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Background

Acute liver injury (ALI) is an important global health concern, primarily caused by widespread hepatocyte cell death, coupled with a complex immune response and a lack of effective remedies. This study explores the underlying mechanisms, immune infiltration patterns, and potential targets for intervention and treatment ALI.





Methods

The datasets of acetaminophen (APAP), carbon tetrachloride (CCl4), and lipopolysaccharide (LPS)-induced ALI were obtained from the GEO database. Differentially expressed genes (DEGs) were individually identified using the limma packages. Functional enrichment analysis was performed using KEGG, GO, and GSEA methods. The overlapping genes were extracted from the three datasets, and hub genes were identified using MCODE and CytoHubba algorithms. Additionally, PPI networks were constructed based on the String database. Immune cell infiltration analysis was conducted using ImmuCellAI, and the correlation between hub genes and immune cells was determined using the Spearman method. The relationship between hub genes, immune cells, and biochemical indicators of liver function (ALT, AST) was validated using APAP and triptolide (TP) -induced ALI mouse models.





Results

Functional enrichment analysis indicated that all three ALI models were enriched in pathways linked to fatty acid metabolism, drug metabolism, inflammatory response, and immune regulation. Immune analysis revealed a significant rise in macrophage infiltration. A total of 79 overlapping genes were obtained, and 10 hub genes were identified that were consistent with the results of the biological information analysis after screening and validation. Among them, Clec4n, Ms4a6d, and Lilrb4 exhibited strong associations with macrophage infiltration and ALI.
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1 Introduction

The liver, a vital metabolic organ in the human body, is primarily responsible for various physiological functions, including metabolism, detoxification, and protein synthesis. Unfortunately, liver damage often occurs due to factors such as drug abuse and alcohol consumption. Acute liver injury (ALI) is a condition characterized by dysfunction in innate immunity and damage to liver cell, and its high mortality rate has attracted clinical attention (1, 2). The mechanisms involved in ALI are intricate, encompassing multiple signaling pathways, including oxidative stress, inflammatory responses, and immune reactions, among others (3, 4). Although there is a deep understanding of the pathological features of ALI, the molecular characteristics that induce ALI is still not thorough enough (5). ALI progresses rapidly, and currently, there are no drugs available to reverse this deteriorative process (5, 6). Therefore, exploring the general mechanisms and targets associated with ALI is of great significance in formulating effective treatment strategies.

The diverse factors responsible for local sterile inflammation within innate immunity are the primary culprits of liver injury and failure (7). In various ALI models, immune cell infiltration in the liver, including neutrophils, NK/NKT cells, T cells, and macrophages, represents a critical pathological feature, each playing distinct roles (8–12). For example, the activation of macrophages during ALI can lead to the release of reactive oxygen species, IL-6, and TNF-α, thereby inducing apoptosis of liver cells (13, 14). In the case of APAP-induced ALI, eosinophils can be recruited to the liver, exerting hepatoprotective effects (15). Therefore, understanding the immune response in ALI and identifying its potential regulatory targets is paramount.

Bioinformatics provides an efficient method to predict potential regulatory targets and associated mechanisms for diseases. It may be a new attempt to obtain the general regulatory characteristics of ALI by combining the open database to obtain the data sets of different liver injury models as predictive models, which may be a new attempt to explore potential strategies for addressing ALI.

In light of this, the present study employed a dataset encompassing acetaminophen (APAP), carbon tetrachloride (CCl4), and lipopolysaccharide (LPS)-induced ALI to investigate potential pathways, immune response mechanisms, and regulatory targets of ALI. The APAP and triptolide (TP)-induced ALI models were selected for validation of the predictive results. The ALI models induced by APAP, CCl4, and LPS have been widely used for exploring the mechanisms of ALI and validating drug efficacy. Previous studies have indicated that these models cover mechanisms of inflammation response, mitochondrial function, oxidative stress, immune regulation, apoptosis, necrosis, and more (1, 5, 16, 17). In clinical practice, the overdose or long-term abuse of APAP can deplete glutathione and lead to the accumulation of its metabolite, N-acetyl-p-benzoquinone imine (NAPQI), resulting in ALI. TP, the primary active component of Tripterygium wilfordii Hook.f, exhibits multi-organ toxicity, particularly hepatotoxicity, which limits its clinical application. The mechanisms underlying TP-induced ALI are associated with oxidative stress and immune imbalance (18–20). Through these three predictive datasets and two validated animal models, this study aims to explore the general gene regulatory profiles and immune infiltration characteristics in the progression of ALI (Figure 1). Such investigations will contribute to a deeper understanding of the pathogenesis of ALI and may pave the way for developing novel therapeutic strategies.




