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Background: Sepsis is a major clinical challenge, with in-hospital mortality of 25%-40% in intensive care unit patients. The 
gastrointestinal tract is recognized as both the “initiating organ” of multiple organ dysfunction syndrome and the “central organ” in 
orchestrating the host stress response during critical illness. ACSL4, a regulator of lipid metabolism and ferroptosis, is a potential 
target for sepsis-induced intestinal injury, but its inhibitor parishin has not been evaluated in this context.
Methods: Key genes implicated in sepsis pathogenesis were identified through bioinformatic analysis of publicly available datasets 
from the GEO. Network pharmacology approaches were used to screen for small-molecule compounds with high binding affinity to 
the identified hub genes. Molecular docking, followed by in vivo and in vitro validation, was employed to evaluate the therapeutic 
efficacy and mechanistic impact of the top candidate compound in a murine sepsis model.
Results: Weighted Gene Co-expression Network Analysis identified five genes most significantly associated with sepsis diagnosis. 
Protein-protein interaction network analysis revealed 157 hub genes, among which ACSL4 was the sole gene shared across diagnostic 
and functional modules. Molecular docking analysis indicated that Parishin exhibited the strongest binding affinity to ACSL4 (docking 
score: −17.701). In septic animal models, ACSL4 expression was markedly upregulated in both plasma monocytes and intestinal 
tissues (P < 0.05), accompanied by increased levels of inflammatory cytokines, lipid peroxidation (LPO), MDA, and Fe2+ (P < 0.05). 
Expression of ferroptosis-associated proteins was also evidently elevated (P < 0.05). Treatment with Parishin notably attenuated these 
pathological changes, reduced ferroptosis-related markers, and improved 72-hour survival rates in septic mice (P < 0.05).
Conclusion: Parishin ameliorates sepsis-induced intestinal injury by downregulating ACSL4 expression, thereby inhibiting Smad3 
phosphorylation and suppressing ferroptosis. These findings suggest that ACSL4 is a promising therapeutic target for mitigating 
intestinal damage in sepsis.
Keywords: sepsis, parishin, acsl4, ferroptosis, mitochondrial function

Introduction
Sepsis is a life-threatening clinical syndrome that arises from a dysregulated host response to infection, leading to life- 
threatening organ dysfunction and high mortality. Globally, sepsis affects nearly 50 million individuals each year and is 
responsible for approximately 11 million deaths—accounting for nearly 20% of all global mortality.1 Despite advances in 
critical care, sepsis remains the leading cause of death among critically ill patients, with a reported 90-day mortality rate 
of 32.24%.2 The gastrointestinal (GI) tract is among the earliest and most severely affected organs in sepsis and plays 
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a central role in the development of multiple organ dysfunction syndrome (MODS). The gut maintains a complex 
bidirectional relationship with other organs, particularly the lungs and liver. Disruption of the intestinal epithelial barrier 
allows the translocation of pathogens and toxins into the systemic circulation, which can activate immune cells in distant 
organs and disturb immune homeostasis. For example, bacterial translocation from the gut can trigger pulmonary 
immune responses, exacerbating lung injury.3 Similarly, increased intestinal permeability facilitates the passage of 
harmful substances to the liver, where they activate hepatic immune cells and impair metabolic function. Liver 
dysfunction, in turn, aggravates gut barrier damage, underscoring the critical gut-liver axis in sepsis pathophysiology.4 

Elevated intestinal permeability is considered a key initiator of MODS in sepsis. Loss of gut barrier integrity allows 
microbial products and pro-inflammatory mediators to disseminate systemically, thereby activating immune responses 
across multiple organs and contributing to widespread tissue injury. Additionally, sepsis disrupts the balance between the 
gut microbiota and the host immune system, promoting the development and progression of gut-derived infections. As 
a result, the gastrointestinal tract is increasingly recognized as the initiating organ in sepsis-induced multi-organ 
dysfunction.5,6 The intestinal epithelium, composed of a single layer of cells, is essential for maintaining gut home
ostasis. Beyond serving as a physical barrier, it acts as an immunological interface that mediates the interaction between 
commensal microbes and host immune cells.7 The unique structural and physiological characteristics of the gut position 
it as a pivotal player in the pathogenesis of sepsis.8,9 However, despite its central role, current clinical treatments for 
sepsis—such as antibiotic therapy, fluid resuscitation, and organ support—offer only symptomatic relief. No targeted 
therapies are currently available to effectively preserve or restore intestinal barrier function.10

Ferroptosis is a distinct, regulated form of cell death driven by iron-dependent lipid peroxidation and the accumulation of 
reactive oxygen species (ROS). It is tightly regulated by multiple metabolic pathways, including those governing iron 
homeostasis, lipid metabolism, and redox balance.11 While ferroptosis plays a physiological role in cellular homeostasis, 
aberrant activation under pathological conditions—both acute and chronic—can lead to tissue injury and disease 
progression.12–15 Emerging evidence has implicated ferroptosis in the pathogenesis of sepsis; however, its specific role in 
sepsis-induced intestinal injury remains insufficiently understood. To elucidate potential molecular targets, we performed 
a bioinformatic analysis comparing gene expression profiles between healthy individuals and sepsis patients. Among the 
differentially expressed genes, long-chain acyl-CoA synthetase 4 (ACSL4) emerged as a key candidate for both diagnostic 
and therapeutic targeting in sepsis. ACSL4, a member of the ACSL enzyme family, plays a central role in fatty acid 
metabolism and is particularly notable for its involvement in the formation of polyunsaturated fatty acid-containing 
phospholipids—crucial substrates for lipid peroxidation in ferroptosis. By facilitating iron-dependent lipid oxidation, 
ACSL4 contributes to the accumulation of lipid-derived ROS (L-ROS), ultimately leading to ferroptotic cell death.16

Our previous research demonstrated that ferroptosis, mediated by the Hippo/ACSL4 signaling axis, contributes to 
pericyte loss and vascular dysfunction in sepsis. Notably, modulation of this pathway was found to ameliorate vascular 
abnormalities.17 Building upon these findings, we aimed to further investigate the diagnostic and therapeutic relevance of 
ACSL4 in sepsis-associated intestinal injury. To this end, we applied network pharmacology and molecular docking 
approaches, which identified Parishin as a promising small-molecule compound targeting ACSL4. Parishin is a phenolic 
glucoside derived from Gastrodia elata, a traditional Chinese medicinal herb first recorded in the Shennong Bencao Jing. 
Among the major bioactive constituents of G. elata, Parishin has been shown in modern pharmacological studies to exert 
notable anti-inflammatory, antioxidant, and pro-angiogenic effects.18–20 For instance, Wang et al demonstrated that 
oxidative stress and inflammation are major contributors to cerebral ischemic injury, and that Parishin mitigates brain 
damage in ischemic rat models by regulating these pathological processes.21 Additional studies by Zhao and Gong 
revealed that Parishin also contributes to the restoration of intestinal microbiota balance and supports mucosal barrier 
integrity.22,23

Despite advances in supportive care, there remains a critical lack of reliable biomarkers and effective small- 
molecule therapeutics for sepsis-induced intestinal injury. Therefore, elucidating the underlying pathophysiological 
mechanisms, identifying novel molecular targets, and developing targeted treatment strategies are of urgent 
clinical importance. In this study, we demonstrate that Parishin significantly reduces inflammation, preserves 
intestinal barrier function, and improves survival in septic animal models. Moreover, we provide mechanistic 
insights into the role of ACSL4 in ferroptosis and its contribution to mitochondrial dysfunction and intestinal 
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injury. These findings not only validate the therapeutic potential of Parishin in sepsis but also offer a foundation 
for the development of targeted interventions against sepsis-induced intestinal damage.

