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Introduction: Sepsis is a common and life-threatening condition in clinical practice, leading to mortality among intensive care unit 
(ICU) patients. Due to its unclear pathogenesis, underscoring the urgent need for effective therapeutic strategies. Ferroptosis plays 
a pivotal role in sepsis progression, and ferroptosis-related genes represent promising intervention targets.
Methods:  This study performed bioinformatics to identify ferroptosis-related hub genes in sepsis. We used septic mice and 
lipopolysaccharide (LPS)-treated IECs to detected the role of TP53-mediated ferroptosis in sepsis. Furthermore, in vitro and in vivo 
experiments were conducted to validate the effect of hydroxysafflor yellow A (HSYA) on TP53-mediated ferroptosis and sepsis.
Results: TP53 has been identified as a ferroptosis-related hub gene in sepsis. Inhibition of TP53 with the specific TP53 inhibitor 
Pifithrin-α markedly reduced ferroptosis both in vitro and in vivo. Meanwhile, inhibition of TP53 significantly reduced inflammation 
and improved sepsis-induced intestinal barrier dysfunction. Furthermore, this study found that HSAY, a core component of XueBiJing, 
could stably bind to TP53, reduced the expression of TP53 and TP53-mediated ferroptosis in sepsis and improved animal survival.
Conclusion: This study clarified the role of TP53-mediated ferroptosis in sepsis-induced intestinal barrier dysfunction and discovered 
that HSYA could improve sepsis as an inhibitor of TP53, offering new strategies for the treatment of sepsis.
Keywords: sepsis, TP53, ferroptosis, acute lung injury, intestinal barrier dysfunction

Introduction
Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infection.1 Without timely and 
effective intervention, the mortality rate can rapidly exceed 30–35%.2 Globally, sepsis accounts for 11 million deaths 
annually, representing one-fifth of all causes of death. Severe and critical viral sepsis induced by coronavirus disease 
(COVID-19) has resulted in app roximately six million deaths worldwide to date. These statistics indicate that sepsis 
imposes a substantial burden on healthcare systems and remains a major challenge in modern medicine.3 Pulmonary and 
intestinal dysfunction are the most common forms of organ failure in sepsis. Studies have shown that nearly 50% of 
patients with sepsis in intensive care units develop intestinal injury, which is closely associated with the occurrence of 
septic shock and 28-day mortality.4 Epidemiological data further reveal that over 210,000 sepsis cases are diagnosed 
annually in the United States, with 50% of patients experiencing sepsis-induced lung injury, leading to poor prognosis.5

When the inflammatory response and organ injury in sepsis intensify, the condition may progress to septic shock, 
a critical state marked by profound circulatory disturbance and cellular metabolic abnormalities. The core mechanism is 
refractory hypotension driven by the inflammatory cascade of sepsis, persisting despite adequate fluid resuscitation.6 In 
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this stage, the intestine and lung, as the two major barrier organs in closest contact with the external environment, are 
often the earliest targets of damage. Their injury rapidly deteriorates due to the combined effects of insufficient perfusion 
and inflammatory insult.7,8 Under ischemic and hypoxic stress, the body initiates blood redistribution, diverting flow 
from the gastrointestinal tract, kidneys, skeletal muscles, and skin toward vital organs such as the brain and heart to 
preserve perfusion. Although this compensatory process sustains critical organ function, it induces intestinal hypoperfu
sion. In this state, the intestinal mucosa exhibits pathological alterations, including enhanced microbial virulence, 
suppression of epithelial cell proliferation, and downregulation of tight junction proteins, ultimately compromising 
barrier integrity.9 Barrier collapse allows bacteria and endotoxins to translocate, triggering excessive activation of the 
systemic immune system, particularly the monocyte–macrophage system, and inducing massive cytokine and inflamma
tory mediator release. The resulting uncontrolled systemic inflammation can escalate to multiple organ dysfunction 
syndrome (MODS).10,11 At this point, the continuous influx of bacteria and toxins into the circulation acts as a persistent 
“fuel” for inflammation, establishing the intestine as a key driver of post-sepsis organ dysfunction.12 Sepsis-induced 
acute lung injury frequently serves as an early initiating event. Microcirculatory disturbances and hypoxia exacerbate 
injury to alveolar epithelial and vascular endothelial cells, resulting in increased exudation into the alveolar space and 
severe impairment of gas exchange. The pathogenesis involves multiple interconnected mechanisms, including aberrant 
immune cell activation, apoptosis, oxidative stress, heightened vascular permeability, and excessive release of inflam
matory mediators. Dysregulated host responses to these mediators amplify the inflammatory cascade, aggravating lung 
injury and ultimately progressing to acute respiratory distress syndrome (ARDS),13,14 thereby establishing a lethal 
“shock–hypoxia–organ injury” cycle. Despite the high incidence and clinical severity of sepsis-induced intestinal and 
pulmonary injury, effective targeted therapeutic or protective interventions remain unavailable. Standard clinical 
approaches, such as lung-protective ventilation and fluid resuscitation, fail to halt the inflammatory cascade. 
Elucidation of the molecular pathways underlying post-sepsis organ injury, coupled with the identification of protective 
and therapeutic strategies targeting both the lung and intestine, is essential to overcoming therapeutic limitations and 
improving clinical outcomes in sepsis.

Ferroptosis is a unique form of programmed cell death, distinct from apoptosis, that is iron-dependent and character
ized by excessive lipid peroxide accumulation, leading to disruption of cell membrane integrity and eventual cell death.15 

GPX4 mitigates oxidative stress by reducing lipid hydroperoxides to non-toxic lipid alcohols, and its pivotal role in this 
process makes it a widely accepted marker of ferroptosis. Ferroptosis has been implicated in a broad spectrum of 
diseases. Disruption of redox homeostasis by factors such as infection or cancer can trigger ferroptosis, accelerating 
pathological progression and resulting in adverse clinical outcomes.16–18 Targeted modulation of ferroptosis has demon
strated therapeutic potential in conditions including tumor metastasis, ischemia–reperfusion injury, and sepsis. Growing 
evidence highlights a crucial role for ferroptosis in sepsis.19 Zhang et al found that YAP1 inhibits ferroptosis by 
suppressing ferritinophagy. Conditional knockout of YAP1 in pulmonary epithelial cells aggravated acute lung injury 
and enhanced pulmonary ferroptosis in septic mice.20

Tang et al demonstrated that AUF1 inhibits ferroptosis by upregulating NRF2 and downregulating ATF3. Deletion of 
the AUF1 gene exacerbated acute lung injury in septic mice, reduced survival rates, and promoted the onset and 
progression of pulmonary ferroptosis.21 During sepsis, ferroptosis can facilitate infection by supplying essential sub
strates for bacterial proliferation. Immune cells may undergo ferroptosis, leading to reductions in both number and 
function. Ferroptotic cells can be recognized by immune cells, initiating a series of inflammatory or antigen-specific 
immune responses. These processes compromise host immunity, potentially induce autoimmunity, and lead to immune 
dysfunction, thereby aggravating infection and driving the progression to sepsis and subsequent development of 
MODS.22–25

XueBiJing (XBJ), an injectable formulation comprising five medicinal herbs, has been integrated into routine clinical 
management of sepsis in China.26 Its major active constituents, including HSYA, paeoniflorin, albiflorin, and tanshinol, 
exhibit significant anti-septic activities such as modulating immune responses, suppressing excessive inflammation, 
regulating hemostasis, and improving organ function.27 Clinical studies have confirmed the therapeutic efficacy of XBJ in 
patients with sepsis. Qiu et al reported that intravenous infusion of 100 mL XBJ every 12 hours for five consecutive days 
in 1,817 patients significantly reduced the 28-day mortality rate compared with placebo, with a slightly lower incidence 
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of adverse events in the XBJ group.28 Preclinical studies have further demonstrated that XBJ improves the symptoms of 
sepsis-induced acute lung injury by mitigating oxidative stress and ferroptosis.29 HSYA, one of the principal components 
of XBJ, has been shown to prevent cardiovascular and cerebral ischemia–reperfusion injury through antioxidant, anti- 
inflammatory, and neuroprotective effects.30 Recently, Deng X and colleagues found in a murine model of sepsis-induced 
lung injury that HSYA alleviates pulmonary injury and inflammation.31 Based on the core antioxidant and anti- 
inflammatory properties of HSYA confirmed by previous studies, and considering that its potential targets (eg, Nrf2, 
GPX4) are key regulators of the ferroptosis pathway.32,33 We hypothesize that HSYA may exert a therapeutic effect on 
sepsis by regulating the ferroptosis mechanism.

