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Acute kidney injury (AKI) is a common and critical clinical condition with complex pathogenesis and limited early intervention
options. Ferroptosis, an iron-dependent form of cell death driven by lipid peroxidation, plays a pivotal role in AKI development. This
study aimed to investigate ferroptosis-related gene expression, spatial distribution, and immune interactions in AKI to identify
potential therapeutic targets. We analyzed gene expression changes in a mouse model of ischemia-reperfusion-induced AKI and
constructed a machine learning-based diagnostic model. This model identified five ferroptosis-related genes (TFRC, TXNRD1,
SLC39A14, GCLM, and HMOX1) closely associated with immune cell infiltration. Integration of single-cell and spatial transcriptomics
revealed that these genes were predominantly expressed in proximal tubule cells. Notably, TFRC exhibited distinct spatial proximity
to infiltrating macrophages. In vivo, administration of the ferroptosis inhibitor NSC306711 significantly reduced macrophage
infiltration and renal injury, as confirmed by immunofluorescence. In vitro, co-culture experiments showed that TfR1 degradation
alleviated hypoxia-reoxygenation injury in tubular cells and attenuated immune cell activation. This study highlights the central
role of ferroptosis in AKI pathogenesis and its interaction with immune components in the renal microenvironment. Targeting
ferroptosis, particularly TFRC, may offer a promising strategy to mitigate kidney injury and immune activation in AKI.
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INTRODUCTION

Acute kidney injury (AKIl) is a common and severe clinical
condition with high morbidity and mortality rates [1]. It is
primarily characterized by a rapid decline in kidney function over
a short period, accompanied by the retention of uremic waste
products such as creatinine and urea nitrogen, as well as
disturbances in water, electrolyte, and acid-base balance [2]. The
incidence of AKl is around 10-15% in hospitalized patients, and it
affects up to 50% of patients in intensive care units [3-6]. Globally,
approximately 13.3 million new cases of AKI occur each year,
leading to 1.7 million deaths [7]. The major causes of AKI include
ischemia-reperfusion (IR) injury, nephrotoxic substances, sepsis,
and the use of contrast agents [7, 8]. Based on the underlying
cause, AKI can be classified into prerenal (51.8%), renal (27.6%),
and postrenal (8.8%) types [9]. Renal ischemia-reperfusion injury is
primarily caused by prerenal factors, including hypovolemia,
peripheral vasodilation, decreased cardiac output, and renal
vasoconstriction [10, 11]. Although recent randomized controlled
trials on AKIl early warning have reported negative results [12, 13],
there are still some promising preventive strategies yielding up for
AKI, such as ischemic preconditioning [14] and intravenous amino
acid injection [15]. Therefore, it is still of significant value to
explore earlier and more accurate AKI biomarkers and models via

multi-omics approaches to achieve precise prediction of AKI, and
to gain a deeper understanding of the pathophysiological
characteristics of AKI.

Ferroptosis has emerged as a new type of programmed cell
death and is characterized by iron accumulation and lipid
peroxidation, leading to the oxidative destruction of cell
membranes and ultimately cell death [16, 17]. Ferroptosis has
been reported to participate in the pathophysiological processes
of various diseases, including cancers, nervous system diseases
such as Huntington's disease, Alzheimer’s disease, and Parkinson’s
disease [18], acute liver injury [19], as well as acute kidney injury
[20]. The regulation of ferroptosis has become a hotspot in AKI
etiological research and treatment [21]. Synergistically with
autophagy and necroptosis, ferroptosis regulates cell death in
AKI and triggers inflammation through immunogenicity. Damage-
associated molecular patterns (DAMPs) and alarmins are released
in this process, which further alert the innate immune system and
shape the inflammatory response to cell death [21]. However,
limited literature about the molecular and signaling pathways
through which ferroptosis regulates the immune microenviron-
ment in AKI has been reported.

This study aimed to reveal the expression pattern of the
ferroptosis gene signature in AKI human and mouse samples by
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bulk-RNA sequencing, single-cell RNA sequencing, and spatial
transcriptome. We also developed a robust diagnostic model to
identify early AKI patients using ferroptosis-related genes with
receiver operator characteristic curve and calibration curve
analysis. Further, we explored the relationship between
ferroptosis-related genes and immune microenvironment at the
scRNA-seq and spatial transcriptomic level, and revealed that Tfrc*
proximal tubule cells (PTCs) demonstrated both closer proximity
and stronger communication, implying that TFRC acted as a crucial
role in ferroptosis and immunomodulation in AKIl. Finally, by
inhibiting TFRC in the IR-AKI mice model, we validated the
intercellular cooperation between PTCs and macrophages. Our
study demonstrated the crucial genes of ferroptosis in AKI
development and immune activation from multi-omics
perspectives.

METHODS

Design of the study

This study aims to investigate the role of dysregulated ferroptosis-related
gene expression in IR-AKI and its association with immune activation.
Leveraging machine learning models, single-cell RNA sequencing (scRNA-
seq), and spatial transcriptomics, we conducted a comprehensive analysis
based on spatiotemporal transcriptomics, validated through experimental
data. The workflow of the study is as Fig. 1a showed.

Data acquisition and processing

Single-cell RNA sequencing dataset (GSE139506) was downloaded from
the Gene Expression Omnibus (GEO) database (www.ncbi.nlm.nih.gov/
geo). Cell types were identified and clustered by the Seurat pipeline [22].
The expression profiles and survival data of the GSE43974 dataset
containing both human IR-AKI biopsy samples(n = 101) and control kidney
biopsies from living donors(n =37) were downloaded from the GEO
database. The ferroptosis gene list (WP_FERROPTOSIS.v2024.1.Hs.gmt) and
local acute inflammatory response gene list (BIOCARTA_LAIR -
PATHWAY.v2024.1.Hs.gmt) were obtained from the GSEA|MSigDB
(https://www.gsea-msigdb.org/gsea/msigdb) database (Supplementary
Tables 1 and 2). Finally, 64 ferroptosis genes and 17 local acute
inflammatory response genes were included in the following analysis.

Calculation of ferroptosis scores

In bulk-RNA sequencing datasets, ssGSEA was performed to obtain the
ferroptosis score using the GSVA algorithm [23]. In scRNA sequencing
datasets, the ferroptosis score for each cell type was computed based on a
ferroptosis gene set, calculated using the “AddModuleScore” algorithm as
previously described [24].