Figure 1 | Flow chart of bioinformatics analysis and animal experiments. The figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.






2 Methods



2.1 Microarray data source

The datasets GSE167032, GSE167033, and GSE166488 were obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) (21). GSE167032 ([Mouse430_2] Affymetrix Mouse Genome 430 2.0 Array) is a mouse ALI model induced by a single injection of 300 mg/kg APAP, lasting 24 hours. This dataset comprises 5 control samples and 5 APAP-treated samples. The gene expression data of GSE167033 ([Mouse430_2] Affymetrix Mouse Genome 430 2.0 Array) consists of 10 samples obtained from mice treated with a single injection of 1.6 g/kg CCl4. These samples were collected at the 24-hour time point, including 5 samples from the control group and 5 samples from the model group. GSE166488 ([Mouse430_2] Affymetrix Mouse Genome 430 2.0 Array) is a mouse ALI model induced by a single injection of 750 μg/kg LPS for 24 hours. The dataset includes 5 samples from the model group and 3 samples from the control group.




2.2 Acquisition of microarray data and identifcation of DEGs

The three datasets were retrieved from the GEO database and processed using the limma package in R (22). Differential gene expression analysis was conducted on each dataset, applying a filtering criterion of |logFC| > 0.75 and a P. value < 0.05 to identify significant genes. The results of the differential gene analysis were visualized using volcano plots and heatmaps, created with the ggplot2 and pheatmap packages, respectively (23).




2.3 Functional enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses ware conducted using the R package clusterProfiler (24), with the DEGs criteria set as |logFC|>0.75 and P.Value<0.05. The resulting analysis outcomes ware then visualized using the gglot2 package (23). Additionally, GSEA analysis is performed using the clusterProfiler package with a pvalueCutoff of 0.05, and the obtained results ware further visualized using gglot2 for enhanced visualization and interpretation (23, 24).




2.4 Analysis of protein–protein interactions and identifcation of Hub genes

Perform protein–protein interactions (PPI) analysis on the overlapping DEGs from three datasets using the String database (https://cn.string-db.org/) and visualize the results using Cytoscape 3.9.1 (25). Utilize the MCODE and CytoHubba plugins to respectively filter hub genes, and integrate the obtained DEGs to form a hub gene set (26, 27). Using the MCODE plugin in Cytoscape, the advanced options ware set as follows: in Network Scoring, the Degree Cutoff was set to 2 (26). In Cluster Finding, the Node Score Cutoff was set to 0.2, the K-Core was set to 2, and the Max Depth was set to 100. Plugin CytoHubba selected the MCC algorithm (27).




2.5 Immune infltration analysis

Immunoinfiltration analysis was conducted using ImmuCellAI-mouse (http://bioinfo.life.hust.edu.cn/ImmuCellAI-mouse/#!/) (28, 29). Due to the lower gene count in dataset GSE167032 compared to the other two datasets, immunoinfiltration analysis was focused on GSE167033 and GSE166488 datasets. The GSE167033 and GSE166488 datasets, as well as their combined normalized dataset, were individually assessed for the degree of infiltration of 36 immune cell types using ImmuCellAI-mouse. The resulting datasets underwent inter-group differential analysis using Wilcox.test and were then visualized using ggplot2 (23). The correlation analysis and visualization of hub genes and immune cells were conducted using OriginPro.




2.6 Establishment of animal model of ALI

According to previous reports, TP and APAP ALI models were constructed to verify the expression of Hub genes and immune infiltration. Female Balb/c mice (6-8 weeks old) obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd (SCXK (jing) 2021–0006). Animal experiments strictly adhered to the Guide for the Care and Use of Laboratory Animals, and the experimental protocol was approved by the Research Ethics Committee of the Institute of Basic Theory of Chinese Medicine, China Academy of Chinese Medical Sciences (IBTCMCACMS21-2110-04). After one week of acclimatization, the mice were randomly divided into control, TP, and APAP groups. The control group received an equivalent volume of physiological saline, the TP group received 800ug/kg of TP, and the APAP group received 300mg/kg of APAP. All administrations were done via intraperitoneal injection. After 24 hours of drug administration, all mice were euthanized and liver tissue and serum samples were collected for subsequent analysis.