To test the proposed hypothesis, bioinformatics analysis was conducted using the R software environment and the 
limma package on three Gene Expression Omnibus (GEO) datasets (GSE28750, GSE57065, and GSE95233). The 
analysis aimed to identify DEGs and key hub genes involved in the ferroptosis pathway in sepsis. Guided by these 
findings, a cecal ligation and puncture (CLP) mouse model of sepsis was established to experimentally assess the role of 
the TP53 gene. Molecular docking analysis was subsequently performed to examine the binding specificity between 
HSYA and TP53. To further validate the predictions, both in vivo and in vitro experiments were conducted.

Materials and Methods
Identification of Ferroptosis-Related Genes
Ferroptosis-related genes were obtained from the GeneCards and FerrDb databases. Three sepsis-related microarray 
datasets (GSE28750, GSE57065, and GSE95233) were retrieved from the GEO database for analysis. Data processing 
and analysis were performed using R software (version 4.1.2). Based on the platform annotation files, probe identifiers in 
the gene expression profiles were converted into corresponding gene symbols. DEGs were identified using the limma 
package, with thresholds set at p < 0.05 and |log2 fold change (logFC)| > 0.8. Key ferroptosis-related DEGs were 
determined using Venn diagram analysis.

Construction of an Artificial Neural Network Model
Initially, genes were scored based on their regulation patterns, with upregulated and downregulated genes scored 
separately. Genes with an absolute log2 fold change (|logFC|) greater than the median |logFC| across all genes in the 
dataset were assigned a score of 1, whereas all other genes were assigned a score of 0. A total of 30% of the samples 
were randomly selected as the validation set, and the remaining 70% were used as the training set. The training set was 
employed to optimize the weights of the candidate differentially expressed genes, while the validation set was used to 
evaluate the classification performance of the model.

Single-Cell RNA-Seq Data
The single-cell RNA-seq dataset GSE175453, related to sepsis, was downloaded from the Gene Expression Omnibus 
(GEO) database. Data processing and analysis were performed using the Seurat package (v5.0.1) in R. The raw gene 
expression matrix was read using the Read10X function and initialized as a Seurat object with CreateSeuratObject. 
Quality control was applied to remove low-quality cells: we retained genes detected in at least 3 cells, and then filtered 
out cells meeting any of the following criteria: 1) mitochondrial gene percentage > 20%; 2) hemoglobin gene (indicative 
of red blood cells) percentage > 1%; 3) the number of detected genes per cell was higher than the 99th percentile of the 
distribution (to exclude potential doublets). Following QC, gene expression counts were normalized using the 
LogNormalize method. The top 2000 highly variable genes were identified using FindVariableFeatures and subsequently 
scaled using ScaleData. Dimensionality reduction was performed using principal component analysis (PCA). Cells were 
clustered based on the top principal components with the FindNeighbors and FindClusters functions. Differentially 
expressed genes for each cluster were identified using FindAllMarkers, with thresholds set at |log2 fold change| > 0.25 
and expression in a minimum of 25% of cells within the cluster of interest. Finally, cell clusters were annotated by 
integrating the identified marker genes with well-established cell-type markers from the literature.
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Functional Enrichment and PPI Network Analysis
Sepsis samples from GSE28750, GSE57065, and GSE95233 were stratified into high and low TP53 expression groups. 
In each group, differentially expressed ferroptosis-related genes were identified using the same procedures and para
meters described above. Functional enrichment analyses, including Gene Ontology (GO), Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analysis, and gene set enrichment analysis (GSEA), were conducted with the 
clusterProfiler package. Protein–protein interaction (PPI) networks were generated using the STRING database with 
a minimum interaction score threshold of >0.4. Network visualization and hub gene identification were performed in 
Cytoscape 3.6.1 using the Degree algorithm.

Consensus Clustering Analysis
Consensus clustering was conducted using the ConsensusClusterPlus package, with 5,000 iterations to minimize the 
randomness of K-means clustering and enhance cluster stability. K-means clustering inertia was calculated as the sum of 
the mean squared distances between each sample and its nearest cluster centroid.

Immune-Related Analysis
Immune-related genes were retrieved from the ImmPort database, and intergroup differences were analyzed to define 
immune phenotypes. Single-sample gene set enrichment analysis (ssGSEA) was performed using the GSVA and 
GSEABase packages, scoring 28 immune-related gene sets for each sample. The results were further analyzed to assess 
differences in immune cell infiltration between groups.

Molecular Docking Study
The structure of TP53 protein (PDB ID: 3D06) was downloaded from the Protein Data Bank (PDB) database. The 
Protein Preparation Wizard module in Schrödinger software was used for protein structure pretreatment, including 
hydrogenation, residue modification, removal of irrelevant ligands and water molecules, and energy minimization 
optimization under OPLS3e force field. Subsequently, the Binding Site Detection module was used to predict the active 
pocket of the protein, and the Receiver Grid Generation module was used to set the grid center at the predicted active 
pocket, with a box size of 20 Å × 20 Å × 20 Å.

The small molecule compound Hydroxysafflor Yellow A (PubChem CID: 6443665) was downloaded from the 
PubChem database and subjected to docking pretreatment using the LigPrep module under the OPLS3e force field, 
including ionization state generation, conformation search, and energy optimization. The docking calculation adopts the 
Ligand Docking module in Schrödinger, which performs flexible docking in Standard Precision (SP) and Extra Precision 
(XP) modes. Finally, the binding energy was calculated using the Molecular Mechanics Generalized Born Surface Area 
(MM-GBSA) method.

Molecular Dynamics Simulation
To evaluate the stability of HSYA within the TP53 binding pocket, a 100-ns molecular dynamics (MD) simulation of the 
HSYA-TP53 complex was carried out using the Desmond module of the Schrödinger software suite. The system uses the 
water model TIP3P, with the protein ligand complex solvent box set as a 1nm square, neutralized by ion addition, and 
energy minimized using the OPLS3 force field. Following a 1-ns equilibration, a 100-ns production run was conducted 
under NPT conditions at 300 K. The simulation analysis included root mean square deviation (RMSD), root mean square 
fluctuation (RMSF), ligand-protein contact mapping, and comprehensive evaluation of the binding profile.