Differential analysis of ferroptosis genes between AKI and
control human samples

Differential gene analysis was performed using the “limma” package in R
[25]. Genes with an adjusted p-value (adj.P.Val) less than 0.05 and an
absolute log2 fold change (log2fc) threshold of 0.5 were considered
differentially expressed. The visualization of differentially expressed genes
was achieved using the “ggplot2” package, generating volcano plots and
heatmaps. For volcano plots, a more stringent threshold of adj.P.Val < 0.01
was applied specifically for ferroptosis-related genes. Heatmaps were
utilized to intuitively compare the expression patterns of differentially
expressed ferroptosis-related genes across AKI and control samples. The
“ggpubr” package was employed for comparing the expression levels of
key ferroptosis-related genes between the two groups, followed by
statistical analysis [26].

Construction and evaluation of an AKI diagnostic model with
differentially expressed ferroptosis genes

The “svmRadial” function in the “caret” package was applied [27]. The
screened gene variables were further reduced by the “randomForest”
algorithm [28]. Genes with MeanDecreaseGini scores greater than 0 were
selected as ferroptosis-related genes. These selected genes were then
subjected to multicox logistic regression analysis to explore their
predisposition towards AKI, leading to the construction of a glm predictive
model. The “forestploter” algorithm was employed to visualize the hazard
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ratios of the genes obtained from the multicox regression. The accuracy of
the model in diagnosing AKI, represented by the Area Under the Curve
(AUQ) value, was evaluated using the “pROC” package.

The ferroptosis-related AKI diagnostic model was internally validated
through repeated bootstrap resampling using the “boot” package to
ensure comprehensive accuracy [29]. The “decision_curve” function was
employed to compare the standardized net benefit of single versus
multiple genes for joint predictions, determining the optimal diagnostic
model [30]. Additionally, the “regplot” package was utilized to create a
nomogram predicting individualized AKI propensity [31].

Immune infiltration and inflammatory cytokine analysis
CIBERSORT was used for the immune cell analysis of the bulk-RNA
expression data [32]. FPKM values were used due to their superiority for
deconvolution analysis. CIBERSORT will automatically choose the record
with the highest mean expression across the mixtures during analysis. The
created gene expression file with the 138 cases was uploaded to
CIBERSORT as a mixture file, and CIBERSORT was run with the following
options: relative and absolute modes together, LM22 signature gene file,
100 permutations, and quantile normalization disabled. One hundred
permutations were used as the recommended minimum, but the use of
1000 permutations showed no change in the returned absolute proportion
of each cell type. The inflammatory cytokine dataset (BIOCARTA_IN-
FLAM_PATHWAY.v7.5.1) was downloaded from GSEA|MSigDB (https://
www.gsea-msigdb.org/gsea/msigdb) database (Supplementary Table 3).
The correlation analysis between immune infiltration or the expression of
inflammatory cytokine and model ferroptosis genes was performed by the
Pearson test in the “psych” package and visualized in a heatmap by the
“ggplot” function in the “ggsci” package.

RNA-seq bulk clustering of AKI patients

The k-Means algorithm in the “ConsensusClusterPlus” package was applied
to partition AKI patients into three subgroups based on the expression of
ferroptosis genes [33]. The optimized cluster number (with k ranging from
2 to 10) was selected by consensusScore. The procedure was repeated 100
times to ensure the reproducibility of the results. The results of the k-
Means clustering of AKI patients were visualized by the “pheatmap”
package.

Cell-to-cell crosstalk analysis

We analyzed intercellular communication using the CellChat package,
which determines intercellular interactions by assessing the expression of
ligand and receptor pairs within a cell population [34-36]. In principle,
CellChat applies network analysis and pattern recognition methods to
predict the signal inputs and outputs of cells and how these signals
regulate cellular function, and thus assess intercellular crosstalk [37].

Single-cell pseudotime analysis

To explore the potential influence of ferroptosis-related gene signature on
the development of proximal tubule cells in the AKI progression, we
employed the “CytoTRACE” and “Monocle2” R packages to conduct
pseudotime analysis on the scRNA-seq AKI dataset. CytoTRACE is a
powerful computational framework for predicting cell differentiation states
using scRNA-seq data. By capturing, smoothing, and calculating the
expression levels of genes that are highly correlated with single-cell gene
counts in single-cell RNA sequencing (scRNA-Seq) data, each single cell
receives a score ranging from 0 to 1 that represents its stemness within a
specific dataset. A higher score indicates greater stemness (lower
differentiation) and vice versa. The R package CytoTRACE v0.3.3 was used
to calculate the CytoTRACE scores for proximal tubule cells [38]. Size
factors and dispersions were estimated, and highly variable features were
identified within the Monocle object [39]. Cell differentiation states were
determined using the DDRtree method and the “reduceDimension”
function within the monocle package [40]. The “plot_cell_trajectory”
function was applied to visualize the trajectory of cell differentiation. The
results from CytoTRACE were clearly depicted on the cell developmental
trajectories obtained from Monocle analysis.

Spatial transcriptomic analysis

Seurat pipeline for spatial transcriptomic analysis was employed. Initial
data preprocessing involved filtering out mitochondrial and ribosomal
genes, as well as genes expressing fewer than 10 spots [41]. The expression
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Fig. 1 Flowchart of the study and differential expression analysis of ferroptosis-related genes in human IR-AKI and control samples.
a Schematic representation of the experimental workflow employed in this study, depicting the key steps involved in data collection, analysis,
and interpretation. b Comparison of ferroptosis scores obtained in GSVA between the AKI and normal kidney samples. ¢ The volcano plot
depicting the differentially expressed ferroptosis-related genes, with colors indicating upregulation or downregulation, and the size of circles
representing fold changes. d The heatmap comparing the expression patterns of ferroptosis-related genes in the AKI and normal kidney
samples, with the color blocks representing the levels of gene expression. e The boxplot showing the statistical comparison of ferroptosis-
related gene expression between the AKI and normal kidney samples. The Mann-Whitney-Wilcoxon test was applied between the two
groups. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. BIR: bilateral IR.
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profile was subsequently subjected to SCTransform. To visualize the
section’s landscape, the SpatialDimPlot and SpatialFeaturePlot functions
were utilized. Gene set evaluation was conducted through the AddModu-
leScore function. Spatial deconvolution was done by the RCTD method; the
aforementioned single-cell RNA sequencing data was used as references
[42]. The spatial correlations among the deconvolved spots were assessed
by SPOTIlight [43].

Spatial cell-cell interaction analysis

The intercellular communication networks within spatial transcriptomic
sequencing data were investigated by the stlLearn CCl (Cell-Cell
Interaction) pipeline [44]. Ligand-receptor-mediated interactions between
different annotated spots were examined by the “st.tl.cci.run” function. The
“st.pl.ccinet_plot” function was employed to visually represent the quantity
and potency of the communication among the annotated spots. The
assessment of major ligand-receptor pairs across all AKI cell spots was
conducted utilizing connectomeDB2020lit.Human database [45].