Materials and Methods
Data Collection and Processing
Gene expression profiles were retrieved from the NCBI Gene Expression Omnibus (GEO) database, including datasets 
GSE28750, GSE57065, GSE65682, GSE69528, GSE8121, and GSE95233, with the latter (GSE95233) designated as the 
validation set. Outlier samples and genes were filtered using the goodSamplesGenes function from the Weighted Gene Co- 
expression Network Analysis (WGCNA) package in R(version 4.1.2). Differentially expressed genes (DEGs) were identified 
and subjected to Gene Ontology (GO) enrichment analysis via the Database for Annotation, Visualization and Integrated 
Discovery (DAVID). Pathway enrichment analysis was performed using the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database.24,25

WGCNA
WGCNA is a systems biology approach used to characterize correlation patterns among genes across different samples. 
This method facilitates the identification of gene modules with coordinated expression patterns and their associations 
with clinical phenotypes or disease states.26 Through the construction of gene co-expression networks, WGCNA clusters 
genes into modules based on expression similarity and correlates these modules with external traits, enabling the 
identification of candidate biomarkers and potential therapeutic targets. It has been widely applied in studies exploring 
genotype-phenotype relationships.27

Construction of the Protein-Protein Interaction (PPI) Network
Based on DEGs identified through WGCNA, a PPI network was constructed to explore functional associations. Genes 
with higher connectivity (ie, greater interaction degree) were considered more likely to represent key molecular targets. 
Hub genes significantly associated with sepsis were identified through topological network analysis. Cytoscape (version 
3.9.1) was used to visualize the PPI network.28 In the visualization, node size and color intensity reflected gene 
connectivity—the higher the degree, the larger and lighter the node. Within each module, the top 30 genes with the 
highest degrees were designated as hub genes.

Receiver Operating Characteristic (ROC) Curve Analysis
To evaluate the diagnostic potential of candidate genes, ROC curve analysis was performed using the pROC package in 
R, a widely used tool for assessing biomarker performance. Sensitivity and specificity values were used to generate ROC 
curves, and the area under the curve (AUC) was calculated to quantify diagnostic accuracy.

Gene-Molecular Docking for Identification of Potential Therapeutic Compounds
Candidate therapeutic compounds were screened from the DrugBank database (https://go.drugbank.com/) based on 
Lipinski’s Rule of Five to ensure drug-likeness. A preliminary literature review guided the selection of ACSL4 as 
the target protein for virtual screening. Molecular docking was performed against the mouse ACSL4 protein using 
Schrödinger Maestro (version 12.8), while three-dimensional visualization was carried out with PyMol. High- 
throughput virtual screening was conducted via the Virtual Screening Workflow module, and docking was 
completed using the Glide module. Binding affinities and structural interactions were manually reviewed to 
evaluate compound-target compatibility. The top 500 compounds from the HY-L021P Natural Product Library 
Plus and HY-L0107V Life Chemicals Natural Product-like Compound Library were included in the screen. 
Docking scores were used to rank compounds and assess their potential binding strength to ACSL4.
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Animal Preparation and Sepsis Model
Eight-week-old male C57BL/6 mice (20–22 g), free of specific pathogens, were used for all animal experiments. Mice 
were acclimated for 24 hours in a controlled environment (22 ± 2 °C, 40%–70% humidity) prior to procedures. Sepsis 
was induced via the cecal ligation and puncture (CLP) method, a well-established murine model of polymicrobial sepsis. 
Mice were anesthetized with intraperitoneal pentobarbital sodium (30 mg/kg). Following confirmation of anesthesia, 
animals were placed supine, and the abdominal region was disinfected using povidone-iodine. A midline laparotomy 
(~1 cm) was performed to expose the cecum. In the sham group, the abdomen was opened, but no ligation or puncture 
was performed. In the sepsis (Sep) and treatment (Parishin) groups, the cecum was ligated approximately one-quarter of 
the distance from the distal end toward the ileocecal junction using sterile 4–0 sutures. The cecum was then punctured 
once with a 22G needle to allow fecal extrusion (~0.2 mL). The cecum was repositioned into the peritoneal cavity, and 
the incision was closed in two layers with sterile 2–0 sutures. Age- and sex-matched (8–12 weeks) controls were used in 
each experiment.

Postoperatively, mice were housed individually and monitored. Twelve hours after CLP, mean arterial pressure 
(MAP) was measured via carotid artery cannulation; a ≥30% reduction from baseline was considered indicative of 
successful sepsis induction. Mice in the Sep group received no further intervention. Mice in the Parishin group were 
administered an intraperitoneal injection of Parishin (50 mg/kg) one hour prior to surgery. All animals were sacrificed 
24 hours post-CLP for tissue collection and analysis. All procedures involving animals were granted by the Ethics 
Committee of the Army Medical University (Approval No. AMUWEC20237064) and conducted at the Experimental 
Animal Center of the Army Specialty Medical Center, Chinese PLA Army Medical University.

Cell Culture and Reagents
IEC-6 Cell Culture
IEC-6 cells (obtained from ATCC, USA) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) enriched with 
10% fetal bovine serum (FBS) and seeded into sterile culture dishes. Cells were maintained at 37 °C in a humidified 
incubator with 5% CO2. Upon reaching 75–80% confluence, cells were used for subsequent experiments. Experimental 
groups were defined as follows: Control group (CTL): Cells were incubated with serum-free DMEM for 12 hours. Sepsis 
group (LPS): Cells were treated with 10 μg/mL lipopolysaccharide (LPS) in serum-free DMEM. Treatment group 
(Parishin): Following exposure to 10 μg/mL LPS, cells were further treated with Parishin at concentrations of 20, 50, 
100, and 200 μmol/L for 12 hours.

Monocyte Isolation
Peripheral blood monocytes were isolated using a PBMC isolation kit (Solarbio, China). Briefly, 2 mL of fresh EDTA- 
anticoagulated whole blood was mixed with an equal volume of normal saline and gently layered over 3 mL of 
lymphocyte separation medium. After centrifugation at 400 g for 25–35 minutes, the mononuclear cell layer—appearing 
as a milky white ring—was collected. Cells were washed with 10 mL saline, centrifuged at 250 g for 10 minutes, and 
washed twice before being used in downstream assays.