Animal Preparation and Sepsis Model
Eight-week-old specific pathogen-free (SPF) C57BL/6 mice (20–22 g) were acclimatized for 24 h under controlled 
conditions (temperature, 22 ± 2 °C; humidity, 40%–70%). Sepsis was induced by CLP. Mice were anesthetized via 
intraperitoneal injection of sodium pentobarbital (30 mg/kg). After confirming the absence of a pain reflex, the animals 
were placed on a surgical board, disinfected with povidone-iodine, and subjected to a ~1 cm midline abdominal incision.

https://doi.org/10.2147/IDR.S528964                                                                                                                                                                                                                                                                                                                                                                                                                                                                Infection and Drug Resistance 2025:18 6430

Chen et al                                                                                                                                                                           

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



In the sham group, exploratory laparotomy was performed without ligation or puncture. In the sepsis (Sep), 
Ferrostatin-1 (Fer-1), Pifithrin-α, and HSYA groups, the cecum was exteriorized and ligated with sterile surgical suture 
(No. 4) at one-quarter of the distance from the cecal tip below the ileocecal valve. The distal cecum was punctured once 
with a sterile 22 G needle near the ligation site, passing through both sides, and ~0.2 mL of fecal content was extruded. 
The cecum was repositioned into the peritoneal cavity, and the incision was closed in layers with sterile suture (No. 2).

After surgery, mice were housed individually. Twelve hours post-CLP, mean arterial pressure (MAP) was measured 
via carotid artery cannulation and a ≥30% MAP reduction was considered a successful model. The Sep group of mice 
received no treatment after CLP. All drug solutions were prepared in dimethyl sulfoxide (DMSO) and saline, with a final 
DMSO concentration of 4% (v/v). One hour before model induction, the Fer-1 and Pifithrin-α groups received 
intraperitoneal injections of Fer-1 (1 mg/kg) or Pifithrin-α (5 mg/kg), respectively; the HSYA group received HSYA 
(10 mg/kg) via tail vein injection; the sham group mice received vehicle only.

Tissues were harvested 24 h after surgery. All procedures were approved by the Ethics Committee of the Army 
Medical University (approval number: AMUWEC20257048) and conducted in accordance with the Laboratory Animal 
Center of the Army Specialty Medical Center, Army Medical University (production license: SCXK [Yu] 2022–0011; 
use license: SYXK [Yu] 2022–0018).

Cell Culture and Reagents
Reagents
HSYA was purchased from Selleck (Houston, TX, USA). Pifithrin-α was obtained from Selleck (Houston, TX, USA). 
Malondialdehyde (MDA) and total glutathione/oxidized glutathione assay kits were supplied by Servicebio (Wuhan, 
China). Enzyme-linked immunosorbent assay (ELISA) kits for tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and 
interleukin-1β (IL-1β) were purchased from Elabscience (Wuhan, China). Lipopolysaccharide (LPS) and type 
I collagenase were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ferrostatin-1 was obtained from 
MedChemExpress (Monmouth Junction, NJ, USA). Antibodies against GPX4, xCT, COX2, and β-actin, as well as 
goat anti-rabbit primary and secondary antibodies, were purchased from Abcam (Cambridge, UK). The lipid peroxidation 
probe BODIPY 581/591 C11 was purchased from Thermo Fisher Scientific (Waltham, MA, USA). FerroOrange probe 
and Fe2+ assay kit were obtained from Dojindo (Kumamoto, Japan). Lipid hydroperoxide (LPO) assay kits were 
purchased from Jiancheng Bioengineering Institute (Nanjing, China). JC-1 mitochondrial membrane potential probe 
and reactive oxygen species (ROS) assay kit were purchased from Beyotime Biotechnology (Shanghai, China). 
Dulbecco’s Modified Eagle Medium (DMEM) and fetal bovine serum (FBS) were purchased from HyClone (Logan, 
UT, USA).

IEC-6 Cell Culture
The IEC-6 cell line (American Type Culture Collection, ATCC, USA) was cultured in DMEM supplemented with 10% 
FBS in sterile culture dishes. Cells were maintained in a humidified incubator at 37 °C with 5% CO2. When cell 
confluence reached 75%–80%, treatments were applied as follows: the Fer-1 group received 12 μM Ferrostatin-1 for 
12 h; the HSYA group received 10 μM HSYA for 12 h; the Pifithrin-α group received 20 μM Pifithrin-α for 
1 h. Following pretreatments, all experimental groups except the control were exposed to 10 μg/mL LPS for 
12 h. The control (CTL) group was incubated with serum-free DMEM for 12 h.

Measurement of Malondialdehyde, Glutathione, and Iron Levels in Tissues
Levels of MDA, GSH, and iron in mouse lung and intestinal tissues were measured using specific assay kits. GSH levels 
were quantified with a total GSH/oxidized GSH (T-GSH/GSSG) assay kit, MDA levels were determined using an MDA 
assay kit, and ferrous iron (Fe2+) concentrations were measured with a ferrous iron assay kit.

Quantification of Cytokines
Cytokine levels, including TNF-α, IL-1β, and IL-6, in cell culture supernatants and mouse serum were quantified using 
ELISA.
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Histopathological Examination of Intestinal and Lung Tissues
Mice were euthanized by intraperitoneal injection of an overdose of sodium pentobarbital. Lung and ileal tissues were 
collected and fixed in 4% paraformaldehyde for 48–72 h. Tissues were then cut into 2–3 mm sections, dehydrated, 
cleared, paraffin-embedded, sectioned, stained with hematoxylin and eosin (H&E), and mounted. Histopathological 
changes were examined under a light microscope.

Transmission Electron Microscopy (TEM)
Following euthanasia by intraperitoneal injection of an overdose of sodium pentobarbital, a 10 cm segment of small 
intestine proximal to the stomach was excised and rinsed alternately with PBS and sodium citrate to remove fecal 
content. Both ends were ligated, and 2.5% glutaraldehyde was injected into the intestinal lumen. After 20 min, the 
intestine was cut into 1–2 mm segments and immersed in 2.5% glutaraldehyde for 30 min at room temperature, followed 
by transfer to sucrose solution at 4 °C for 2 h. Samples were post-fixed in osmium tetroxide for 2 h in the dark, 
dehydrated through a graded acetone series, and infiltrated with an acetone–resin mixture (1:1) for 1.5 h at room 
temperature. Resin embedding was performed at 37 °C for 24 h, followed by polymerization at 60 °C for 48 h. Ultrathin 
sections were stained with lead citrate and uranyl acetate, and ultrastructural changes were observed using a TEM 
(H-7500, Hitachi, Japan).

Western Blotting
Total protein was extracted from cells or tissues using RIPA lysis buffer supplemented with protease inhibitors. Protein 
concentrations were quantified with a BCA protein assay kit. Equal amounts of protein were resolved by SDS-PAGE and 
transferred to PVDF membranes. Membranes were blocked with 5% non-fat milk for 2 h at room temperature and 
incubated overnight at 4 °C with primary antibodies against GPX4, COX2, and xCT (1:1000 each) or β-actin (1:5000). 
After three washes with TBST, membranes were incubated with HRP-conjugated secondary antibodies at room 
temperature for 1 h. Protein bands were visualized using an Enhanced Chemiluminescence (ECL) detection system, 
and signal intensities were quantified with ImageJ software.

Detection of Cellular Lipid Peroxidation and ROS
Lipid peroxidation was evaluated using a fluorescent probe that shifts emission from red to green upon reaction with 
lipid peroxides. Following the indicated treatments for 24 h, cells were washed twice with PBS, incubated with the 
probe at 37 °C in 5% CO2 for 30 min, washed again to remove excess probe, and analyzed by laser scanning confocal 
microscopy.

Intracellular ROS levels were measured using a ROS detection kit. Cells were stained with Hoechst 33258 to label 
nuclei, washed with PBS, and incubated with the ROS detection reagent at 37 °C in 5% CO2 for 30 min. After a final 
wash, fluorescence signals were observed by laser scanning confocal microscopy.

Animal Survival
Sixteen mice per group were randomly assigned using a random number table Survival time and survival rate were 
recorded over a 72-h period starting 12 h after CLP surgery.