Weighted gene co-expression network analysis (WGCNA) and
enrichment analysis

Gene co-expression networks were constructed using the “WGCNA R”
package [46]. Raw expression data were normalized and filtered to retain
genes with high variability. A signed weighted adjacency matrix was
generated by raising the pairwise Pearson correlation coefficients between
genes to a soft thresholding power (B). The optimal B-value was
determined using the scale-free topology criterion (R*>0.85) to ensure a
biologically meaningful network structure 48. The topological overlap
matrix (TOM) was computed to minimize noise and enhance module
detection 8 [47]. Within key modules, intramodular connectivity (kME) and
gene significance (GS) were calculated to prioritize hub genes. Genes with
kME > 0.8 and high GS (p < 0.01) were considered central drivers of module
function [48]. The hub genes identified by WGCNA analysis were subjected
to enrichment analysis using https://metascape.org/ [49].

IR injury animal model for validation

Male C57BL/6 mice aging 6-8 weeks were anesthetized and underwent
aseptic surgical procedures. Male mice were exclusively used in this study
to avoid the influence of hormonal fluctuations associated with the estrous
cycle in females, which may affect renal ischemia-reperfusion outcomes
[50]. Through a midline abdominal incision, bilateral renal arteries were
gently clamped using non-traumatic vascular clamps, inducing ischemia.
The duration of ischemia was 27 min, and subsequent reperfusion was
initiated by releasing the clamps. Sham-operated mice underwent identical
anesthesia and surgical procedures without vascular occlusion, serving as
control counterparts. During ischemia, body temperature was maintained
at 36.5-37.5 °C using an electric heating pad with continuous monitoring
of rectal temperature. The depth of anesthesia was continuously
monitored to ensure the animals’ well-being. Post-surgery, mice received
appropriate post-operative care. Post-surgery, mice received appropriate
post-operative care. Kidney tissues and blood samples were collected 24 h
after reperfusion for further analyses. The successful establishment of the
IR model was validated through meticulous assessment methods,
including renal function parameters, serum biomarker analysis, and
histological examination [51]. Mice treated with the TfR1 degradation
agent underwent surgery 30 min after an intraperitoneal injection of
10 mg/kg NSC306711 [52].

Western blot

Cell or tissue samples were homogenized in lysis buffer, and protein
concentrations were determined using the BCA assay. Equal amounts of
proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose or
polyvinylidene fluoride (PVDF) membrane. After blocking with non-fat milk
or bovine serum albumin, the membrane was probed with specific primary
antibodies, including neutrophil gelatinase-associated lipocalin  (NGAL)
(abcam, ab125075, 1:1000), TfR1 (abcam, EPR20584, 1:1000), and GAPDH
(proteintech, 10494-1-AP, 1:5000), overnight at 4 °C. Following incubation
with corresponding secondary antibodies, protein bands were visualized
using chemiluminescence detection reagents. Quantification of band
intensity was performed by GraphPad 9.1.1, and target protein levels were
normalized against GAPDH. Each experiment was repeated independently to
ensure the reliability and reproducibility of the obtained results. Figi 1.0 was
employed to conduct the image and statistical analysis [53].
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Hematoxylin and eosin (HE) staining, immunohistochemistry,
immunofluorescence, and DHE staining

Kidney tissues were fixed in 4% paraformaldehyde overnight at 4°C,
dehydrated through a graded ethanol series, cleared in xylene, and
embedded in paraffin. Sections of 4 um thickness were cut, deparaffinized,
and rehydrated. The sections were stained with hematoxylin solution for
5 min, rinsed in running tap water, differentiated in 1% acid alcohol, and
blued in 0.2% ammonia water. After counterstaining with eosin solution for
2 min, the sections were dehydrated, cleared, and mounted with neutral
resin. Histological changes were observed and imaged under a light
microscope.

Paraffin-embedded tissue sections were baked at 60 °C for 20 min to
1-2 h, followed by deparaffinization in xylene and rehydration through a
graded alcohol series. Antigen retrieval was performed by heating the
sections in retrieval buffer until boiling, then maintaining at medium-low
temperature for 15-20 min, followed by natural cooling and PBS washes.
Sections were blocked with serum and incubated overnight at 4 °C with
primary antibodies: TfR1 (Abcam, EPR20584, 1:100), F4/80 (CST, 70076,
1:800), and AQP1 (Abcam, ab168387, 1:50). Appropriate HRP-conjugated or
fluorescent secondary antibodies were then applied at room temperature.
For immunohistochemistry, DAB was used for color development, followed
by hematoxylin counterstaining [54]. For immunofluorescence, TSA
amplification was applied, nuclei were stained with DAPI, and slides were
mounted with antifade medium [55].

Intracellular lipid reactive oxygen species (ROS) levels were detected
using frozen tissue sections stained with dihydroethidium (DHE). Sections
were allowed to equilibrate to room temperature and air-dried, then
washed three times in PBS (pH 7.4) for 5 min each. Sections were circled
with a hydrophobic barrier pen to prevent reagent runoff and incubated
with DHE solution, fully covering the tissue, at room temperature in the
dark for 30 min. After three additional PBS washes (5 min each), DAPI
staining was performed at room temperature in the dark for 10 min.
Sections were washed and mounted with antifade medium. Fluorescence
was observed and imaged using an inverted fluorescence microscope [56].

Intracellular ROS detection

Intracellular ROS levels in HK2 cells were measured using the DCFH-DA
Reactive Oxygen Species Assay Kit (Beyotime, S0034) following the
manufacturer’s instructions. Briefly, cells were seeded in 6-well plates
and subjected to the experimental treatments. After treatment, cells were
washed twice with serum-free DMEM and incubated with 10 pM DCFH-DA
in serum-free medium at 37°C for 20-30 min in the dark. Following
incubation, cells were washed three times with serum-free medium to
remove excess probe.

For fluorescence microscopy, cells were observed under an inverted
fluorescence microscope (FITC channel, excitation 485 nm/emission
530 nm), and representative images were captured. For flow cytometry
analysis, cells were trypsinized, resuspended in PBS, and analyzed on a
flow cytometer to determine the mean fluorescence intensity and the
percentage of DCF-positive cells. Data were quantified using FlowJo
software.

Cell culture and treatment

Human renal proximal tubular epithelial cells (HK2; Cell Bank of the
Chinese Academy of Sciences, Shanghai, China) were cultured in DMEM/
F12 medium (Gibco) supplemented with 10% fetal bovine serum (FBS;
FDCC, Shanghai, China) and 1% penicillin-streptomycin (Sigma-Aldrich)
at 37 °C under 5% CO, [53]. For hypoxia/reoxygenation (H/R) induction,
cells were placed in a modular hypoxic chamber (MGC, #D-07Anaero-
Pack) flushed with a gas mixture (1% O,, 94% N,, 5% CO,) for 12h,
followed by 6 h of reoxygenation under normoxic conditions (21% O,)
[57]. To evaluate pharmacological effects, HK2 cells were pretreated
with 10 uM NSC306711 (ProbeChem, #PC-61207) for 6 h prior to H/R
exposure [58].