Main Reagents
Parishin and Ferrostatin-1 were procured from MedChemExpress (MCE, USA). LPS, Evans Blue, and Type 
I collagenase were obtained from Sigma-Aldrich (USA). DMEM and FBS were sourced from Hyclone (USA). ELISA 
kits for diamine oxidase (DAO), D-lactate (D-LA), TNF-α, IL-6, and IL-1β were obtained from Elabscience (China). 
Lipid peroxidation (LPO) assay kits were brought from Nanjing Jiancheng Bioengineering Institute (China). 
Mitochondrial membrane potential (JC-1) and ROS detection kits were obtained from Beyotime Biotechnology 
(China). Primary antibodies againstβ-Actin(ab170325), GPX4(ab252833), ACSL4(A6826), phosphorylated Smad3 
(P-Smad3,ab52903), total Smad3(ab208182), SLC7A11(ab216876), PGC-1α(ab313559), COX2(ab179800), ZO-1
(ab276131), and β-actin, as well as HRP-conjugated goat anti-rabbit secondary antibodies, were sourced from Abcam 
(USA). The Seahorse XF Cell Mito Stress Test Kit was procured from Agilent Technologies (USA). The BODIPY 581/ 
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591 C11 lipid peroxidation probe was purchased from Thermo Fisher Scientific (USA), and the FerroOrange probe and 
Fe2+ detection kit were acquired from Dojindo Laboratories (Japan).

Histopathological Examination of Intestinal Tissue (Hematoxylin and Eosin Staining, 
HE)
Histological analysis of intestinal tissues was performed following euthanasia via intraperitoneal injection of a lethal dose 
of pentobarbital. A ~10 cm segment of the small intestine proximal to the stomach was excised, thoroughly rinsed with 
cold PBS to remove luminal contents, and fixed in 4% paraformaldehyde for 48–72 hours. Fixed tissues were trimmed 
into 2–3 mm sections and processed using standard histological techniques, including dehydration, clearing, paraffin 
embedding, sectioning, and staining. HE staining was conducted, and histopathological changes were examined under 
a light microscope.

Transmission Electron Microscopy (TEM)
Ultrastructural analysis of intestinal tissues was performed using transmission electron microscopy. After euthanasia, 
a 10 cm segment of the proximal small intestine was isolated and flushed alternately with PBS and sodium citrate to 
remove residual contents. The ends of the intestinal segment were ligated, and the lumen was infused with 2.5% 
glutaraldehyde. After 20 minutes, the tissue was sectioned into 1–2 mm fragments and fixed again in 2.5% glutaralde
hyde for 30 minutes at room temperature. Samples were subsequently immersed in sucrose solution and incubated at 4 °C 
for 2 hours, followed by fixation in osmium tetroxide for 2 hours in the dark. Following fixation, tissues were dehydrated 
through a graded acetone series and embedded in a 1:1 mixture of acetone and resin. Samples were pre-cured at room 
temperature for 1.5 hours, then polymerized at 37 °C for 24 hours and at 60 °C for an additional 48 hours. After cooling 
to room temperature, ultra-thin sections were cut and stained with lead citrate and uranyl acetate. Ultrastructural features 
were examined using a TEM (JEM-1400, JEOL, Japan).

Western Blotting
Total proteins were extracted from cells or tissues using RIPA lysis buffer supplemented with protease inhibitors, and 
concentrations were quantified using a BCA protein assay kit. Equal amounts of protein were resolved by SDS-PAGE 
and transferred onto PVDF membranes. Membranes were blocked with 5% non-fat milk for 2 hours at room temperature 
and incubated overnight at 4 °C with primary antibodies at the following dilutions: GPX4, COX2, SLC7A11, PGC-1α, 
and ZO-1 (1:1000); ACSL4, total Smad3, and phosphorylated Smad3 (P-Smad3) (1:2000); and β-actin (1:5000). After 
washing, membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies 
(1:20,000) for 1 hour at room temperature. Protein bands were visualized using the Odyssey CLx infrared imaging 
system, and signal intensities were quantified using ImageJ software.

Immunofluorescence Staining
Following treatment, IEC-6 cells were fixed in 4% paraformaldehyde for 10 minutes and washed three times with PBS 
(5 minutes each). Cells were then permeabilized with 0.3% Triton X-100 for 1 minute at room temperature. After 
blocking with 1% BSA for 1 hour, cells were incubated overnight at 4 °C with ZO-1 primary antibody (1:200) on 
a shaker. The following day, cells were washed with PBS and incubated with a fluorescent secondary antibody (1:200) in 
the dark for 1 hour at room temperature. Nuclei were counterstained with DAPI, and fluorescence images were captured 
using a laser scanning confocal microscope.

Detection of Lipid ROS in IECs
Lipid ROS in IECs were assessed by flow cytometry. Cells were prepared as single-cell suspensions and stained 
according to the antibody manufacturer’s protocol. Fluorescent probes—BODIPYTM 581/591 C11, JC-1, and 
MitoSOXTM—were diluted 1:1000 in serum-free medium and added to culture plates. Cells were incubated at 37 °C 
in a 5% CO2 atmosphere for 30 minutes. After incubation, the staining solution was removed, and cells were washed with 
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PBS. Following trypsinization, cells were resuspended in DMEM-containing serum, transferred to flow cytometry tubes, 
and subsequently washed with PBS. Lipid ROS levels were detected using flow cytometry (excitation: 488 nm; emission: 
501–563 nm).

Seahorse Analysis of Mitochondrial Respiratory Function
Mitochondrial respiration in IECs was assessed using the Seahorse XF Cell Mito Stress Test Kit (Agilent, USA). When 
cell confluence reached approximately 50%, cells were seeded into XF24-well microplates following standard Seahorse 
protocols. After adherence, 150 μL of DMEM was added to each well, and plates were allowed to sit at room temperature 
for 1 hour to promote even cell settling. On the day of the assay, XF calibrant (1 mL/well) was added to the sensor 
cartridge and incubated overnight at 37 °C. Before measurement, cells were washed twice and incubated with 500 μL of 
Seahorse assay medium at 37 °C for 1 hour. Mitochondrial morphology and ROS fluorescence were visualized using 
a Leica TCS SP5 confocal microscope (excitation: 488 nm; emission: 501–563 nm).

Animal Survival Analysis
For survival analysis, 16 C57BL/6 mice per group were randomly selected using a random number table Starting 
12 hours after CLP surgery, survival rates and times were monitored and recorded over a 72-hour period.