Statistical Analysis
All statistical analyses were performed using R software (version 4.0.2; https://www.r-project.org/). Continuous 
variables with normal distribution were compared between two groups using the independent Student’s t-test, while 
non-normally distributed variables were analyzed using the Mann–Whitney U-test (Wilcoxon rank-sum test). 
Receiver operating characteristic (ROC) curves were plotted with the pROC package to evaluate the predictive 
performance of binary classification variables. All statistical tests were two-sided, and P < 0.05 was considered 
statistically significant.
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Results
Bioinformatics Analysis Identified TP53 as a Key Ferroptosis-Related Gene in Sepsis
Analysis of the GSE28750, GSE57065, and GSE95233 datasets identified 708, 681, and 1,011 DEGs, respectively, when 
comparing sepsis samples with controls. The top 40 DEGs from each dataset were visualized in heatmaps (Figure 1A–C). 
A total of 638 FRGs were obtained from the FerrDb and GeneCards databases. Intersecting these FRGs with the DEGs 
from the three datasets yielded 15 commonly downregulated and 19 commonly upregulated genes (Figure 1D–E). An 
ANN model was constructed based on the 34 intersecting genes, and ROC curve analysis was performed to assess 
diagnostic performance. In both training and test sets of GSE28750, GSE57065, and GSE95233, the area under the 
receiver operating characteristic curve (AUC) reached 1.000 (Supplementary Figure 1A). The marked difference in AUC 
values between training and test sets indicated potential overfitting of the model. To further identify candidate genes of 
diagnostic significance, PPI network analysis was performed using the STRING database and Cytoscape software. 
Degree centrality analysis ranked TP53 highest, highlighting its central position within the ferroptosis-related DEG 
network (Figure 1F). As a core hub, TP53 displayed the most extensive interactions with other genes, suggesting that its 
modulation could affect multiple ferroptosis-associated pathways in sepsis. These findings indicate that TP53 dysfunction 
may play a pivotal role in sepsis-related ferroptosis mechanisms. When focusing solely on TP53, ROC analysis of 
training and test sets from the three datasets yielded AUC values of 0.972 and 1.000 (GSE28750), 0.998 and 1.000 
(GSE57065), and 1.000 and 0.944 (GSE95233), demonstrating consistent results and confirming the robustness of TP53 
as a potential biomarker (Supplementary Figure 1B).

Figure 1 Identification and analysis of differentially expressed ferroptosis-related genes (FRGs) in sepsis. (A–C) Heatmaps showing the top 40 differentially expressed genes 
(DEGs) in sepsis versus control samples from the GSE28750, GSE57065, and GSE95233 datasets. (D and E) Venn diagrams illustrating the overlap between ferroptosis- 
related genes and DEGs in the three datasets, highlighting 15 commonly downregulated and 19 commonly upregulated genes. (F) Protein–protein interaction (PPI) network 
of the 34 intersecting FRGs, constructed using the STRING database and visualized in Cytoscape, with TP53 ranked as the top hub gene by degree centrality analysis.
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TP53 is Expressed at Low Levels in Peripheral Blood Cells During Sepsis
To evaluate the cell-type-specific expression patterns of TP53 in sepsis, we analyzed the single-cell RNA-seq dataset 
GSE175453. Dimensionality reduction was performed using the top 20 principal components. Subsequent unsupervised 
clustering was conducted using the functions FindNeighbors and FindClusters with a resolution parameter of 1.0, which 
identified 26 distinct cell clusters (Figure 2A). Cell type annotation was performed by integrating canonical markers from the 
literature with automated referencing using the SingleR package. This analysis defined all major immune lineages: monocytes 
(clusters 0, 1, 2, 3, 4, 7, 10, 15, 22); CD4+ T cells (clusters 6, 9); CD8+ T cells (cluster 8); other T cells (clusters 14, 16); B cells 
(cluster 13); natural killer (NK) cells (cluster 5); innate lymphoid cells (ILCs; clusters 17, 21); dendritic cells (DCs; cluster 12); 
plasmacytoid DCs (pDCs; cluster 19); plasma cells (cluster 23); mast cells (cluster 25); platelets (clusters 11, 18); and a distinct 
cluster of cycling cells (cluster 24) (Figure 2B).

Expression analysis of the top 12 hub genes ranked by degree centrality revealed that TP53 was detectable across all 
clusters. As a pivotal tumor suppressor, TP53 is typically enriched in highly proliferative and genomically unstable cells, 
reflecting its short half-life and rapid turnover. In contrast, most peripheral blood cells, except hematopoietic stem cells, 
are terminally differentiated and require minimal TP53-mediated cell cycle regulation. Consistent with this, single-cell 
sequencing of peripheral blood from patients with sepsis showed uniformly low TP53 expression across immune cell 
clusters (Figure 2C–E).

Figure 2 Single-cell RNA-seq analysis of immune cells in sepsis. (A) UMAP plot of 25 clusters identified from integrated single-cell datasets. (B) UMAP plot annotated with 
immune cell types assigned using the SingleR package. (C–E) Heatmap, violin plots, and bubble plots showing the expression profiles of TP53 and other hub genes across the 
25 immune cell clusters.
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Functional Prediction of TP53 Through KEGG, GO, and GSEA Analyses
Sepsis samples from the GSE57065 and GSE95233 datasets were subjected to in-depth single-gene analysis of TP53. 
Based on TP53 expression levels, samples were divided into high- and low-expression groups, and DEGs were identified 
between the two groups (Figure 3A). Given the importance of TP53 in sepsis and its status as a DEG between sepsis and 
control groups, further subdivision of sepsis samples into TP53-high and TP53-low subgroups was performed. KEGG 
and GO enrichment analyses were then conducted to determine whether TP53 expression could serve as a functional 
marker and to characterize functional differences associated with its expression profile.

KEGG pathway analysis of the GSE57065 dataset revealed enrichment in immune-related diseases (eg, rheumatoid 
arthritis), infection-associated pathways (eg, herpes simplex virus, Epstein–Barr virus), and core immune signaling 
cascades, reflecting the interplay between immune responses, infection, and disease progression. In the GSE95233 
dataset, enriched pathways included immune diseases (eg, asthma, type 1 diabetes), immune core processes (eg, antigen 

Figure 3 TP53 subgroup analysis and pathway enrichment. (A) Heatmaps showing differences in TP53 expression between high- and low-expression groups in the two 
datasets. (B) Bar plots presenting KEGG pathway enrichment of differentially expressed genes in the two datasets. (C) Bubble plots displaying GO enrichment analysis of 
differentially expressed genes in the two datasets. (D) Gene set enrichment analysis (GSEA) results for the two datasets.
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processing and presentation, T helper cell differentiation), infection pathways (eg, Staphylococcus aureus, herpes simplex 
virus, Epstein–Barr virus), and cancer-associated pathways (eg, thyroid cancer) (Figure 3B).

GO analysis indicated that in the GSE57065 dataset, enriched terms spanned the immune response cascade from 
“basic antigen processing” to “dynamic regulatory activation”, including MHC class II antigen processing, positive 
regulation of T-cell activation, and regulation of leukocyte and cell–cell adhesion, thereby outlining a complete sequence 
from antigen presentation to effector activation. In the GSE95233 dataset, enriched terms focused on the fundamental 
processes of MHC class II antigen processing and presentation, including MHC class II complex assembly, peptide 
antigen loading, and exogenous antigen presentation, highlighting core antigen-presentation pathways (Figure 3C). To 
mitigate potential bias from analyzing only DEGs, gene set enrichment analysis (GSEA) was performed on both datasets. 
GSE57065 exhibited enrichment in pathways such as allograft rejection, intestinal immune network for IgA production, 
ribosome, systemic lupus erythematosus, and type 1 diabetes. GSE95233 showed enrichment in allograft rejection, 
antigen processing and presentation, autoimmune thyroid disease, graft-versus-host disease, and ribosome pathways 
(Figure 3D). Collectively, these results highlight a close link between immune activation and remodeling of core cellular 
functions, providing an integrated pathway–gene–function framework for understanding immune regulatory mechanisms. 
The findings further emphasize the potential central role of TP53 in the pathogenesis of sepsis.