THP-1 monocytes (ATCC) were maintained in RPMI-1640 medium
(HyClone) containing 10% FBS and 0.05 mM B-mercaptoethanol (Thermo
Fisher Scientific). Cells were passaged every 2-3 days and seeded at 5 x 10°
cells/mL in 6-well plates (Corning) for co-culture experiments [59].

A co-culture system was established to explore the impact of
conditioned medium (CM) on THP-1 cells. CM was collected from HK2
cells after 12-h hypoxia, centrifuged at 1500 x g for 10 min, and filtered
through a 0.22 ym membrane to remove debris. THP-1 cells were first
differentiated by stimulation with phorbol 12-myristate 13-acetate (PMA;
100 ng/mL, Sigma) for 48 h, and subsequently incubated for 6h in a
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Table 1. Primers used for qPCR amplification in human cell lines.

Gene Primer sequence (Forward) 5'-3' Primer sequence (Reverse) 5'-3’
GAPDH GGAGCGAGATCCCTCCAAAAT GGGCTGTTGTCATACTTCTCATGG
TFRC ACCATTGTCATATACCCGGTTCA CAATAGCCCAAGTAGCCAATCAT
NGAL TTGGGACAGGGAAGACGA TCACGCTGGGCAACATTA

GPX4 GAGGCAAGACCGAAGTAAACTAC CCGAACTGGTTACACGGGAA
SLC7AT11 TCTCCAAAGGAGGTTACCTGC AGACTCCCCTCAGTAAAGTGAC
IL1B ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA

L6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG
TNF CCTCTCTCTAATCAGCCCTCTG GAGGACCTGGGAGTAGATGAG
Table 2. Primers used for qPCR amplification in mouse samples.

Gene Primer Sequence (Forward) 5'-3' Primer Sequence (Reverse) 5-3’
Gapdh AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA

Gpx4 TGTGCATCCCGCGATGATT CCCTGTACTTATCCAGGCAGA
Slc7all GGCACCGTCATCGGATCAG CTCCACAGGCAGACCAGAAAA

medium composed of 50% CM and 50% fresh complete medium, as
previously described [60].

Reverse transcription-PCR and real-time quantitative PCR
Total RNA was isolated from tissues or cells using TRIzol reagent
(Sigma-Aldrich). For cDNA synthesis, 500 ng of purified RNA was reverse-
transcribed with the PrimeScript RT Master Mix (Takara Bio). Real-time
quantitative PCR (qPCR) was performed using the SYBR Premix Ex Taq kit
(Takara Bio) on a real-time PCR system, following the manufacturer’s
protocol.

The relative mRNA expression levels of target genes were calculated
using the 2" 2% method, normalized to the endogenous reference gene
GAPDH [53]. Primer sequences are listed in Tables 1 and 2.

Cell viability assay

HK2 cells were seeded in 96-well plates at a density of 5 x 10° cells per well
and allowed to adhere overnight. After the indicated treatments, the
culture medium was replaced with fresh medium containing 10 pL of CCK-
8 reagent (Beyotime, Cell Counting Kit-8, C0037) per well. Cells were
incubated at 37°C for 0.5-2h, and the absorbance at 450 nm was
measured using a microplate reader. Relative cell viability was calculated
by comparing the absorbance of treated wells to that of control wells
according to the manufacturer’s instructions.

Statistical analyses

For in vitro experiments, all assays were performed with at least three
independent biological replicates (n = 3) to ensure reproducibility, consistent
with standard practice in cell-based studies [61, 62]. For in vivo mouse
experiments, each experimental group included six animals (n = 6), which is
commonly used in preliminary studies to detect biologically meaningful
effects while adhering to ethical considerations regarding animal use [62, 63].
Sample sizes were chosen based on previous literature and feasibility, and all
experiments were repeated independently to confirm the findings. No
blinding was performed during animal allocation or outcome assessment. All
statistical analyses in our study were performed using appropriate and
justified tests. The data met the assumptions required for these tests,
including normal distribution where applicable. Estimates of variation within
each group are presented as mean+SEM (or SD as specified), and the
variance between groups being compared was confirmed to be similar.
Statistical significance was set at P < 0.05.

RESULTS

Ferroptosis-related differentially expressed genes in IR-AKI
and control human samples

Utilizing the Gene Set Variation Analysis (GSVA) algorithm, we
observed a significant increase in the enrichment scores of the
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ferroptosis-related gene set in IR-AKI patients (Fig. 1b). The
volcano plot illustrated a distinct expression pattern of ferroptosis-
related genes in AKI group (Fig. 1c). Differentially Expressed Genes
(DEGs) analysis identified 17 genes(Fig. 1d). Among the upregu-
lated genes, TFRC (transferrin receptor protein 1), TXNRD1
(thioredoxin reductase 1), SLC39A74 (solute carrier family 39
member 14), GCLM (glutamate-cysteine ligase modifier subunit),
and HMOX1 (heme oxygenase 1) were notably prominent.
Conversely, the downregulated genes included SLCT1A2 (solute
carrier family 11 member 2), POR (cytochrome P450 oxidoreduc-
tase), and CISD1 (CDGSH iron-sulfur domain-containing protein 1).
The correlations among these DEGs are shown in Supplementary
Fig. 1a, b. These genes exhibited statistically significant differences
in expression between human IR-AKI and control samples (Fig. 1e).
Together, these results demonstrated a unique ferroptosis-related
profile in IR-AKI patients.

Construction and validation of the ferroptosis-related IR-AKI
diagnostic model

To further investigate the significance of ferroptosis-related genes
in acute kidney injury (AKl), we applied machine learning
approaches to prioritize these genes. Specifically, we utilized the
Random Forest algorithm and the Support Vector Machine-
Recursive Feature Elimination (SVM-RFE) method. The Random
Forest model performance curve is shown in Fig. 2a, and based on
importance rankings, the top ten ferroptosis-related genes were
identified (Fig. 2a, b). Subsequent SVM-RFE analysis further refined
this list to five key genes, with their expression validation results
shown in Fig. 2c. A Venn diagram illustrating the overlap among
genes identified by differential expression analysis, Random
Forest, and SVM-RFE highlighted five hub genes: SLC39A14, TFRC,
HMOX1, TXNRD1, and GCLM (Fig. 2d).