Statistical Analysis
All statistical analyses were conducted using R software (version 4.0.2; https://www.r-project.org/). For normally 
distributed continuous variables, data are presented as mean±standard deviation. Statistical significance was determined 
by one-way ANOVA followed by Tukey’s multiple-comparison test. For non-normally distributed data, the Mann– 
Whitney U-test (Wilcoxon rank-sum test) was applied. ROC curves were generated using the pROC package to evaluate 
classification performance. Survival rates were analyzed by the Kaplan-Meier estimator and compared using a log-rank 
hazard ratio. Double-blind method was adopted for intestinal pathological scoring and image quantitative analysis. All 
statistical tests were two-sided, and p < 0.05 was considered statistically significant.

Results
Identification of DEGs Between Sepsis and Control Samples
Five gene expression datasets were obtained from public databases. Differential expression analysis was performed on 
each dataset, and the results were visualized using volcano plots. The number of DEGs identified in the individual 
datasets was 826, 709, 1049, 1,310, and 543, respectively. Integration of these results using a Venn diagram (Figure 1A) 
revealed 159 overlapping DEGs that were consistently dysregulated across all five datasets (Figure 1B).

GO and KEGG Pathway Enrichment Analysis
To explore the biological functions of the identified DEGs, GO enrichment analysis was conducted using the DAVID 
platform. The results highlighted autophagy, phagocytic vesicle assembly, and cysteine-type peptidase activity as the 
most significantly enriched terms within the biological process (BP), cellular component (CC), and molecular function 
(MF) categories, respectively (Figure 2A). Notably, genes upregulated in sepsis were primarily involved in pathways 
related to phagosome formation and autophagy, whereas downregulated genes were enriched in processes related to 
ubiquitin-like protein modifications, inflammasome activity, and enzymatic regulation—highlighting a disruption of 
immune-related pathways in sepsis. A GO circle plot further displays the top five enriched GO terms (Figure 2B), and 
a chord diagram visualizes the relationships between representative DEGs and these top GO categories (Figure 2C).

To further understand the signaling pathways involved, pathway enrichment analysis was performed using KOBAS 
3.0, referencing multiple databases, including KEGG, Reactome, BioCyc, and PANTHER. The analysis revealed that 
common DEGs were significantly enriched in immune-related pathways, particularly those associated with neutrophil 
activation and dysfunction (Figure 2D).
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WGCNA
WGCNA was employed to identify gene modules with highly correlated expression patterns, summarize each module 
using its eigengene or representative hub genes, and relate these modules to clinical traits such as sepsis. This network- 
based approach facilitates the discovery of biomarkers and prioritization of therapeutic targets across complex biological 
conditions.

Network construction: Gene expression matrices from five independent datasets—GSE28750, GSE57065, 
GSE65682, GSE69528, and GSE8121—were analyzed. Hierarchical clustering was performed using Pearson correlation 
coefficients to detect outlier samples. Sample dendrograms indicated no significant outliers across the datasets 
(Figure 3A).

Module detection and trait association: Genes exhibiting similar expression profiles were grouped into modules using 
dynamic tree cutting. These modules were largely independent at the transcriptomic level. Module-trait relationships 
were assessed by correlating module eigengenes with the clinical trait (sepsis vs healthy control). In each dataset, 
a specific module—indicated by a distinct color—exhibited the strongest and most statistically significant association 
with sepsis (Figure 3B).

Gene significance (GS) and hub selection. Within each sepsis-associated module, GS was calculated to quantify the 
correlation between individual gene expression and the sepsis phenotype. Several genes with high GS scores, including 
CD177 and CLEC4D, have been previously implicated in sepsis pathogenesis, supporting the biological relevance of the 
identified modules.

Cross-dataset integration: To identify robust candidate genes, sepsis-related modules from all five datasets were 
compared. A Venn diagram revealed five overlapping hub genes consistently present across datasets: ACSL4, IL13RA1, 
MARCKS, NUMB, and RNF19B (Figure 3C). Among these, ACSL4 displayed the highest GS. Collectively, these 

Figure 1 Identification of DEGs. (A) Volcano plots displaying the distribution of upregulated and downregulated genes in each dataset. (B) Venn diagram illustrating the 
intersection of DEGs among all five datasets, yielding 159 common DEGs. Each colored area represents one dataset.
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results highlight ACSL4 and four additional hub genes as key regulators consistently associated with sepsis across 
multiple independent cohorts.

Construction of PPI Network and Identification of Hub Genes
To further explore key genes associated with sepsis, we constructed a PPI network based on the 159 DEGs identified 
through integrative analysis. Using the genes most strongly correlated with sepsis from the WGCNA modules, we 
established a PPI network to assess protein-level interactions (Figure 4A). From this network, the top 30 hub genes were 
ranked by connectivity, with node color intensity (red to yellow) indicating descending levels of connectivity 
(Figure 4B). To refine the list of candidate genes, we intersected the PPI-derived hub genes with the 159 DEGs 
previously identified. Notably, only one gene, ACSL4, overlapped between these two gene sets (Figure 4C).

Validation of ACSL4 Expression in an Independent Dataset
To validate the upregulation and diagnostic relevance of ACSL4, we performed a single-gene expression analysis using 
the independent GSE95233 dataset. As a candidate biomarker, ACSL4 should exhibit high sensitivity and specificity, 

Figure 2 GO and KEGG Enrichment Analyses. (A) GO analysis results are categorized into three domains: biological processes, cellular components, and molecular 
functions. (B) GOCircle plot showing the top five significantly enriched GO terms and associated DEGs, with gene color indicating fold-change magnitude. (C) Chord plot 
illustrating the connections between common DEGs and top GO terms. (D) KEGG pathway enrichment analysis highlighting the top five significantly enriched pathways 
associated with immune and neutrophil-related processes.
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Figure 3 WGCNA results. (A) Sample clustering dendrogram for outlier detection. Samples from five datasets (GSE28750, GSE57065, GSE57066, GSE65682, and 
GSE69528) were clustered, with most disease-status-matched samples grouped together. (B) Heatmap of module-trait relationships. Correlations between each module and 
sepsis across the five datasets are shown. Each row represents a module eigengene, and each column represents a trait (sepsis or healthy control). The values within the cells 
indicate the correlation coefficient and corresponding p-value. Color intensity reflects the strength of the correlation. (C) Venn diagram identifying five overlapping hub 
genes across sepsis-associated modules from all five datasets.
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typically evaluated via ROC curve analysis. Consistent with previous findings, ACSL4 expression was significantly 
elevated in sepsis patients compared to healthy controls (Figure 4D). ROC analysis yielded an area under the curve 
(AUC) value of 0.924, indicating excellent diagnostic performance in distinguishing sepsis from non-septic individuals 
(Figure 4E). These results reinforce the robustness of ACSL4 as a potential biomarker for sepsis and support its relevance 
across multiple datasets.