Clustering of Ferroptosis-Related Subtypes in Sepsis and Associated Immune 
Characteristics
Consensus clustering based on the expression profiles of 34 ferroptosis-related differentially expressed genes was applied 
to sepsis samples from the GSE57065 and GSE95233 datasets. In both datasets, the optimal solution separated the 
samples into two distinct subtypes, designated Cluster 1 and Cluster 2 (Figure 4A). ssGSEA in the GSE57065 dataset 
demonstrated that Cluster 2 exhibited higher infiltration levels than Cluster 1 in most immune cell populations, including 
activated B cells, activated CD8+ T cells, eosinophils, immature B cells, myeloid-derived suppressor cells (MDSCs), 
monocytes, natural killer T cells, neutrophils, conventional dendritic cells, effector memory CD4+ T cells, central 
memory CD4+ T cells, effector memory CD8+ T cells, and central memory CD8+ T cells. In the GSE95233 dataset, 
increased infiltration in Cluster 2 was observed for a subset of immune cell types, including activated B cells, activated 
CD4+ T cells, CD56bright natural killer cells, immature dendritic cells, mast cells, T helper 17 (Th17) cells, T helper 2 
(Th2) cells, and central memory CD4+ T cells (Figure 4B).

Correlation analysis between TP53 expression and immune-related genes across the GSE28750, GSE57065, and 
GSE95233 datasets revealed consistent co-expression patterns, suggesting that elevated TP53 expression may enhance 
the transcription of multiple immune-related genes. These findings support the role of TP53 as a potential central 
regulator of immune responses in sepsis, acting through the activation of diverse immune pathways.

Co-expression analysis in the GSE57065 dataset revealed predominantly positive correlations (indicated in blue) 
between TP53 and members of the HLA gene cluster (eg, HLA-DPA1, HLA-DPB1), as well as ICAM2 and EEF2, with 
varying correlation intensities. These patterns suggest potential interactions between TP53, immune adhesion molecules 
(ICAM2), and metabolism-related genes (EEF2), implying that TP53 may influence immune cell function through an 
“immune–metabolism” crosstalk mechanism, thereby providing new insight into TP53-mediated immune dysregulation 
in sepsis. In the GSE28750 dataset, TP53 showed variable positive correlations with HLA family genes (eg, HLA-DRB3 
/5, HLA-DMA/B), CD74, and CD4. The strength of these associations suggests that TP53 may engage in coordinated 
regulation with immune-related genes, potentially contributing to antigen presentation and immune cell activation 
through complex and context-specific mechanisms. Analysis of the GSE95233 dataset identified positive correlations 
between TP53 and MYC, IL27RA, and HLA-DQA1, indicating a distinct interaction profile potentially involving the co- 
regulation of cytokine receptors (eg, IL27RA). These associations point to possible cross-regulatory roles of TP53 in 
immune surveillance and inflammatory responses, offering clues for mechanistic studies in sepsis and other diseases 
(Figure 4C). The overall correlation patterns were consistent with immune cell infiltration results, showing a positive 
association between TP53 expression and the infiltration levels of monocytes and other immune cell types (Figure 4D).
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Ferroptosis Induction by CLP in Lung and Intestinal Tissues
The contribution of ferroptosis to sepsis-induced acute lung injury and intestinal barrier dysfunction was investigated 
using the ferroptosis inhibitor ferrostatin-1 (Fer-1) in a CLP-induced mouse model of sepsis. HE staining revealed 
marked pulmonary and intestinal injury in septic mice. Lung sections exhibited prominent neutrophil infiltration within 

Figure 4 Comprehensive analysis of TP53 expression, immune response, and ferroptosis in sepsis. (A) Heatmaps showing consensus clustering results in the two datasets. 
(B) Box plots presenting differences in immune cell infiltration levels between clusters in each dataset. (C) Heatmaps illustrating co-expression patterns between immune- 
related genes and TP53 across the three datasets. (D) Lollipop charts displaying correlations between TP53 expression and immune cell infiltration in the datasets.
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the alveolar walls, loss of alveolar architecture, and narrowing of alveolar spaces. Intestinal sections showed villus 
defects, goblet cell loss, shortened and edematous villi, goblet cell hyperplasia, and reduced lymphocyte numbers. Fer-1 
pre-treatment markedly ameliorated these histopathological changes (Figure 5A and B). TEM demonstrated sparse, 
disorganized, and partially lost intestinal microvilli in septic mice, whereas Fer-1 restored villus integrity and orderly 
arrangement (Figure 5C). Fer-1 also significantly reduced systemic inflammation, with serum IL-1β, IL-6, and TNF-α 
levels decreasing by 43.87%, 57.08%, and 29.35%, respectively, compared with septic controls (Figure 5D). 
Additionally, 72 h survival analysis showed high early mortality in septic mice, with only two surviving beyond 
72 hours (mean survival, 33.75 h). Fer-1 treatment significantly improved outcomes, with six mice surviving beyond 
72 hours (mean survival, 47.5 h) (Figure 5E).

Biochemical assays demonstrated that Fer-1 reduced ferroptosis in both lung and intestinal tissues. In lung tissue, 
MDA and Fe2+ levels decreased by 26.19% and 38.68%, respectively, while GSH increased by 1.68-fold change. In 
intestinal tissue, MDA and Fe2+ levels decreased by 30.64% and 35.41%, with GSH increasing by 1.16-fold change 
(Figure 5F and G). Western blotting confirmed attenuation of ferroptotic activity by Fer-1, with increased GPX4 and xCT 
protein levels and reduced COX2 expression. In lung tissue, GPX4 and xCT increased by 48.65% and 30.16%, 
respectively, while COX2 decreased by 19.50%. In intestinal tissue, GPX4 and xCT increased by 62.73% and 
33.54%, with COX2 reduced by 22.88%. TP53 protein expression in lung tissue decreased from 1.60 in septic mice to 
1.28 in Fer-1–treated mice (20% reduction), and in intestinal tissue from 1.59 to 1.37 (13.84% reduction) (Figure 5H–P).

These findings indicate that ferroptosis is a key driver of sepsis-induced lung and intestinal injury. Pharmacological 
inhibition with Fer-1 not only alleviates tissue damage and systemic inflammation but also improves short-term survival 
in septic mice.

Inhibition of TP53 Alleviates Sepsis-Induced Ferroptosis
TP53, a key transcription factor, can promote ferroptosis by suppressing xCT expression, thereby reducing cystine 
uptake, impairing glutathione synthesis, and decreasing GPX4 activity. In this study, TP53 expression was markedly 
upregulated in both intestinal and lung tissues following sepsis and was attenuated by ferroptosis inhibition. To further 
investigate the role of TP53 in sepsis, the TP53-specific inhibitor Pifithrin-α was employed.

HE staining and TEM (Figure 6A–C) revealed that TP53 inhibition significantly ameliorated pathological damage in 
the lung and intestinal tissues of septic mice. Pifithrin-α markedly reduced systemic inflammation, as indicated by serum 
IL-1β, IL-6, and TNF-α levels decreasing by 42.19%, 59.97%, and 30.23%, respectively, compared with septic controls 
(Figure 6D). In 72-hour survival assays, septic mice displayed high early mortality, with only one animal surviving 
beyond 72 hours (mean survival, 28 h). Pifithrin-α treatment substantially improved survival, with 11 mice surviving 
beyond 72 hours (mean survival, 57 h) (Figure 6E).