Multivariate logistic regression analysis revealed a significant
association between ferroptosis-related genes and AKI suscept-
ibility. Among the five genes, TFRC emerged as the only
statistically significant risk factor, with an odds ratio (OR) of 7.94
(95% Cl: 3.25-23.44) (Fig. 2e). These five genes were subsequently
incorporated into the construction of a diagnostic nomogram.
Receiver operating characteristic (ROC) analysis demonstrated that
the model achieved a high area under the curve (AUC) of 0.908
(Fig. 2f). Internal validation using bootstrap resampling and
calibration curve analysis consistently confirmed the model’s
robust predictive performance (Fig. 2g, h; Supplementary Fig. 2a,
b). Notably, the nomogram substantially outperformed any single
gene in diagnostic performance (Fig. 2i). Furthermore, decision
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curve analysis (DCA) demonstrated that, within a defined thresh-
old range, the nomogram provided a greater net clinical benefit
(Fig. 2j).

Importantly, correlation analysis showed that TFRC was not
significantly associated with other ferroptosis-related genes such
as FTHT and GPX4 in the control group, whereas in AKI patients,
TFRC exhibited a strong positive correlation with these genes
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(Supplementary Fig. 1c). These findings prompted us to focus
further investigations on TFRC. To validate transferrin receptor
(TfR1), encoded by TFRC, at the protein level, we established an IR-
AKI mouse model (workflow diagram shown in Fig. 2k). Western
blot analysis was performed to assess the expression of neutrophil
gelatinase-associated lipocalin (NGAL) and TfR1 in renal tissues.
NGAL levels were significantly elevated in the IR group, confirming
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Fig. 2 Construction and validation of the ferroptosis-related diagnostic model for IR-AKI. a Performance curve of the Random Forest
model used to evaluate model fitting. b Bar plot showing the top ten ferroptosis-related genes ranked by importance scores in the Random
Forest algorithm. ¢ Expression validation of five ferroptosis-related genes identified by Support Vector Machine-Recursive Feature Elimination
(SVM-RFE). d Venn diagram illustrating the overlapping feature genes identified by differential expression analysis, Random Forest, and SVM-
RFE algorithms. e Forest plot of the multivariate logistic regression analysis demonstrating odds ratios and 95% confidence intervals for the
five ferroptosis-related genes; only TFRC showed statistical significance. f Receiver operating characteristic (ROC) curve showing the diagnostic
performance of the five-gene model, with area under the curve (AUC) =0.908. g ROC curve generated from internal bootstrap validation.
h Calibration curve comparing the predicted probabilities versus observed outcomes, demonstrating excellent model calibration.
i Nomogram constructed based on the five ferroptosis-related genes to estimate individual AKI risk. j Decision curve analysis (DCA) evaluating
the net clinical benefit of the nomogram across a range of threshold probabilities. k Schematic representation of the in vivo experimental
workflow. | Western blot analysis validating increased protein expression of NGAL and TfR1 in kidney tissues from IR-AKI mice. *p < 0.05;

**6%p < 0.0001.
<

successful AKI model establishment. Quantitative analysis further
revealed that TfR1 expression was also significantly upregulated in
the IR-AKI group (Fig. 2I; Supplementary Material 1, 2).

The association between ferroptosis and local acute
inflammatory response

Additionally, we explored the immunomodulatory role of the five
model genes. We applied the CIBERSORT algorithm to analyze the
correlation between the five model genes and immune infiltration,
as well as the expression of inflammatory factors. Unlike the other
four genes, TFRC showed a strong positive association with
macrophages, including both M1 and M2 subtypes, as well as with
CD8+ T cells, osteoblasts, plasma cells, and smooth muscle cells. In
contrast, TFRC demonstrated a significant negative relationship
with various immune cell types, such as CD4+ T cells, NKT cells,
Treg cells, Th2 cells, memory B cells, and dendritic cells (DCs),
including subtypes pDC, ¢DC, aDC, iDC, and DC in general.
Notably, the other four genes mainly showed positive correlations
with dendritic cells, highlighting the unique immunological
association of TFRC (Fig. 3a). In terms of cytokines and
chemokines, TFRC showed a significant positive correlation with
the inflammatory factor HLA-DRB3, which is essential for antigen-
presenting cells such as macrophages, B lymphocytes, and
dendritic cells (Fig. 3b). In contrast, TXNRD1, SLC39A14, GCLM,
and HMOX1 demonstrated a positive correlation with M2
macrophages, and exhibited a positive correlation with inflam-
matory factors like CXCL8 and IL7 (Fig. 3a, b).

Subsequently, we classified AKI patients into three clusters
based on the expression levels of ferroptosis-related genes and
analyzed the differences among these clusters (Fig. 3c). Compared
to the other two clusters, patients in cluster 1 exhibited the
highest levels of local acute inflammatory responses (Fig. 3d) and
ferroptosis (Fig. 3e). The heatmap shows the expression of
ferroptosis-related genes in the three clusters of patients, as well
as the predicted probability of AKI based on the model
(Supplementary Fig. 2c). Additionally, the boxplot illustrates the
expression levels of 17 differentially expressed genes across the
three patient clusters (Supplementary Fig. 2d). WGCNA analysis
was further performed, starting with hierarchical clustering and
generating a dendrogram to remove outlier samples from the
dataset (Supplementary Fig. 3a, b). The scale independence plot
evaluates the network’s topological structure independence at
different power values. The mean connectivity plot is used to
assess the average connectivity of the network at different power
values. WGCNA analysis identified 13 gene modules (Fig. 3f),
among which cluster 1 patients were significantly negatively
correlated with the yellow and black modules. Enrichment analysis
revealed that the yellow and black modules were significantly
enriched in pathways related to damage repair, including cell
population proliferation, response to growth factor, negative
regulation of cell population proliferation, blood vessel develop-
ment, positive regulation of programmed cell death, and response
to wounding. Further analysis indicated that TFRC levels in cluster
1 patients were the highest among the three clusters (Fig. 3i), and
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correlation analysis showed that TFRC was not only significantly
positively correlated with ferroptosis (Spearman p=0.53,
p=1.5e-08), but also with local acute inflammatory responses
(Spearman p =0.21, p = 0.033) (Fig. 3j, k).

Ferroptosis-related proximal tubule cells exhibited an
enhanced interaction with the immune microenvironment
We explored the ferroptosis-related characteristics of AKI at a
single-cell level. In the scRNA-seq dataset GSE139506, cells were
categorized into distinct subtypes, including proximal tubule cells,
collecting duct epithelial cells (CDEC), fibroblast, endothelial cells,
podocytes, and macrophages (Fig. 4a, Supplementary Fig. 4a-f).
The overall level of ferroptosis in the AKI group was significantly
higher than in the sham group (Fig. 4b, Supplementary Fig. 4g).
Notably, PTCs exhibited the highest ferroptosis scores among all
cell types in AKI samples (Fig. 4c).