Molecular Docking and Targeted Drug Screening
To identify potential therapeutic compounds targeting ACSL4, molecular docking was conducted using the top 500 
candidates from two natural product libraries: the HY-L021P Natural Product Library Plus and the HY-L0107V Life 
Chemicals Natural Product-like Compound Library . In molecular docking, a more negative docking score indicates 
a stronger predicted binding affinity between the ligand and the target protein.

The top-ranked compound, designated HY-N2031, was derived from the HY-L021P Natural Product Library Plus and 
exhibited a docking score of –17.701, the highest among all screened compounds. Structural analysis revealed that HY- 
N2031 binds specifically and strongly to the mouse ACSL4 protein (Figure 5A and B), suggesting its potential as a lead 
compound for therapeutic targeting in sepsis. HY-N2031 forms a total of 12 hydrogen bonds and one π–cation interaction 
with ACSL4. Specifically, hydroxyl groups of the compound form hydrogen bonds with amino acid residues GLY465, 
LEU446, GLN464, LYS690, ASP573, ARG570, TYR582, GLY505, and GLN566. An additional hydrogen bond is 

Figure 4 Construction of the PPI Network and Identification of ACSL4 as a Core Gene. (A) A PPI network was constructed based on 159 common DEGs. (B) The top 
30 hub genes were identified based on network connectivity, with nodes colored from red to yellow indicating descending degrees of connectivity. (C) Key genes were 
selected based on the overlap between hub genes identified in the PPI network and genes enriched in the co-expression network. (D) Box plot showing significantly 
increased ACSL4 expression in sepsis patients compared to healthy controls. Blue indicates the healthy control group; red represents the sepsis group. (E) ROC curve 
demonstrating the diagnostic performance of ACSL4, with an AUC of 0.924, indicating high sensitivity and specificity.
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formed between an oxygen atom on the compound ring and LEU446. A π–cation interaction occurs between the phenyl 
ring of the compound and LYS587 (Figure 5C and D).

Targeted Therapy with Parishin Attenuates Inflammatory Responses and Improves 
Intestinal Function and Prognosis in Septic Mice by Modulating ACSL4
To validate the therapeutic potential of Parishin and its regulatory effect on ferroptosis-related genes in sepsis, we 
conducted both in vivo and in vitro experiments using murine and cellular models. Our results showed that, compared 
with the untreated sepsis group, Parishin significantly downregulated the mRNA expression of ACSL4 in monocytes and 
small intestinal epithelial cells. Specifically, the expression level of ACSL4 decreased from 17.97±4.2 to 9.23±0.95 in 
monocytes, and from 8.57±1.3 to 4.53±0.78 in small intestinal epithelial cells (P < 0.05, Figure 6A and Supplementary 
Table 1).

To assess intestinal barrier integrity, we measured plasma levels of DAO, D-lactate, and LPS. In the Sham group, the 
levels of these markers were 27.43±5.33, 0.54±0.17, and 2.92±1.08. Compared with the untreated sepsis group, the levels 
of these markers in septic mice treated with Parishin were significantly decreased from 81.88±13.71 to 56.60±6.04, 1.91 
±0.32 to 0.76±0.27, and 10.50±1.31 to 5.94±0.92, respectively (P<0.05). Parishin treatment distinctly reduced all three 

Figure 5 Molecular Docking and Binding Affinity Analysis of HY-N2031 (Parishin) with Established Ferroptosis-Associated Sepsis Genes. (A and B) The docking model 
shows the mouse ACSL4 protein backbone in green. (C and D) Nitrogen atoms are depicted in blue, oxygen atoms in red, hydrogen atoms in white, and HY-N2031 is shown 
as light blue sticks. Red dashed lines represent π–cation interactions, while purple dashed lines denote hydrogen bonds (with longer lines indicating weaker interactions).
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Figure 6 Therapeutic Potential of Parishin in Alleviating Sepsis-Induced Intestinal Injury. (A) mRNA expression of ferroptosis-related genes in septic mice following Parishin 
treatment (n=3). (B) Levels of plasma diamine oxidase (DAO), D-lactate (D-Lac), and lipopolysaccharide (LPS) in septic mice (n=6). (C) Histological evaluation of intestinal 
mucosa in mice (scale bar,50um), and transmission electron microscopy (TEM) images of intestinal villi (scale bar,3um). (D) Levels of plasma inflammatory cytokines (TNF-α, 
IL-1β, IL-6) in septic mice (n=6). (E) Survival analysis of septic mice following Parishin treatment (Log-Rank (Mantel-Cox) Test) (n=16). (F) Cell viability on IEC-6 cells (n=6). 
(G) Expression levels of ZO-1 protein in intestinal tissues (n=3). (H) Laser confocal microscopy analysis of IEC6 cells (scale bar, 50 um) (n=3).
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markers compared to the sepsis group, they have decreased by 30.87%, 60.27% and 43.36%.This result indicates that 
Parishin alleviates intestinal permeability damage (P < 0.05, Figure 6B).

Histopathological examination via HE staining revealed that intestinal tissues from control mice exhibited normal 
mucosal architecture, including intact epithelial alignment, well-formed crypts, and an absence of inflammatory infiltra
tion. In contrast, septic mice displayed extensive epithelial damage, crypt destruction, crypt abscess formation, and 
prominent infiltration of lymphocytes and neutrophils. Treatment with Parishin led to notable improvements in mucosal 
structure and reduced inflammatory changes.TEM further supported these findings. In control mice, intestinal epithelial 
cells displayed well-organized microvilli, intact tight junctions, and mitochondria with clearly defined cristae. Septic 
mice, by comparison, showed shortened and disorganized microvilli, disrupted tight junctions, and swollen, cristae- 
depleted mitochondria. Parishin treatment partially restored mitochondrial morphology and epithelial integrity 
(Figure 6C).

We next measured plasma concentrations of inflammatory cytokines. Compared to the normal Sham group, TNF-α, 
IL-1β, and IL-6 levels increased from164.8±49.65 to 379.2±44.45, 87.83±10.72 to 244±25.4, and 182.2±43.92 to 355.8 
±52.8, respectively (P < 0.05). Treatment with Parishin markedly reduced these proinflammatory cytokines relative to the 
untreated sepsis group, they have decreased to 275.5±26.15, 160.2±17.39 and 253.5±43.11 (P < 0.05, Figure 6D). 
Importantly, 72h survival analysis showed high early mortality in septic mice, with no surviving beyond 72 hours (mean 
survival, 16.4h). Treatment with Parishin significantly improved outcomes, with six mice surviving beyond 72 hours 
(mean survival, 57.3h). Parishin significantly improved the 72-hour survival rate of septic mice (P < 0.05, Figure 6E and 
Table 1).

At the cellular level, compared with the control group (1±0.03), cell proliferation capacity was decreased in the sepsis 
group (0.38±0.03), while it was upregulated by 75.32% in the Parishin (50um,0.66±0.07) group (P < 0.05, Figure 6F). At 
the protein level, ZO-1 expression in intestinal tissues was markedly reduced in septic mice, consistent with compro
mised barrier function. Parishin treatment significantly restored ZO-1 levels (P < 0.05, Figure 6G). These findings were 
further corroborated by immunofluorescence imaging, which showed improved mucosal barrier integrity following 
Parishin treatment (Figure 6H).