Biochemical analyses demonstrated that Pifithrin-α markedly reduced ferroptosis in both lung and intestinal tissues. 
In lung tissue, MDA and Fe2+ levels decreased by 28.76% and 38.49%, respectively, while GSH increased by 1.48-fold 
change. In intestinal tissue, MDA and Fe2+ levels decreased by 32.67% and 33.68%, with GSH increasing by 1.73-fold 
change (Figure 6F and G). Western blot analysis further confirmed attenuation of ferroptotic activity by Pifithrin-α. In 
lung tissue, GPX4 and xCT protein levels increased by 1.17-fold change and 0.83-fold change, respectively, while COX2 
decreased by 16.82%. In intestinal tissue, GPX4 and xCT increased by 69.51% and 0.98-fold change, while COX2 
decreased by 20.17%. Notably, TP53 protein expression in lung tissue decreased from 1.55 in septic mice to 1.35 in the 
Pifithrin-α group (19.20% reduction), and in intestinal tissue from 1.69 to 1.27 (24.85% reduction) (Figure 6H–P).

These findings indicate that TP53 inhibition modulates ferroptosis-related markers, including GPX4 and xCT, and 
plays a critical role in sepsis-induced lung and intestinal injury. Targeting TP53 may represent a promising therapeutic 
strategy for sepsis.

LPS Induces Ferroptosis in IEC-6 Cells, withTP53 as a Key Target
Based on single-cell sequencing results showing low TP53 expression in blood cells, in vitro experiments were 
conducted using IEC-6 cells to investigate TP53 expression in tissue-derived cells.
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Figure 5 Ferroptosis induced by CLP in lung and intestinal tissues. (A–C) Representative HE-stained lung and intestinal sections, and representative intestinal electron 
microscopy images (HE: scale bar = 40 μm; TEM: scale bar =1 μm). (D) Serum TNF-α, IL-1β, and IL-6 levels (n=8) indicate the severity of inflammation. (E) Effects of Fer-1 
on survival in septic mice (n=16 per group). (F) MDA, GSH, and Fe2+ levels in lung tissue (n=8), assessing lipid peroxidation, ferroptosis markers, and antioxidant capacity. 
(G) MDA, GSH, and Fe2+ levels in intestinal tissue (n=8), assessing the same parameters as in lung tissue. (H–P) Western blot analysis of GPX4, xCT, and COX2 protein 
expression in lung and intestinal tissues (n=3).
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Figure 6 Targeting TP53 attenuates ferroptosis in sepsis. (A–C) Representative hematoxylin–eosin (HE) staining of lung and intestinal tissues and transmission electron 
microscopy (TEM) images of intestinal villi (HE: scale bar = 40 μm; TEM: scale bar=1 μm). (D) Serum concentrations of TNF-α, IL-1β, and IL-6 (n=8). (E) Effects of Pifithrin-α 
on survival in septic mice (n=16 per group). (F) Measurements of MDA, GSH, and Fe2+ in lung tissue (n=8) to assess lipid peroxidation, ferroptosis, and antioxidant capacity. 
(G) Measurements of MDA, GSH, and Fe2+ in intestinal tissue (n=8) using the same parameters as in panel C. (H–P) Western blot analysis of GPX4, xCT, and COX2 protein 
expression in lung and intestinal tissues (n=3).
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To evaluate ferroptosis in IEC-6 cells after LPS stimulation, cells were pretreated with the ferroptosis inhibitor Fer-1 
or the TP53 inhibitor Pifithrin-α prior to LPS exposure. Relative to untreated controls, LPS treatment caused a marked 
reduction in cell viability, accompanied by significant increases in the fluorescence intensity of lipid peroxides (LPO) and 
ROS. The fluorescence signal of Fe2+, a key inducer of ferroptosis, was also markedly elevated, indicating disruption of 
intracellular iron homeostasis. Intracellular GSH content, a critical antioxidant, was substantially reduced, suggesting 
impaired free radical scavenging capacity, whereas MDA, a terminal lipid peroxidation product, was significantly 
elevated, confirming oxidative damage. Fer-1 or Pifithrin-α pretreatment markedly improved cellular status compared 
with the LPS group. Cell viability increased by 65.9% and 36.32%, respectively. LPO fluorescence intensity decreased by 
69.63% and 88.13%, while ROS fluorescence decreased by 42.18% and 50.73%. Fe2+ fluorescence intensity was reduced 
by 60.01% and 55.06%, suggesting restoration of iron homeostasis. In addition, GSH content and MDA levels returned 
toward baseline, with GSH increasing by 2.39-fold change and 2.66-fold change, and MDA decreasing by 75.25% and 
58.6%, respectively, relative to the LPS group (Figure 7A–F). These results indicate that Fer-1 and Pifithrin-α effectively 
restore antioxidant defenses, reduce lipid peroxidation, and protect IEC-6 cells from LPS-induced injury.

TEM showed mitochondrial swelling and a marked reduction in cristae after LPS exposure. Fer-1 and Pifithrin-α 
alleviated mitochondrial swelling and partially restored cristae density, with overall morphology approaching normal 
(Figure 7G). Western blot analysis further confirmed attenuation of ferroptotic activity by Fer-1 and Pifithrin-α 
(Figure 7H and I).

HSYA Mitigates Sepsis-Induced Ferroptosis
Molecular docking using the Glide program was performed to predict the binding mode of HSYA to TP53. The 
calculation results show that the score is −5.329 kcal/mol in SP mode, −7.438 kcal/mol in XP mode, and the binding 
energy of MM-GBSA is −33.99 kcal/mol, indicating that HSYA has good binding ability with TP53. Specifically, HSYA 
forms several conventional hydrogen bonds with the ASN A:131, THR A:102, and TYR A:126 residues of the TP53 
protein, which serve as the key forces maintaining the stable binding between the two molecules. Meanwhile, the carbon- 
hydrogen bond formed with PRO A:128, though relatively weak, can enhance binding stability. Notably, the docking 
results indicated the presence of an unfavorable donor-donor interaction between the LEU A:111 residue of TP53 and 
HSYA, suggesting that this site may be a “weak region” in the binding; however, the overall binding is still dominated by 
other strong interactions. In addition, the pi-alkyl interaction (a hydrophobic interaction between aromatic rings and alkyl 
chains) formed between HSYA and the ARG A:110 residue further consolidates the binding stability between the ligand 
and the receptor (Figure 8A and B; Supplementary Figure 2A). Subsequent 100-ns MD simulations using the Desmond 
module further assessed the stability, structural dynamics, and molecular flexibility of the HSYA–TP53 complex. 
Molecular dynamics simulations indicate that the RMSD value fluctuates significantly within the first 40 ns of the 
simulation. After 40 ns, it stabilizes and remains within 0.1 nm.The RMSF reflects the flexibility changes of each amino 
acid residue in TP53. The RMSF value is relatively low between residues 100–110 and 130–150, suggesting that this 
region may be a binding pocket.demonstrating stable binding (Supplementary Figure 2B).

To investigate the therapeutic effects of HSYA in sepsis, IEC-6 cells were treated with HSYA and assessed for 
ferroptosis-related parameters. Compared with the LPS group, HSYA increased cell viability by 97.93% and markedly 
reduced intracellular fluorescence intensities of LPO, ROS, and Fe2+ by 71.88%, 68.73%, and 60.56%, respectively 
(Figure 8C–H). HSYA also restored antioxidant capacity, with MDA levels decreasing by 70.33% and GSH levels 
increasing by 3.25-fold change relative to the LPS group (Figure 8I and J).