Cell localization analysis revealed that TFRC was predominantly
expressed in PTCs of the AKI kidney (Fig. 4d). We classified the
PTCs from AKI mice kidneys into Tfrc" PTCs and Tfrc-PTCs based on
Tfrc expression. CellChat analysis indicated that Tfrct PTCs had
more interaction pathways with macrophages compared to Tfrc’
PTCs (Fig. 4e). Receptor-ligand analysis showed that, compared to
the pair between Tfrc-PTC and macrophage, significant activation
of the C4a - C3aR1 and Mdk - Ncl pathway between Tfrc* PTCs and
macrophages was detected, suggesting that Tfrc" PTCs played a
crucial role in regulating immune responses, especially comple-
ment system, promoting inflammation, and attracting immune
cells to the site of inflammation (Fig. 4f). Signaling pathway
analysis indicated that Tfrc" PTCs exhibited higher intensity in
both sending and receiving CXCL and complement pathways
compared to Tfrc PTCs (Fig. 49).

Furthermore, Tfrc* PTCs, Tfrc~ PTCs, and macrophages were
mapped onto the spatial transcriptomics dataset GSE171406
(Fig. 4h—j, Supplementary Fig. 5a—f). Notably, Tfrc* PTCs exhibited
a closer association with macrophages compared with Tfrc™ PTCs
(Supplementary Fig. 5g, h). The heatmap generated by mistyR
analysis revealed stronger interaction strength between Tfrc* PTCs
and macrophages (Fig. 4k). Consistently, further cell-cell interac-
tion analysis demonstrated that, compared with Tfrc~ PTCs, Tfrc*
PTCs exhibited more prominent interactions with macrophages
(Fig. 4l). In the interaction network, Tfrc* PTCs established clear
connections with macrophages, whereas Tfrc™ PTCs showed no
direct interactions with them (Fig. 4m). Colocalization network
analysis revealed that Tfrc" PTCs had more connections with
macrophages than Tfrc™ PTCs, suggesting stronger communica-
tion potential. (Fig. 4n). Consistently, macrophages showed higher
enrichment scores in the Tfrc" PTC context (Fig. 40).

Tfrc expression varies at different stages of proximal tubule
cell differentiation after AKI

To explore the role of Tfrc in the process of tubular injury, we
conducted a more in-depth analysis of PTCs during AKl in terms of
ferroptosis. We isolated 667 PTCs from AKI mice and conducted
dimensionality reduction clustering, identifying 8 PTC subtypes
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(PTC (0-7)) (Fig. 5a). The ferroptosis score indicated that PTC (4)
and PTC (0) had the highest levels of ferroptosis, while PTC (5) and
PTC (6) had the lowest (Fig. 5b). CytoTRACE analysis ranked the
stemness of the 8 PTC subtypes, revealing that PTC (1) and PTC (4)
exhibited the highest stemness, while PTC (0) and PTC (6) showed
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the lowest (Fig. 5¢). This indicated that PTC (1) and PTC (4) were in
an earlier stage of differentiation compared to PTC (0) and PTC (6)
(Fig. 5d).

Monocle analysis assisted in revealing the PTC differentiation
trajectories after AKI, which presented two distinct trajectories
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Fig. 3 The association between ferroptosis and local acute inflammatory response. a The heatmap showing the Pearson correlation
between the expression of five model ferroptosis-related genes and immune infiltration calculated by CIBERSORT. *p < 0.05; **p < 0.01;
***¥p <0.001. b The heatmap showing the Pearson correlation between the expression of five model ferroptosis-related genes and the
expression of inflammatory cytokines. The shades of the color blocks indicate correlation coefficients. *p < 0.05; **p < 0.01; ***p < 0.001. ¢ The
clustering heatmap showing AKI patient subtypes when k-means equaled three by k-means methods. d The comparison of the local acute
inflammatory response level calculated by GSVA among the three AKI subtypes. The Mann-Whitney-Wilcoxon test was adopted between the
three subtypes. e The comparison of ferroptosis levels calculated by GSVA among the three AKI subtypes. The Mann-Whitney-Wilcoxon test
was adopted between the three subtypes. f 13 modules revealed by the WGCNA. g The correlation between the 13 modules and the 3 patient
clusters. h Enrichment analysis of the hub genes in the yellow and black modules. i The comparison of TFRC expression levels among the three
AKI subtypes. j The correlation between TFRC expression level and ferroptosis level. k The correlation between TFRC expression level and local

acute inflammatory response level.

with special PTC subtypes (Fig. 5e-g). Tfrc expression across PTC
subtypes (excluding those that did not express Tfrc) presented the
highest Tfrc expression level in PTC (0) (Fig. 5f). Trajectory 1
culminated in PTC (0) and PTC (4), which had higher levels of
ferroptosis. In contrast, Trajectory 2 was primarily characterized by
PTC (2) and PTC (5), which exhibited lower levels of ferroptosis
(Fig. 5b, g). These results indicated that PTCs with high Tfrc
expression led to the differentiation pathway with high ferroptosis
levels after AKI. Combined with findings in Part 4, it was
determined that this subset of PTCs was also associated with a
high level of local acute inflammatory response.

Validation of ferroptosis-related Tfrc" PTCs and their
interaction with macrophages in IR-AKI

Subsequently, we experimentally validated the role of ferroptosis-
related genes by treating IR-AKI mice with the TfR1 degrader
NSC306711, followed by Western blot, immunohistochemistry, and
immunofluorescence analyses, as illustrated in the workflow
(Fig. 6a). HE staining revealed marked tubular injury in the IR group
compared to the sham group, characterized by tubular epithelial cell
disruption and the formation of tubular casts, whereas treatment
with NSC306711 markedly alleviated these pathological changes
(Fig. 6b). Quantitative assessment of pathological injury scores
further confirmed that NSC306711 significantly ameliorated IR-
induced kidney injury (Fig. 6¢). In addition, serum creatinine and
blood urea nitrogen levels were both significantly reduced in the
NSC306711-treated group compared to untreated IR mice, indicat-
ing functional renal protection (Fig. 6d, e).

We next examined the impact of NSC306711 treatment on
ferroptosis. qPCR analysis demonstrated that, relative to the sham
group, the mRNA expression of GPX4 and SLC7A11 was
significantly downregulated in the IR group, whereas NSC306711
treatment markedly restored their expression levels (Fig. 6f, g).
Immunofluorescence staining further showed increased DHE
fluorescence (red) in the IR group, consistent with elevated ROS
production, which was significantly attenuated after NSC306711
treatment (Fig. 6h). Similarly, ELISA analysis of MDA revealed
significantly increased lipid peroxidation in the IR group, which
was reversed by NSC306711 treatment (Fig. 6i).