Parishin Reduces Ferroptosis in Intestinal and Circulating Mononuclear Cells by 
Targeting Sepsis-Specific Ferroptosis-Related Genes
To elucidate the effects of Parishin on ferroptosis during sepsis, we evaluated ferroptosis-associated markers in both 
intestinal tissues and circulating mononuclear cells. Prussian blue staining of intestinal sections demonstrated a marked 
reduction in iron deposition following Parishin treatment, indicating that Parishin effectively mitigates cell death by 
suppressing ferroptosis (Figure 7A). In vitro, LPS was utilized to simulate septic conditions in intestinal epithelial cells 

Table 1 Kaplan–Meier Table

Time 0 24 48 72

Sham At Risk 16 16 16 16
Events 0 0 0 0

Censored 0 0 0 0

Survival Probability 1 1 1 1

Sep At Risk 16 5 5 0

Events 0 11 5 0
Censored 0 0 0 0

Survival Probability 1 31.25% 0 0

Parshin At Risk 16 16 16 11

Events 0 0 5 6

Censored 0 0 0 0
Survival Probability 1 1 68.75% 31.25%
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Figure 7 Regulatory Effects of Parishin on Iron Overload and Ferroptosis During Sepsis. (A) Representative Prussian blue staining images showing ferrous iron accumulation 
in intestinal tissue (scale bar, 50 μm). (B) Measurement of malondialdehyde (MDA) levels and total iron content in intestinal epithelial cells and monocytes under LPS 
stimulation (n=6). (C) Effects of Parishin on iron accumulation and lipid peroxidation (LPO) in septic monocytes (n=3). (D) Protein expression levels of GPX4, SLC7A11, and 
COX2 (n=3).
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and monocytes. LPS exposure distinctly increased intracellular iron levels. It is specifically manifested as in intestinal 
epithelial cells, MDA and Fe²+ levels increased from 3.14±1.1 to 17.32±2.8 and 15.05±5.97 to 49.4±8.85. In monocytes, 
MDA and Fe²+ levels increased from 5±1.73 to 22.22±8.44 and 32.05±7.22 to 80.97±9.59 (P < 0.05), whereas treatment 
with Parishin notably diminished ferrous ion fluorescence intensity. It is specifically manifested as in intestinal epithelial 
cells, MDA and Fe²+ levels decreased to 7.61±1.08 and 30.12±7.3. In monocytes, MDA and Fe²+ levels decreased to 
11.53±1.62 and 47.79±5.41, reflecting reduced iron accumulation (P < 0.05, Figure 7B, Supplementary Table 2). 
A similar reduction in iron overload was observed in Mean Fluorescence Intensity (MFI) from septic mice treated 
with Parishin.Compared with the untreated sepsis group, the MFI of Fe and LPO in septic mice treated with Parishin 
were significantly decreased from 10086±1839.14 to 6446±694.77 and 2531±932.34 to 730.6±87.84 (P < 0.05, 
Figure 7C). Furthermore, GPX4 and SLC7A11, both of which are central to ferroptosis inhibition, were significantly 
downregulated in septic intestinal tissues and PBMCs, as well as in LPS-stimulated monocytes and IEC-6 cells. Parishin 
treatment restored the expression levels of both proteins. In contrast, COX2, a pro-ferroptotic marker typically 
upregulated during iron-induced lipid peroxidation, was significantly increased under septic conditions and was markedly 
reduced following Parishin intervention. Compared to the sepsis group, treatment with Parishin is specifically manifested 
as in intestine, GPX and SLC7A11 levels increased from 0.35±0.12 to 0.67±0.05 and 0.39±0.09 to 0.69±0.04, 
respectively, while COX2 decreased from 1.57±0.03 to 1.25±0.03. In monocytes, GPX and SLC7A11 levels increased 
from 0.46±0.08 to 0.69±0.04 and 0.44±0.09 to 0.7±0.06, respectively, while COX2 decreased from 1.74±0.06 to 1.36 
±0.08. In IEC-6 cell, GPX and SLC7A11 levels increased from 0.53±0.1 to 0.74±0.1 and 0.49±0.11 to 0.7±0.08, 
respectively, while COX2 decreased from 1.73±0.04 to 1.41±0.07 (P < 0.05, Figure 7D). Collectively, these results 
demonstrate that Parishin alleviates sepsis-induced ferroptosis in both intestinal and circulating mononuclear cells, likely 
by modulating sepsis-specific ferroptosis-related genes.

Parishin Improves Mitochondrial Function and Reduces Ferroptosis by Enhancing 
Mitochondrial Apoptosis
To determine whether the intestinal protective effects of Parishin in sepsis are linked to mitochondrial function, we 
examined the expression of key mitochondrial regulatory proteins via Western blot analysis. In septic mononuclear cells 
and IEC-6, the expression of PGC-1α was significantly decreased from 1±0.15 to 0.53±0.04 and 0.96±0.08 to 0.46±0.1, 
while ACSL4 and phosphorylated Smad3 (p-Smad3) levels were markedly increased from 1±0.14 to 1.54±0.08, 1±0.07 
to 1.54±0.11 and 0.97±0.12 to 1.35±0.08, 0.99±0.11 to 1.37±0.09. Treatment with Parishin reversed these trends, 
upregulating PGC-1α (0.75±0.07 and 0.69±0.12) while downregulating ACSL4 (0.67±0.05 and 1.15±0.03) and 
p-Smad3 (0.69±0.04 and 1.14±0.04) (Figure 8A, Supplementary Figure 1A and Supplementary Table 3). Moreover, 
Silencing ACSL4 led to reduced expression of both ACSL4 and p-Smad3, manifests itself specifically as decreased from 
1±0.15 to 0.41±0.07 and 1±0.1 to 0.43±0.06, and concomitantly increased levels of PGC-1α from 1±0.08 to 1.5±0.07 
(Figure 8B and Supplementary Figure 1B). These molecular findings were validated through confocal microscopy, which 
revealed improved mitochondrial membrane potential and reduced mitochondrial ROS levels in both IEC-6 and mono
nuclear cells treated with Parishin (Figure 8C). In addition, Seahorse metabolic analysis showed that Parishin signifi
cantly improved both basal and maximal mitochondrial respiration in LPS-stimulated intestinal epithelial cells and 
monocytes, compared to the sepsis group, in IEC-6 and mononuclear cells its level increased by 1.56-fold, 2.2-fold, and 
0.68-fold, 0.61-fold, respectively (P < 0.05, Figure 8D). These findings confirm that Parishin enhances mitochondrial 
metabolic activity, possibly by inhibiting Smad3 phosphorylation and ACSL4-mediated ferroptotic signaling.