2.7 Detection of ALT/AST level

The blood samples were collected in centrifuge tubes without anticoagulants, and serum was obtained by centrifugation. The levels of ALT and AST were detected using an automated biochemical analyzer.




2.8 RNA extraction and qRT−PCR

Liver tissue was homogenized, and RNA extraction was performed using the RNAsimple Total RNA Kit (Tiangen Biotech). RNA concentration was determined using NanoDrop2000, and reverse transcription was carried out using the First-Strand Synthesis Master Mix (Lablead Biotech). The qRT-PCR step was conducted using the SYBR Green PCR Fast mixture (Lablead Biotech), and the expression levels of the target genes were normalized to GAPDH. The primer sequences for all genes are provided in Table S1.




2.9 Immunohistochemistry

Paraffin-embedded sections were dewaxed to water, followed by antigen retrieval. A 3% hydrogen peroxide solution was added to block endogenous peroxidase activity, and 3% BSA was applied within the tissue area to block non-specific binding. The primary antibody was added and incubated overnight at 4°C. After washing, the sections were incubated with the secondary antibody. Subsequently, DAB staining was performed, followed by counterstaining the cell nuclei with hematoxylin. Finally, the slides were dehydrated, mounted, and observed under a microscope for image acquisition. The F4/80 positive area was counted using Image J software.




2.10 Prediction of a hub Gene-miRNAs network

The Hub genes selected after in vivo experiments were further input into the miRWalk database to predict potential miRNA regulatory networks. The results obtained were visualized using Cytoscape 3.9.1.




2.11 Statistical analysis

All data analysis was performed using GraphPad Prism 7 and the corresponding R packages. Experimental data are presented as mean ± standard deviation. An unpaired Student’s t-test was used to compare continuous variables between groups. A p-value less than 0.05 was considered statistically significant.





3 Results



3.1 DEGs in ALI and functional enrichment analysis

Differential expression analysis results showed 799 DEGs in GSE167032, with 537 upregulated and 262 downregulated. In GSE167033, there were 1872 DEGs, including 1110 upregulated and 762 downregulated. Additionally, GSE166488 had 340 DEGs, with 235 upregulated and 105 downregulated. The differential analysis results were visualized as volcano plots and heatmaps (Figure 2).




Figure 2 | Determination of DEGs in three models. (A–C) volcano plot of DEGs in APAP, CCl4, and LPS. (D–F) Heat maps of DEGs in APAP, CCl4, and LPS.



KEGG enrichment analysis reveals that ALI induced by APAP, CCl4, and LPS primarily involves fatty acid metabolism, drug metabolism, PPAR signaling pathway, and IL-17 signaling pathway (Figures 3A–C).




Figure 3 | Functional enrichment analysis. (A–C) KEGG analysis of DEGs in APAP, CCl4, and LPS. (D–F) The top 10 functional enrichment in BP, CC, and MF analysis of APAP, CCl4, and LPS. (G–I) GSEA of apoptosis, fatty acid metabolism, and drug metabolism-related pathways in APAP, CCl4, and LPS. (J–L) GSEA sets of inflammatory response and immune response-related pathways in APAP, CCl4, and LPS.



The GO analysis results reveal that ALI is significantly associated with the GO terms in biological process (BP), cellular component (CC), and molecular function (MF). The enriched GO terms include fatty acid metabolism, inflammatory response, immune response, oxidation-reduction, and membrane microdomain, etc (Figures 3D–F).

GSEA analysis suggests that ALI induced by APAP, CCl4, or LPS is not only associated with biological processes such as apoptosis, fatty acid metabolism, and drug metabolism but is also closely related to inflammatory and immune-related pathways including the TNF signaling pathway, NF-kappa B signaling pathway, IL-17 signaling pathway, B cell receptor signaling pathway, and T cell receptor signaling pathway (Figures 3G–L).