Western blot analysis confirmed that NSC306711 markedly
reduced TfR1 protein levels in the IR group, along with decreased
expression of the kidney injury marker NGAL (Fig. 6j, Supplementary
Material 3-7). These results were further corroborated by immuno-
histochemistry (Fig. 6k). Moreover, immunofluorescence staining
revealed that both TfR1 (magenta) and F4/80 (cyan) were markedly
elevated in the IR group compared to the sham group, indicating
increased TfR1 expression in proximal tubular cells and enhanced
macrophage infiltration following IR injury. NSC306711 treatment
significantly reduced both TfR1 and F4/80 levels, suggesting that
ferroptosis and macrophage infiltration were alleviated (Fig. 6l).

TFRC" PTCs exacerbate AKI damage by promoting the release
of inflammatory cytokines from macrophages

Finally, we validated the effects of NSC306711 in vitro using HK2
cells and further assessed its impact on THP-1-derived
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macrophages. In HK2 cells subjected to H/R, NSC306711 treatment
was applied, followed by gPCR, fluorescence microscopy, and flow
cytometry analyses (workflow shown in Fig. 7a). gPCR revealed
that TFRC mRNA levels were markedly elevated after H/R, whereas
NSC306711 treatment significantly reduced their expression
(Fig. 7b). A similar pattern was observed for the injury marker
NGAL, which was strongly induced by H/R but attenuated upon
NSC306711 supplementation, indicating a protective effect
against H/R-induced injury (Fig. 7c). Regarding ferroptosis-
related markers, H/R resulted in a pronounced decrease in GPX4
and SLC7A11 mRNA levels, both of which were restored by
NSC306711, suggesting that the compound mitigates ferroptotic
stress in HK2 cells (Fig. 7d, e). Consistently, ROS levels assessed
using the DCFH-DA probe showed a marked increase following H/
R (green fluorescence), which was reduced by NSC306711
treatment (Fig. 7f). Flow cytometry further confirmed these
findings, demonstrating elevated mean fluorescence intensity
and an increased proportion of ROS-positive cells in the H/R
group, both of which were significantly decreased by NSC306711
(Fig. 7g). In addition, ELISA results indicated that MDA levels, a
marker of lipid peroxidation, were markedly increased in H/R-
treated HK2 cells compared with the control group, whereas
NSC306711 significantly reduced MDA accumulation (Fig. 7h). HK2
cell viability was markedly reduced following H/R, and NSC306711
administration effectively restored cell viability (Fig. 7i).

To further investigate the influence of NSC306711-treated HK2
cells on macrophage responses, we performed co-culture experi-
ments using conditioned medium from HK2 cells pretreated with
NSC306711 and THP-1-derived macrophages (workflow shown in
Fig. 7j). H/R-treated HK2 cells markedly enhanced macrophage
secretion of inflammatory cytokines, including IL1B, IL6, and TNF.
However, this pro-inflammatory effect was significantly attenuated
when HK2 cells were pretreated with NSC306711. Importantly,
direct exposure of macrophages to NSC306711 did not signifi-
cantly affect cytokine production (Fig. 7k-m). Together, these
findings suggest that Tfrc* PTCs exacerbate AKI by promoting
macrophage-mediated inflammatory responses through the
release of IL1B, IL6, and TNF, whereas pharmacological inhibition
of TFRC with NSC306711 effectively dampens this inflammatory
amplification.

DISCUSSION
Ferroptosis is a regulated form of cell death characterized by iron-
dependent lipid peroxidation and intracellular accumulation of
ROS, which has been implicated in the onset and progression of
AKI [64]. In this study, we observed enrichment of ferroptosis-
related gene expression in AKI, which enabled the construction of
a robust early diagnostic model and patient classification tool.
Notably, we identified a strong correlation and spatial interplay
between critical ferroptosis genes, particularly TFRC, and aberrant
immune activation, suggesting novel pathogenesis mechanisms
and potential therapeutic targets for AKI.

The TFRC gene encodes transferrin receptor 1 (TfR1), a key
regulator of cellular iron uptake and homeostasis [65]. TFRC has
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Fig. 4 Ferroptosis-related proximal tubule cells exhibited an enhanced interaction with the immune microenvironment. a Cell type
annotations clustered by the Seurat uniform manifold approximation and projection (UMAP) in GSE139506 in AKI and sham samples. b The
violin plot shows the overall ferroptosis levels in the IR-AKI and Sham groups. ¢ Ferroptosis levels in various kidney cells of the IR-AKI group
mice. d TFRC expression levels in various kidney cells of the IR-AKI group mice. e The number of interaction pathways among various cell types
is displayed. f Interaction signaling pathways among various cells are presented. ECDC: Epithelium collecting duct cell. g Heatmap displaying
signaling pathways emitted and received among various cells. h Spatial transcriptomics localization of Tfrc* PTCs. i Spatial transcriptomics
localization of Tfrc PTCs. j Spatial transcriptomics localization of macrophages. k Heatmap showing intercellular interaction analysis based on
spatial transcriptomics. | Heatmap of cell-cell communication strength among different cell populations in the spatial transcriptomics dataset.
m Network visualization of intercellular communication in the spatial transcriptomics dataset. n Heterogeneous cell-cell interaction network
analysis. o Macrophage enrichment score analysis. CDEC: collecting duct epithelial cell.

been implicated in regulating ferroptosis through its effects on might be owed to TFRC-related ferroptosis. Studies have found

intracellular iron availability and oxidative stress [66, 67]. Abnormal that the demethylase activity of the m6A demethylase (Fat Mass
expression of TFRC is associated with various diseases, mainly and Obesity-Associated Protein, FTO) can alleviate hepatic
including cancer [68] and contrast-induced nephropathy [69], ischemia-reperfusion injury in the elderly by reducing the

making it a potential therapeutic target [70]. This association expression of ACSL4 and TFRC [71]. Another study suggests that
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Fig. 5 Tfrc expression varies at different stages of proximal tubule cell differentiation after AKI. a Further clustering of PTC subtypes in IR-
AKI samples using Seurat UMAP. b The violin plot shows the ferroptosis scores of PTC cell subtypes, with scores decreasing from left to right.
¢ The boxplot displays the cell stemness of each PTC subtype based on CytoTRACE analysis. d The UMAP plot shows the differentiation levels
of each PTC cell subtype. e Monocle analysis presents the cell developmental trajectory based on CytoTRACE results. f The boxplot displays
the Tfrc expression levels of each PTC subtype. g Monocle analysis shows the cell developmental trajectories of various PTC subtypes.

inhibiting TFRC can significantly suppress ferroptosis in neuronal
cells, thereby delaying the onset and progression of Amyotrophic
Lateral Sclerosis (ALS) [72]. In AKI, our ionomic mass spectrometry
analysis revealed elevated urinary iron ions, and existing literature
indicates that TFRC is primarily expressed on the luminal side of
proximal tubular cells (PTCs), suggesting that it may exacerbate
local ferroptosis by facilitating iron uptake [73, 74].