These results suggest that Parishin can reduce the occurrence of ferroptosis in intestinal and blood leukocytes after 
sepsis, which may be closely related to Parishin improving mitochondrial quality by regulating ACSL4 (Figure 9).

Discussion
Sepsis is a life-threatening syndrome characterized by acute organ dysfunction resulting from a dysregulated host 
response to infection. It poses a significant global health burden, with wide heterogeneity in infection sources, causative 
pathogens, and affected organ systems. This variability complicates both timely diagnosis and the development of 
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Figure 8 Parishin Improves Mitochondrial Function in LPS-Stimulated Intestinal Epithelial Cells and Monocytes. (A) Western blot analysis showing the effects of Parishin on 
the expression of ACSL4, Smad3, phosphorylated Smad3 (p-Smad3), and PGC-1α in LPS-stimulated intestinal epithelial cells and monocytes (n=3). (B) The relative 
expression level of ACSL4 after treatment in Si-ACSL4 of IEC-6 cells (n=3). (C) Confocal microscopy images of mitochondrial ROS and mitochondrial membrane potential 
(MMP) in intestinal epithelial cells (scale bar, 20 μm) and monocytes (scale bar: 40 μm) (n=3). (D) Effects of Parishin on mitochondrial respiration in intestinal epithelial cells 
and monocytes (n=3).
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effective, targeted treatments.29 A hallmark of sepsis pathophysiology is profound immune dysregulation. Current 
clinical management strategies—centered on antimicrobial therapy, source control, hemodynamic stabilization, and 
organ support—are largely supportive. However, the absence of specific biomarkers to assess immune dysfunction 
continues to limit diagnostic precision and therapeutic targeting. There is therefore an urgent need to identify reliable 
biomarkers and novel therapeutic agents capable of altering the disease trajectory and improving patient outcomes.29,30

Our study addressed this gap by identifying ACSL4 as a core gene involved in sepsis pathogenesis through integrated 
analysis of GEO transcriptomic datasets. Using network pharmacology and molecular docking, we further identified 
Parishin, a natural compound from G. elata, as a potential therapeutic agent targeting ACSL4. Both in vivo and in vitro 
studies confirmed Parishin’s protective role against sepsis-induced intestinal injury, advancing our understanding of the 
mechanistic link between ACSL4 and ferroptosis. These findings suggest that pharmacological inhibition of ACSL4 may 
represent a novel strategy for mitigating intestinal damage in sepsis.

To address this challenge, we employed an integrated bioinformatics approach using five independent transcriptomic 
datasets. Differential expression analysis and WGCNA were used to identify genes associated with sepsis pathogenesis. 
ACSL4 emerged as a robust, consistently upregulated gene across all datasets. Its expression was further validated in the 
independent GSE95233 cohort, confirming its relevance as a potential biomarker for sepsis.

Figure 9 The mechanism diagram of the protective effects of Parishin on sepsis-induced intestinal injury. The red arrow pointing upward represents promotion, and the red 
arrow pointing downward represents inhibition.
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ACSL4 is known to regulate lipid metabolism and plays a pivotal role in mediating ferroptosis. Recent studies have 
highlighted its contribution to organ injury in various models of sepsis, suggesting that ACSL4 may be a promising 
therapeutic target.17,31–34 For instance, Wu et al demonstrated that histone lactylation enhances METTL3-mediated 
m6A modification of ACSL4 mRNA, promoting ferroptosis and exacerbating sepsis-induced lung injury. 
Pharmacological inhibition of METTL3 or ACSL4 significantly improved pulmonary outcomes.32 Similarly, Xiao et al 
showed that the NFIL3–ACSL4 axis regulates both ferroptosis and inflammation in septic acute kidney injury, with 
inhibition of this pathway improving renal function.35 Sun et al reported that exogenous histone exposure induced both 
pyroptosis and ferroptosis in sepsis-associated encephalopathy, a process partially mitigated by vitamin 
D supplementation.36 In parallel, Huang et al developed small-molecule ACSL4 inhibitors that effectively reduced 
ferroptotic cell death and associated tissue damage in preclinical models.31

Ferroptosis is a distinct form of iron-dependent, non-apoptotic cell death, increasingly recognized as a critical 
contributor to the pathogenesis of diverse conditions, including cancer, ischemia-reperfusion injury, neurodegeneration, 
and organ dysfunction.37 Geng et al demonstrated that activation of the Nrf2 pathway suppressed ferroptosis in 
macrophages, thereby alleviating sepsis-induced acute lung injury.33 Similarly, Li et al reported that the Nrf2/GPX4 
axis inhibited ferroptosis and offered neuroprotection in sepsis-associated encephalopathy.38 Zhang et al found that 
downregulation of Smad3 reduced ferroptosis-mediated cardiac damage during sepsis.39 Despite advancements in 
identifying endogenous regulators that protect against ferroptosis by limiting lipid peroxidation, certain cell types remain 
resistant to these mechanisms.40 ACSL4, a key enzyme involved in polyunsaturated fatty acid metabolism, plays 
a pivotal role in sensitizing cells to ferroptosis by promoting the incorporation of oxidizable fatty acids into membrane 
phospholipids. While ACSL4 has been established as a potential therapeutic target, no clinically approved compound 
specifically targeting ACSL4 is currently available. Moreover, its precise role in sepsis-induced intestinal injury, a critical 
yet underexplored aspect of sepsis pathology, remains insufficiently characterized.

Existing clinical interventions for sepsis predominantly emphasize infection control, fluid resuscitation, and hemo
dynamic support. However, these strategies inadequately address GI involvement, despite the GI tract being among the 
earliest and most severely affected organs in sepsis.41,42 Impaired visceral perfusion can lead to intestinal ischemia and 
epithelial injury, which in turn triggers the release of gut-derived inflammatory mediators. Compounding this, systemic 
inflammation disrupts mucosal barrier integrity, facilitating the translocation of intestinal microbiota and endotoxins into 
the systemic circulation—thereby intensifying the inflammatory cascade.43 The GI tract has thus been termed the 
“motor” of MODS in sepsis, functioning as a central hub of immune activation and systemic inflammation.41,44 

Therefore, therapeutic strategies that focus on mitigating intestinal injury, restoring epithelial barrier integrity, and 
interrupting the cycle of immune dysregulation are urgently needed to improve sepsis outcomes.45