3.2 PPI network analysis and hub DEGs identification

Integrating the DEGs from the three datasets yielded 79 overlapping genes, with 51 being upregulated and 21 being downregulated (Figure 4A). The 79 overlapping genes were subjected to network analysis using the String database, and the results were visualized using Cytoscape (Figure 4B). As indicated in the red nodes in Figure 4C, the top 10 ranked hub genes obtained using the MCC algorithm from the CytoHubba plugin were Ptprc, Cd14, Clec4n, Ms4a6d, Cxcl10, Cd44, Lilrb4, Cxcl1, Slc15a3 and Bcl2a1b. According to the MCODE plugin analysis, two significant gene clusters were identified in Figures 4D, E. They were referred to as Cluster1, which includes the genes Cyp2c37, Gsta1, Hsd3b5, and Cyp2c55, and Cluster2, which consists of the genes Lilrb4, Ptprc, Slc15a3, Cd44, Ms4a6d, Cxcl10, and Cxcl1. Combining the results of the two analysis methods, 14 potential hub genes associated with ALI were determined. These genes include Ptprc, Cd14, Clec4n, Ms4a6d, Cxcl10, Cd44, Lilrb4, Cxcl1, Bcl2a1b, Cyp2c37, Gsta1, Hsd3b5, Cyp2c55, and Slc15a3. Subsequently, the 14 identified hub genes were input into the String database to obtain the PPI network graph shown in Figure 4F.




Figure 4 | PPI network analysis and Hub gene identification. (A) Venn diagram shows the overlap of DEGs in APAP, CCl4 and LPS. (B) PPI network maps about 79 overlapping genes. The light green color represents the top 10 genes arranged according to betweenness. (C) Network diagram about the top10 DEGs of CytoHubba predictions. (D, E) Two clusters predicted by MCODE. (F) String analysis network diagram of 14 hub genes obtained by combining CytoHubba and MCODE algorithms.






3.3 Immune cell infiltration in ALI

After conducting immunoinfiltration analysis using the ImmuCell AI algorithm on the integrated results of GSE167033, GSE166488, and their respective datasets, significant differences in immune cell infiltration were observed between the ALI model and the control group. As displayed in Figures 5A, B and Figure S1, there is a significant increase in the infiltration of Macrophage, M1 Macrophage, and M2 Macrophage in the ALI model compared to the control group (p < 0.05). Conversely, Marginal Zone B, Memory B, and pDC infiltration decreased (p < 0.05). Further estimations were conducted on the correlation between immune cells, and the results showed a significant positive correlation between Macrophage, M1 Macrophage, and M2 Macrophage, as well as CD4 T cell, CD4 Tm, T helper cell, and Treg (Figure 5C). T cells negatively correlated with macrophage cells, M1 Macrophage, and M2 Macrophage.




Figure 5 | Characteristics of immune cell infiltration in ALI model. (A) Immune cell infiltration in ALI group and control group. (B) Stacked bar chart of immune cell infiltration in ALI group and control group. (C) The result of immune cell correlation analysis. *p<0.1, **p<0.05, ***p<0.01, ****p<0.001, ns, not significant.






3.5 Relationship between hub DEGs and immune cells

The potential correlation between immune cells and hub genes was analyzed. The results, as displayed in Figure 6A, indicate that hub genes exhibit contrasting correlations between macrophages and DC cells, T cells. Immunoinfiltration analysis determined a close association between macrophages and the ALI model. Focusing on macrophage analysis, there is a strong correlation between Clec4n (0.84), Ms4a6d (0.87), Lilrb4 (0.88), and macrophages, indicating their research significance in the context of macrophage infiltration-related ALI models. Through correlation analysis of hub genes, it was found that Clec4n exhibits strong correlations with Ptprc (0.87), Cd44 (0.90), Lilrb4 (0.88), Cxcl1 (0.82), Slc15a3 (0.90); Ms4a6d was associated with Cxcl10 (0.81), Bcl2a1b (0.87), Cyp2c55 (-0.88), Slc15a3 (0.81); and Lilrb4 was strongly correlated with Ptprc (0.84), Cd14 (0.81), Clec4n (0.88), Cxcl10 (0.81), Cd44 (0.87), Cxcl1 (0.82), Slc15a3 (0.84) (Figure 6B).