Using CIBERSORT analysis, TFRC expression was strongly
positively correlated with both M1 and M2 macrophages and
CD8+ T cells, while negatively correlated with fibroblasts,
indicating its involvement in immune modulation and potential
impact on kidney repair or AKI-to-CKD progression [75-78]. Spatial
transcriptomics further revealed that Tfrc* PTCs exhibited closer
interactions with endothelial cells, podocytes, macrophages, and
fibroblasts compared to Tfrc™ PTCs, suggesting that TFRC mediates
intercellular crosstalk and may influence macrophage polarization
and iron homeostasis during IR-AKI [36, 79]. Interestingly,

Genes & Immunity

discrepancies between bulk and single-cell analyses highlight
the complex role of TFRC across different cell types.

Novel biomarkers, such as NGAL, kidney injury molecule-1 (KIM-1),
and Tissue Inhibitor of Metalloproteinase-2 (TIMP2), Insulin-like
Growth Factor Binding Protein 7 (IGFBP7), are the most accepted
early detection targets of AKI. The above biomarkers still reflect the
structural injury of PTCs during AKI, and lag behind the subcellular
functional injury. Our study has developed a novel and robust
diagnostic model of early AKI based on the expression of ferroptosis
genes by bioinformatics and machine learning methods, further
advancing the diagnostic time window of AKI.

From a translational perspective, TFRC may represent a therapeutic
target to mitigate ferroptosis-driven injury in AKI. Modulating TFRC
activity could reduce iron-dependent lipid peroxidation and ROS
accumulation, thereby protecting PTCs and limiting inflammation
[69]. Careful evaluation of dosing, timing, and safety is essential due to
TFRC’s systemic role in iron homeostasis. Future preclinical studies
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Fig. 6 Experimental validation of ferroptosis-related Tfrc" PTCs and macrophage interaction in IR-AKI. a Workflow of experimental
validation in IR-AKI mice treated with the TfR1 degrader NSC306711. b H&E staining showing tubular injury and cast formation in sham, IR,
and IR + NSC306711 groups. ¢ Quantification of renal pathological injury scores. d Serum creatinine levels in sham, IR, and IR + NSC306711
groups. e Blood urea nitrogen (BUN) levels in sham, IR, and IR +NSC306711 groups. f gPCR analysis of GPX4 mRNA expression in kidney
tissues. g gPCR analysis of SLC7AT1 mRNA expression in kidney tissues. h Immunofluorescence (DHE, red) showing ROS levels in kidney tissues.
i ELISA analysis of MDA levels indicating lipid peroxidation. j Western blot analysis of TfR1 and NGAL protein levels. k Immunohistochemistry
staining of TfR1 in kidney sections. | Immunofluorescence staining of TfR1 (magenta) and F4/80 (cyan) showing proximal tubular cell
expression and macrophage infiltration.
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should test TFRC-targeted interventions across diverse AKI models
and assess whether patient stratification based on TFRC expression
could guide personalized therapy [80]. Furthermore, combining TFRC
modulation with current clinical management strategies, such as renal
replacement therapy or anti-inflammatory treatment, may enhance
therapeutic efficacy and accelerate recovery [81].

Genes & Immunity

The involvement of ferroptosis-related genes in immune
regulation in AKI has become a subject of keen interest. For
instance, ferroptosis-related genes, including HMOX1, MAPK14,
and TLR4, showed diagnostic and predictive values in children's
sepsis and immune responses[82]. An increasing body of literature
suggests the relationship between ferroptosis and inflammation in
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Fig. 7 TFRC' PTCs exacerbate AKI damage by promoting the release of inflammatory cytokines from macrophages. a Experimental
workflow for HK2 cell H/R and NSC306711 treatment assays. b gPCR analysis of TFRC mRNA levels in HK2 cells after H/R treatment and
NSC306711 intervention. ¢ qPCR analysis of NGAL mRNA levels in HK2 cells after H/R treatment and NSC306711 intervention. d qPCR analysis
of GPX4 mRNA levels in HK2 cells after H/R treatment and NSC306711 intervention. e qPCR analysis of SLC7ATT mRNA levels in HK2 cells after
H/R treatment and NSC306711 intervention. f Fluorescence microscopy showing ROS levels in HK2 cells after H/R treatment and NSC306711
intervention. g Flow cytometry analysis of DCFH-DA mean fluorescence intensity and positive cell percentage in HK2 cells after H/R treatment
and NSC306711 intervention. h ELISA measurement of MDA levels in HK2 cells after H/R treatment and NSC306711 intervention. i Cell viability
in HK2 cells. j Schematic workflow of co-culture experiments: THP-1-derived macrophages co-cultured with NSC306711-treated HK2 cells.
k IL1B mRNA levels in THP-1 macrophages after co-culture. | IL6 mRNA levels in THP-1 macrophages after co-culture. m TNF mRNA levels in
THP-1 macrophages after co-culture. n TFRC links ferroptosis and inflammatory injury in IR-AKI by facilitating iron transfer into proximal renal
tubules, which exacerbates local inflammation and IR damage, but its inhibition reduces ferroptosis and mitigates acute inflammatory

responses. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns not significant.
<

AKI, and the persistent presence of ferroptosis and inflammation
can lead to the progression from AKI-to-CKD by stimulating
fibrosis in myofibroblasts [83-85]. Unraveling the mutual regula-
tion between ferroptosis and immune infiltration holds promising
implications for novel immune-modulating treatments for AKI.

Our research has innovatively identified that PTCs with elevated
expression of ferroptosis-related genes exhibited closer interac-
tions with macrophages, accompanied by higher levels of
inflammatory factors. Specifically, TFRC was highlighted in our
research for its contribution to the closer relationship between
PTCs and macrophages in AKI.

Finally, our study has limitations. First, the diagnostic model
has not yet been validated in clinical cohorts. Second, the
molecular pathways linking TFRC, ferroptosis, and macrophage
function remain to be elucidated, which may be critical for
determining PTC trajectory and clinical outcomes, including
complete or partial recovery, progression to CKD, or dialysis
dependency.

CONCLUSIONS

In this study, we found a crucial ferroptosis-related genes enabled
the construction of a robust model for AKI early diagnosis. Tfrc*
PTCs showed a positive correlation with the immune activation,
especially macrophages (Fig. 7n). By TfR1 degradation, ferroptosis,
and macrophage infiltration were reduced, and kidney injury was
relieved. Altogether, these findings might contribute to a deeper
understanding of the complex interplay between PTCs,
ferroptosis-related genes, and immune cells, shedding light on
potential therapeutic interventions for AKI.
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