present CKD model rat accurately recapitulated the features
of this disease, levels of BUN and Scr in these animals were
measured (Fig. 13A and B). This analysis found that Adriamycin
induced a significant decrease in renal function, characterized
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by increased BUN and Scr levels (P<0.001). Subsequently,
the effect of Adriamycin on renal tissue morphology was
considered by analysing H&E and PAS-stained tissue sections
(Fig. 13C and D). Relative to healthy controls, kidney samples
from CKD group animals exhibited focal glomerular sclerosis
in some glomerular and interstitial lesions, interstitial inflam-
matory infiltrate, tubular dilatation and atrophy and adenine
crystalline deposits. Furthermore, Masson's trichrome stain of
CKD rats displayed collagen fibril accumulation (blue) in the
tubulointerstitium (Fig. 13E).

The aforementioned results suggested that a well-charac-
terized model of CKD was successfully established. RT-qPCR,
results shown that the expression levels of STAT3, MAPK14,
HSPAS, MTOR and SLC2Alwere significantly higher in
CKD rats compared with normal kidney samples (Fig. 14).
However, expression of JUN, VEGF, HMOX1 and ATF3 was
not significantly different between these groups (Fig. 14).

Discussion

Ferroptosis is regulated by a series of factors and signalling
pathways linked with various metabolic changes, such as
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abnormal amino acid metabolism, iron accumulation and  proven to iron uptake increase and/or iron export impairment
subsequent lipid peroxidation (6). Iron deposition has been in the kidneys of patients with CKD (30), which suggests that
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Figure 7. Spearman correlation analysis of 49 differentially expressed ferroptosis-associated genes.

the CKD-associated renal iron accumulation may first induce
ferroptosis, with iron playing a detrimental role in CKD.
The present study investigated the key ferroptosis-associated
regulatory genes in PBMCs isolated from patients with CKD.
These findings clarify the correlation between ferroptosis and
CKD, which may help screen novel biomarkers for the early
diagnosis and treatment of CKD.

In the present study, DFGs of CKD were first determined
by comparing the gene expression profiles of healthy controls
and patients with CKD. A total of 49 CKD-associated
ferroptosis genes were found, which revealed that ferrop-
tosis-associated genes were involved in CKD pathogenesis,
providing potential pharmacological targets. Functions of the
identified DFGs were explored by GO and KEGG enrich-
ment analysis. Moreover, GO and KEGG analyses revealed
that these 49 DFGs were primarily associated with ‘response
to nutrient levels’, ‘autophagy’, ‘HIF-1 signalling pathway’,
‘ferroptosis’, ‘lipid’ and ‘atherosclerosis’. These pathways were
involved in CKD. Previous studies indicated that ferroptosis
is important in apoptosis of renal tubular epithelial cells and

epithelial-mesenchymal transition of renal tubular cells (31-33).
Zhao et al (34) discovered that hypoxia-inducible factor-1
activate Notch-1 transcriptionally and post-transcriptionally
and promotes renal fibrosis in a cisplatin-induced mouse
CKD model. Targeted inhibition of kidney cells ferroptosis in
patients with CKD may be a novel direction for the therapy of
CKD.

The STRING database was used to generate DFG PPI
networks and nine hub genes for ferroptosis in CKD were
identified by Cytoscape software: STAT3, JUN, MTOR,
VEGF, HMOX1, HSPAS5, MAPK14, ATF3 and SLC2AL.
For bioinformatics, the top nine DFGs were validated via
RT-gPCR in the kidney of the CKD rat model. This confirmed
that STAT3, MAPK14, HSPAS, MTOR and SLC2A1 levels
in the kidney of the CKD animal model were significantly
increased compared with those in the normal controls. STAT3
plays a key role in tumorigenesis and inflammation (35). Its
activation via phosphorylation increases lysosomal membrane
permeability and promotes survival of breast cancer cells in
the context of erastin-induced ferroptosis (36). MAPK14 is a
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Figure 11. Correlation between ferroptosis-associated gene expression and immune infiltration of neutrophils in chronic kidney disease. ATG, antithymocyte
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key part of the MAP kinase signal transduction pathway, which
is crucial for mitophagy (37). HSPAS directly protects cells
from endoplasmic reticulum stress due to ROS damage (38).
The atypical serine/threonine kinase mTOR is a key cell
proliferation and metabolism regulator. mTOR accelerates
anabolic processes such as nucleotide, fatty acid, ribosome
biogenesis and protein and lipid synthesis and inhibits cata-
bolic processes such as autophagy (39). SLC2A1 encodes

glucose transporter-1 (GLUT1), which is the primary glucose
transport protein present in the blood-brain barrier (40). To
the best of our knowledge, however, how these genes influence
CKD pathogenesis remains unclear and warrants further
exploration.