Emerging evidence documents that ferroptosis is crucial in GI dysfunction during sepsis. In thalassemic mice with 
iron overload, sepsis severity is significantly exacerbated due to iron-induced mucosal injury, leading to elevated serum 
levels of LPS and (1,3)-β-D-glucan. Iron appears to amplify the inflammatory response initiated by these pathogen- 
associated molecular patterns.46 To explore targeted interventions aimed at modulating ACSL4 and ferroptosis in sepsis- 
induced intestinal injury, we employed a network pharmacology approach combined with molecular docking using the 
DrugBank database. Among the screened compounds, Parishin—a small-molecule polyphenolic glycoside primarily 
derived from G. elata, a traditional Chinese medicinal herb—emerged as a promising ACSL4-targeting agent. 
Historically documented in classical texts such as the Shennong Bencao Jing, Parishin has been used in traditional 
medicine for over two millennia and is noted for its favorable pharmacological safety profile.47,48 Modern pharmaco
logical studies have shown that Parishin delays vascular and cardiac aging in murine models.20,23,49 In the current study, 
Parishin notably reduced systemic inflammatory cytokine levels, improved organ function, enhanced survival in septic 
mice, suppressed ferroptosis, and preserved mitochondrial integrity. These effects align with findings from Wang et al, 
who reported that Parishin attenuated LPS-induced inflammation,18 highlighting its anti-inflammatory potential in septic 
conditions. Importantly, Parishin demonstrated therapeutic efficacy at doses well below its known clinical safety 
threshold (220–500 mg/kg). Pharmacokinetic studies have shown that Parishin exhibits rapid absorption and clearance, 
with peak plasma concentrations occurring within 3 hours and near-complete elimination by 8 hours. Its pharmacoki
netics follow first-order kinetics, with a dose-proportional AUC, supporting its predictable systemic behavior.48,50–55
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To further elucidate the protective mechanism of Parishin in sepsis-induced intestinal injury, we reviewed recent 
studies linking ACSL4 to ferroptosis in septic models.33,56,57 Liangming Liu et al have showed that ACSL4 can disrupt 
pericyte mitochondrial function by downregulating PGC1α in pericytes, thereby inducing pericyte ferroptosis, which 
leads to the dysfunction of the pulmonary vascular barrier after sepsis.17 Yang Y et al also have demonstrated that 
knockdown of ACSL4 can inhibit the phosphorylation of Smad3, and promote PGC-1α expression in a Smad3-dependent 
manner. ACSL4 may regulate fatty acid oxidation through the TGF-β1/Smad3/PGC1α axis, thereby regulating 
ferroptosis.58

Therefore, in this study, we observed the expression levels of ACSL4, p-Smad3, and PGC-1α in monocytes and 
intestinal epithelial cells after sepsis and after treatment with parishin. Our study found that both monocytes and 
intestinal epithelial cells exhibited significantly upregulated expression levels of ACSL4 and p-Smad3, as well as 
significantly downregulated expression of PGC-1α, leading to severe impairment of mitochondrial function after 
sepsis. Parishin recovered these changes. We further knocked down ACSL4 in intestinal epithelial cells and found 
that after knocking down ACSL4, the expression level of p-Smad3 in intestinal epithelial cells significantly 
decreased, while the expression level of PGC-1α significantly increased. Based on the above results, our study 
pointed out that Parishin Protects Against Sepsis-Induced Intestinal Injury by Modulating the ACSL4/p-Smad3/ 
PGC-1α Pathway.

Consistent with our findings, ACSL4 upregulation in sepsis correlates with mitochondrial dysfunction. Our results 
demonstrated that Parishin inhibited ACSL4 expression and modulated the Smad3 pathway. Specifically, Parishin 
reduced Smad3 phosphorylation, which in turn relieved suppression of PGC-1α, a key regulator of mitochondrial 
biogenesis and function. This regulatory effect contributes to the preservation of mitochondrial integrity and supports 
intestinal barrier protection during sepsis.

While our study highlights the role of the ACSL4/p-Smad3/PGC-1α axis in parishin-mediated protection against 
sepsis-induced intestinal injury, we acknowledge that other mechanisms may also contribute. Parishin has been reported 
to exert antioxidant effects by activating the Nrf2/HO-1 signaling pathway, thereby reducing oxidative stress and lipid 
peroxidation independently of ACSL4.59 Additionally, parishin possesses anti-inflammatory properties, such as inhibition 
of NF-κB activation and downstream pro-inflammatory cytokines,18,21,60 which could alleviate intestinal epithelial 
damage regardless of ACSL4 expression. Furthermore, parishin may enhance mitochondrial function through SIRT1- 
mediated deacetylation of PGC-1α, promoting mitochondrial biogenesis and cellular energy homeostasis via an ACSL4- 
independent route.61 These potential pathways suggest that parishin’s protective effects are likely multifactorial, invol
ving both ACSL4-dependent and -independent mechanisms. Future studies using ACSL4 knockout or overexpression 
models will help further clarify the relative contribution of these pathways.

In patients with sepsis, disruption of the intestinal epithelial barrier facilitates the translocation of bacteria and 
endotoxins, leading to the activation of mucosal immunity and the release of pro-inflammatory cytokines by both 
epithelial and immune cells.62 These responses are further amplified by the systemic dissemination of pathogen- 
associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) through the portal circula
tion and mesenteric lymphatics, contributing to distant organ dysfunction.63

In the later stages of sepsis, immunosuppression becomes a predominant clinical concern. MDSCs are key in this 
phase due to their immunoregulatory and suppressive functions.64 A study by Xue et al showed that ferumoxytol (FMT) 
an FDA-approved iron supplement—can alleviate MDSC-mediated immunosuppression by inhibiting arginase-1 activity 
and ROS production, suggesting potential for therapeutic use in late-stage sepsis.65 Despite the recognized clinical 
relevance of gut dysfunction in sepsis pathophysiology, it remains inadequately addressed in current treatment 
protocols.66,67

However, this study has several limitations. First, although the intestinal protective effects of Parishin were clearly 
demonstrated, but does not reproduce the clinical scenario in which therapy should be initiated after sepsis is recognized, 
and its potential impact on other sepsis-affected organs. Accordingly, our data only establish biological plausibility. 
Second, while our data support the anti-ferroptotic mechanism of Parishin, additional anti-inflammatory or antioxidant 
pathways may also contribute to its therapeutic efficacy and warrant further investigation. Thus, while parishin shows 
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clear mechanistic promise against sepsis-induced intestinal injury, its clinical potential remains speculative until post- 
exposure efficacy, systemic safety and long-term benefit are rigorously established.

Conclusion
This study identifies ACSL4 as a multifunctional biomarker with diagnostic and prognostic value for sepsis. Our findings 
demonstrate that Parishin exerts protective effects by improving mitochondrial function, inhibiting ferroptosis, reducing 
systemic inflammation, and preserving intestinal barrier integrity through modulation of ACSL4. These results provide 
important insights into the molecular mechanisms underlying sepsis-induced intestinal injury and support the develop
ment of innovative diagnostic and therapeutic strategies. Moreover, our work highlights Parishin as a promising 
candidate derived from traditional Chinese medicine with potential clinical utility in sepsis management. Further 
investigation is warranted to explore the broader therapeutic applications of ACSL4 inhibition and to validate 
Parishin’s effects in clinical settings.
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