TEM revealed that HSYA mitigated mitochondrial swelling and restored cristae density, with overall morphology 
approaching normal compared with the LPS group (Figure 8D). Western blot analysis further confirmed attenuation of 
ferroptotic activity by Fer-1 and Pifithrin-α (Figure 8K and L). These findings indicate that HSYA effectively alleviates 
LPS-induced ferroptosis and mitochondrial damage in IEC-6 cells.

HSYA Attenuates Sepsis-Induced Ferroptosis by Inhibiting TP53
Based on the molecular docking and cell-based findings, the role of HSYA in modulating ferroptosis during sepsis was 
further validated in vivo. CLP mice received HSYA treatment, and the effects on TP53 expression and ferroptosis-related 
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Figure 7 LPS induces ferroptosis in IEC-6 cells. (A) Representative fluorescence images showing the effects of Fer-1 and Pifithrin-α on intracellular Fe2+ and ROS levels in 
LPS-treated IEC-6 cells, detected using FerroOrange and DCFH-DA probes (scale bar = 50 μm). (B) Quantification of Fe2+ and ROS levels (n = 8). (C) Representative 
fluorescence images showing the effects of Fer-1 and Pifithrin-α on lipid ROS levels in LPS-treated IEC-6 cells, detected using the BODIPY™ 581/591 C11 probe (scale bar = 
50 μm). (D) Quantification of LPO content (n = 8). (E) Effects of Fer-1 and Pifithrin-α on IEC-6 cell viability after LPS treatment, assessed using the CCK-8 assay (n = 8). (F) 
Intracellular GSH and MDA levels (n = 8). (G) Transmission electron microscopy images showing mitochondrial morphology in IEC-6 cells after LPS treatment, with or 
without Fer-1 or Pifithrin-α pretreatment (The structures labeled by yellow dotted circles in the figure are mitochondria). (H and I) Western blot analysis of GPX4, xCT, and 
COX2 protein expression in IEC-6 cells (n = 3). a: Sepsis/LPS group vs CTL group (p < 0.05); b: HSYA group vs Sepsis/LPS group (p < 0.05).
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Figure 8 Molecular docking of HSYA with TP53 and in vitro effects on IEC-6 cells. (A) Predicted binding site and mode of HSYA on TP53. (B) Molecular docking simulation 
results for the HSYA–TP53 complex. (C) Representative fluorescence images showing the effects of HSYA on ROS, Fe2+, and LPO levels in LPS-treated IEC-6 cells, detected 
using DCFH-DA, FerroOrange, and BODIPY™ 581/591 C11 probes (scale bar=50μm). (D) Transmission electron microscopy images showing mitochondrial morphology 
after HSYA treatment (The structures labeled by yellow dotted circles in the figure are mitochondria). (E) Cell viability after HSYA treatment (n=8). (F) LPO levels (n=8). 
(G) ROS levels (n=8). (H) Fe2+ levels (n=8). (I) MDA levels (n=8). (J) GSH levels (n=8). (K and L) Western blot analysis of GPX4, xCT, and COX2 protein expression in IEC- 
6 cells (n =3).
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pathways were assessed. Histopathological examination of lung and intestinal tissues revealed that HSYA markedly 
ameliorated CLP-induced injury and restored normal architecture. Compared with the sepsis group, HSYA treatment 
substantially reduced neutrophil infiltration in alveolar spaces, decreased alveolar rupture, and alleviated alveolar wall 
edema and thickening. In the intestine, HSYA mitigated villus damage, shortening, and edema (Figure 9A and B). TEM 
revealed that HSYA markedly ameliorated pathological alterations in the intestinal tissues of septic mice (Figure 9C).

HSYA also attenuated the systemic inflammatory response. Serum IL-1β, IL-6, and TNF-α levels decreased by 
35.94%, 51.59%, and 41.02%, respectively, relative to the sepsis group (Figure 9D). Ferroptosis-associated biochemical 
assays demonstrated significant reductions in MDA and Fe2+ levels, accompanied by increased GSH content, in both 
lung and intestinal tissues. In lung tissue, MDA and Fe2+ decreased by 51.93% and 60.32%, while GSH increased by 
3.48-fold change. In intestinal tissue, MDA and Fe2+ decreased by 36.92% and 49.25%, and GSH increased by 45.22% 
(Figure 9E and F). Western blot analysis confirmed that HSYA modulated ferroptosis-related protein expression. In lung 
tissue, GPX4 and xCT increased by 39.45% and 29.45%, respectively, while COX2 decreased by 12.94%. In intestinal 
tissue, GPX4 and xCT increased by 74.71% and 60.79%, while COX2 decreased by 13.61%. Notably, TP53 protein 
expression in lung tissue decreased from 1.67 in the sepsis group to 1.54 in the HSYA group (7.78% reduction), and in 
intestinal tissue from 1.67 to 1.45 (13.17% reduction) (Figure 9G–O). Collectively, these findings demonstrate that 
HSYA mitigates sepsis-induced lung and intestinal injury, likely through inhibition of TP53-mediated ferroptosis, 
underscoring its therapeutic potential in sepsis-associated organ damage.

Discussion
Sepsis is a systemic inflammatory response syndrome caused by infection and is frequently observed in patients with 
severe trauma or infectious diseases. Sepsis and septic shock remain major global healthcare challenges, affecting 
millions of individuals each year and causing mortality in approximately one-third to one-sixth of cases.34 

Overactivation of inflammatory mediators disrupts immune regulation, creating a self-perpetuating and destructive 
positive feedback loop that triggers cytokine storms, ultimately leading to multi-organ injury involving the intestine, 
lungs, kidneys, and other organs, and resulting in death.35–37 Current clinical management is primarily restricted to non- 
specific supportive interventions aimed at preserving organ homeostasis and limiting infection spread. Although early 
goal-directed therapy has yielded certain benefits in recent years, sepsis-related mortality remains unacceptably high.38,39 

As the intestine and lungs are primary targets in the pathogenesis of sepsis-induced multi-organ dysfunction, developing 
novel therapeutic strategies to address injury and functional impairment in these organs remains a critical priority in 
sepsis research.

Multi-organ dysfunction is a principal cause of mortality in sepsis, yet its underlying pathogenesis remains incom
pletely understood, and effective interventions are lacking. Patients remain at a substantially increased risk of treatment 
failure for weeks to months following disease onset, underscoring the importance of organ protection and functional 
support during this critical period.40

Ferroptosis, an iron-dependent form of regulated cell death distinct from apoptosis, is characterized by disrupted iron 
metabolism and excessive lipid peroxide accumulation. Accumulating evidence implicates ferroptosis as a key driver of 
sepsis pathology.19,41 Targeting ferroptosis-related molecules has shown therapeutic potential. Bian et al demonstrated 
that inhibition of GPR116 mitigated sepsis-induced liver injury by modulating the Xc− system/GSH/GPX4 pathway, 
thereby reducing ferroptosis, improving liver function, and enhancing survival in septic mice.42 Li et al identified irisin as 
a critical regulator in sepsis-associated encephalopathy, where activation of the Nrf2/GPX4 axis attenuated ferroptosis, 
improved cognitive performance, alleviated neurological deficits, and restored the inflammatory microenvironment.43 

Similarly, Cui et al reported that Yiqi Fumai injection (YQFM) targeted the xCT/GPX4 axis to suppress ferroptosis in 
sepsis-induced cardiomyopathy, reducing myocardial injury and improving survival.44