Certain genes are associated with pathogenesis of CKD.
For example, the activation of the transcriptional regulator
STAT3 has been reported in tubular cells following kidney
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Figure 14. RNA levels of the top nine ferroptosis-associated genes measured
in CKD and healthy kidney tissue. RNA levels of STAT3, JUN, MTOR,
VEGF, HMOX1, HSPAS, MAPK 14, ATF3 and SLC2A1 were compared via
reverse transcription-quantitative PCR analysis of kidney tissue. "P<0.05 and
“"P<0.001 vs. healthy control. Data are presented as the mean * standard
deviation and comparisons were performed using the two-sided unpaired
Student's t test. CKD, chronic kidney disease; VEGF, vascular endothe-
lial-derived growth factor; HMOX1, heme oxygenase 1; HSPAS, heat shock
protein AS; ATF3, activation transcription factor 3; SLC2A1, solute carrier
family 2 member 1.

damage, consistent with a potential role for STAT3 as a driver
of CKD (41). Wang et al (42) suggested a role for mTOR as a
mediator of CKD pathogenesis and that treatment with mTOR
inhibitor rapamycin suppresses this signalling activity to
protect against CKD. In a diabetic nephropathy model, HSPAS
has also been reported to be upregulated, with similar findings
in UUO-induced renal fibrosis model (43,44). To the best of our
knowledge, although no prior reports have specifically anal-
ysed SLC2A1 or MAPK14 in the context of CKD, knocking
down MAPK14 promotes downregulation of cell division
cycle 25B and suppresses clear cell renal cell carcinoma
proliferative and migratory activity (45). In addition, GLUT1
deficiency syndrome is linked to the translational initiation
of SLC2A1 via upstream regulatory mechanisms (46). The
precise mechanistic pathways by which these verified genes
affect development and progression of CKD, however, remain
unclear. In the present analysis, RT-qPCR revealed that
CKD was associated with upregulation of STAT3, MAPK14,
HSPAS, MTOR and SLC2AL. Further investigation exploring
genes downregulated in CKD is thus warranted.

Studies have highlighted the importance of ferroptotic cell
death as a contributing factor to CKD incidence. For example,
a recent study utilizing the UUO-induced renal fibrosis model
system demonstrated that regulation of ferroptotic signalling can
protect against renal damage (47). Wang et al (48) observed the
induction of ferroptotic activity in a 5/6 nephrectomy-induced
(one whole kidney is removed and the poles of the remaining
kidney are ablated) CKD model and determined that dysregu-
lated iron metabolism promotes this deleterious activity.
Accordingly, the use of ferroptosis-inhibiting compounds, such
as deferoxamine or ferrostatin-1, can protect against intersti-
tial fibrosis, renal damage and accumulation of inflammatory
cells in IRI or UUO-induced mice (7,49). In a UUO-induced
renal fibrosis mouse model, tocilizumab mimotope treatment
protects against renal injury and fibrotic activity by inhibiting
ferroptosis (47). Together, these data highlight the key role of
ferroptosis in pathogenic progression of CKD.

PBMC populations include multipotent progenitor cells
that give rise to a diverse array of immune cell types, thereby
coordinating both physiological and pathological immu-
nological activity (50). Many immunosuppressive agents
have been used for immune-mediated renal disease such as
acute kidney injury, CKD and graft-versus-host disease (51).
Immunosuppressor use in CKD is still under debate because
only patients exhibiting large amounts of proteinuria will
receive these treatments to balance the benefit and risks of
immunosuppression (51). Preliminary data indicated that
ferroptosis may induce immune cell-induced cell death (52,53).
System xc” (an exchange agency) levels are decreased in
response to IFNy (52), which is secreted by CD8* T cells was
recently reported to be involved in increasing tumour cell
sensitivity towards ferroptosis. Another report revealed that
IL-4 and IL-13 inhibit the expression of GPX4 in kidney cells
and other cell types, corresponding to increased ALOX15
expression, thus allowing a robust generation of inflammatory
arachidonic acid metabolites (53). The present study system-
atically analysed differential expression of immune cells and
DFGs in CKD. DFGs in CKD were primarily associated with
naive CD4* T cells, Tregs, monocytes, neutrophils, resting and
activated NK cells and activated dendritic cells.

However, the current study had limitations. Firstly, the
amount of data analysed was small from the GSE15072 dataset
and bioinformatics findings were obtained from blood samples
and not kidney tissue of patients with CKD. Secondly, the
clinical information downloaded from the GSE15072 dataset
is incomplete, especially demographic data and clinical index,
which may be helpful to understand the basic clinical features
of patients with CKD and HD. Thirdly, experimental verifi-
cation was performed on the kidney tissue of CKD rats; the
present data need to be further verified in a higher number of
CKD clinical samples. Moreover, the underlying mechanisms
of ferroptosis and CKD, as well as the dysregulated genes in
CKD and HD, need to be further demonstrated. However,
potential therapeutic target genes and pathways were screened
via bioinformatics, which may provide a theoretical founda-
tion for further studies on therapeutic interventions, although
clinical validation of these results is critical.

Altogether, the present findings suggested STAT3,
MAPK14,HSPAS5,MTOR and SLC2A1 as potential diagnostic
and therapeutic biomarkers for CKD, providing evidence
regarding the key role of ferroptosis in CKD.
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