Ferroptosis has emerged as a beneficial process in the context of sepsis, suggesting that ferroptosis-related genes may 
serve as potential therapeutic targets. Bioinformatic analysis of three sepsis datasets identified 34 ferroptosis-associated 
differentially expressed genes, among which PPI network analysis highlighted TP53 as the most central node, under
scoring its pivotal role in sepsis-associated ferroptosis. ROC analysis further confirmed the robustness and translational 
potential of TP53 as a diagnostic marker. Single-cell transcriptomic profiling of peripheral blood from septic patients 
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Figure 9 HSYA interacts with TP53 and alleviates sepsis-induced injury. (A–C) Representative hematoxylin–eosin (HE) staining of lung and intestinal tissues and 
transmission electron microscopy (TEM) images of intestinal villi (HE: scale bar = 40μm; TEM: scale bar =1μm). (D) Serum TNF-α, IL-1β, and IL-6 levels (n=8). 
(E) MDA, GSH, and Fe2+ levels in lung tissue (n=8), assessing lipid peroxidation, ferroptosis activity, and antioxidant capacity. (F) MDA, GSH, and Fe2+ levels in intestinal 
tissue (n=8), evaluated using the same parameters as in panel C. (G–O) Western blot analysis of GPX4, xCT, and COX2 protein expression in lung and intestinal tissues 
(n =3).
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demonstrated uniformly low TP53 expression across all identified cell clusters, consistent with prior reports that TP53 in 
normal blood cells has a short half-life, unstable metabolism, and is maintained at low concentrations. Despite this, even 
low-level TP53 expression was sufficient to activate downstream signaling pathways.45 TP53 is a master regulator of 
metabolic homeostasis, controlling processes such as glucose and lipid metabolism. It generally suppresses de novo 
lipogenesis and other anabolic pathways while promoting oxidative phosphorylation and catabolic metabolism. However, 
TP53 exerts bidirectional effects, reflecting functional complexity that must be interpreted in disease-specific 
contexts.46,47 The regulatory role of TP53 in ROS homeostasis is particularly noteworthy. Under conditions of low 
ROS, caused by mild, transient, and reversible stress, TP53 activates antioxidant pathways to lower ROS levels and 
protect cells. In contrast, when ROS levels become excessive due to severe, prolonged, and irreversible stress, TP53 
promotes further ROS accumulation, triggering cell death to protect surrounding tissues. As a central stress-response 
mediator, p53 preserves cellular homeostasis through such bidirectional regulation. Its activity requires precise balance: 
insufficient activation may fail to prevent injury, whereas excessive activation can induce unnecessary cell death, yielding 
both protective and harmful outcomes. This finely tuned and dynamic regulation underscores the essential role of p53 in 
cellular stress adaptation.48–50

In our in vivo experiments, attention was focused on lung and intestinal tissues, both of which are highly susceptible 
to injury and display characteristic pathological alterations during sepsis. The intestine, one of the earliest organs 
affected, plays a pivotal role in disease progression. Disruption of its barrier function facilitates bacterial and endotoxin 
translocation, thereby amplifying the systemic inflammatory response.51 The lungs are similarly vulnerable, with 
inflammation and oxidative stress acting as key drivers of sepsis-induced acute lung injury.52 During sepsis, reduced 
intestinal mucosal perfusion, diminished number and function of lamina propria plasma cells, and decreased secretory 
IgA (sIgA) secretion increase bacterial adhesion to epithelial cells and promote bacterial/endotoxin translocation. 
Intestinal hypoperfusion further leads to endothelial damage and barrier breakdown, intensifying systemic immune– 
inflammatory responses and contributing to secondary injury of the lungs and other organs. Lung injury, in turn, impairs 
oxygen delivery, exacerbating intestinal damage. This bidirectional interplay accelerates sepsis progression.53–55 

Pifithrin-α, a TP53 inhibitor, has been widely used in both in vivo and in vitro studies.56,57 Using the CLP model, we 
examined the contribution of ferroptosis to sepsis-induced lung and intestinal injury. In line with previous studies, tissues 
from CLP-induced septic mice exhibited hallmark ferroptotic features, including elevated MDA levels, decreased GSH 
content, and Fe2+ accumulation. Upregulation of TP53 significantly mitigated tissue injury by suppressing lipid 
peroxidation and iron overload.58,59 To further elucidate the link between TP53 activity and ferroptosis in sepsis, we 
administered Pifithrin-α, which similarly alleviated lung and intestinal injury, consistent with earlier findings.60–62 

Mechanistically, the cystine/glutamate antiporter SLC7A11 (xCT) mediates cystine uptake for glutathione biosynthesis 
and antioxidant defense, whereas TP53 downregulates xCT expression, thereby modulating ferroptosis and attenuating 
organ injury.63,64 The role of TP53 varies across different diseases and even between disease stages, underscoring the 
complexity and context-dependent nature of its functions in pathophysiology.

Few clinical trials have demonstrated the efficacy of iron chelation therapies in sepsis. XBJ, a traditional Chinese 
medicine injection, has been used clinically in China since its approval in 2004 and has shown therapeutic benefits in 
sepsis management. However, as a multi-component herbal formulation, XBJ exhibits complex pharmacological, 
distribution, and metabolic characteristics that are difficult to precisely define.65 To address this, the present study 
focused on HSYA, a principal active constituent of XBJ. HSYA is a clinically applied, safe, low–molecular–weight 
natural compound.66 Molecular docking and molecular dynamics simulations confirmed that HSYA binds stably to TP53, 
consistent with previous evidence indicating that HSYA suppresses TP53 signaling and oxidative stress.67 Based on these 
findings, in vitro and in vivo experiments were conducted to elucidate the mechanism of HSYA in sepsis. HSYA 
significantly enhanced the viability of IEC-6 cells under septic conditions, reduced intracellular LPO, ROS, and Fe2+ 

levels, restored MDA and GSH balance, improved mitochondrial morphology, and attenuated ferroptosis. In septic mice, 
HSYA lowered serum levels of IL-1β, IL-6, and TNF-α. Consistent with earlier studies,68 HSYA suppressed the release 
of inflammatory mediators and alleviated sepsis-associated ferroptosis, conferring substantial protective effects on both 
the intestine and lungs.
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Although current research has partially elucidated how TP53 mitigates sepsis-induced intestinal and pulmonary injury 
through ferroptosis regulation, important limitations remain. The role of TP53 in sepsis is highly complex, with its regulation of 
ferroptosis potentially influenced by diverse signaling pathways and microenvironmental factors that remain incompletely 
defined. Moreover, the beneficial effects of TP53-mediated ferroptosis regulation observed in animal and cell models face 
considerable barriers to clinical translation. Future research should delineate the interactions between TP53 and other signaling 
pathways to clarify the molecular basis of its ferroptosis regulation; undertake additional preclinical and clinical studies to 
evaluate the safety and efficacy of targeted interventions; employ gene-editing technologies to investigate TP53 function more 
precisely; and develop novel compounds or biologics for targeted ferroptosis modulation, potentially in combination regimens, to 
enhance therapeutic outcomes in sepsis.

In conclusion, the study identified TP53 as a pivotal therapeutic target in sepsis. Inhibition of TP53 markedly 
ameliorated lung and intestinal injury in septic models. During disease progression, injury to these organs disrupts 
systemic immune homeostasis, a disturbance that can exacerbate multi-organ failure and increase mortality risk. 
Modulating TP53-mediated ferroptosis holds considerable promise as an interventional strategy. Beyond confirming 
the central role of TP53 in sepsis-associated ferroptosis, the study is the first to propose HSYA as a potential TP53 
inhibitor for the treatment of sepsis-induced organ dysfunction.
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