Figure 6 | Relationship between hub genes and immune cells. (A) Correlation between hub genes and immune cells. (B) Correlation analysis of hub genes expression. *p<0.05, **p<0.01, ***p<0.001.






3.6 Assessment of ALI and macrophage infiltration in validated models

Based on the above results, the APAP and TP-induced ALI models were selected to validate the relationship between hub genes, macrophage infiltration, and ALI. In the validated model of ALI, a significant increase in serum AST and ALT levels was observed after treatment with TP and APAP (Figures 7A, B). HE staining revealed a pronounced occurrence of hepatocyte steatosis in the mouse liver tissue following TP intervention, accompanied by hepatocyte swelling, hepatocyte necrosis, and localized infiltration of lymphocytes. In the APAP-induced ALI model, a substantial extent of hepatocyte necrosis was observed, accompanied by increased fibroblast proliferation, hepatocyte steatosis, and infiltration of lymphocytes and granulocytes (Figure 7C). Based on the analysis of immune infiltration, macrophage infiltration exhibited an increasing trend in all three models of ALI. Consequently, F4/80 staining was utilized to observe the distribution of macrophages in the TP and APAP-induced ALI models (8). It was found that compared to the control group, macrophage infiltration significantly increased in the TP and APAP groups, consistent with the previous analysis of immune infiltration (Figures 7D, E). Furthermore, the expression of macrophage-related inflammatory factors TNFα, IL-6, and IL-1β in liver tissue was evaluated. The results were as expected, with a significant upregulation of TNFα, IL-6, and IL-1β expression observed in the TP and APAP-induced ALI model (Figures 7F, G).




Figure 7 | Validation of ALI model induced by APAP and TP. (A) ALT levels in serum. (B) AST levels in serum. (C) HE staining results of liver tissue. Scale bars: 50 μm. (D) Quantification of macrophage infiltration. (E) Immunohistochemical results. Scale bars: 50 μm. (F) mRNA expression of TNF-α, IL-6 and IL-1β in liver tissue of APAP model. (G) mRNA expression of TNF-α, IL-6 and IL-1β in liver tissue of TP model. *p<0.05, **p<0.01, ***p<0.001 APAP/TP vs N.






3.7 Experimental validations of hub DEGs expression in ALI mouse

Liver tissue RNA was extracted from mice with APAP- and TP-induced ALI to evaluate the expression levels of 14 hub genes using RT-qPCR. The results, as depicted in Figures 8A, B, demonstrate significant differences in the expression levels of Ptprc, Cd14, Clec4n, Ms4a6d, Cxcl10, Cd44, Lilrb4, Cxcl1, Bcl2a1b, and Slc15a3 in both validation models of ALI, exhibiting the expected trend. Moreover, the correlation between Clec4n, Ms4a6d, Lilrb4, and ALT, AST was analyzed (Figure 8C). The results revealed a strong correlation (p<0.01) between the PCR cycle numbers of Clec4n in both the APAP and TP models and ALT (-0.84, -0.88) and AST (-0.9, -0.94). Similarly, the PCR cycle numbers of Ms4a6d in the APAP and TP models showed a high correlation (p<0.01) with ALT (-0.9, -0.9) and AST (-0.96, -0.95). Furthermore, Lilrb4 displayed a significant correlation (p<0.01) with ALT (-0.9, -0.9) and AST (-0.96, -0.95) in both the APAP and TP models.




Figure 8 | Hub DEGs expression in ALI mouse. (A, B) Validation of hub gene expression in APAP and TP models. (C) The correlation between Clec4n, Ms4a6d, Lilrb and liver function indicators ALT and AST. *p<0.05, **p<0.01, ***p<0.001 APAP/TP vs N.






3.9 Prediction of hub gene and miRNA networks

The miRNA regulatory networks of the hub genes Clec4n, Ms4a6d, and Lilrb4 were predicted using the miRWalk database. The results only included the miRNA regulatory network associated with Clec4n and Ms4a6d, which comprised 223 nodes and 562 edges (Figure 9). Notably, miR-5126, miR-3109-5p, miR-7216-5p, miR-5128, miR-12201-5p, miR331-3p, miR-6939-5p, miR-5627-5p, miR-6988-5p, and miR-412-3p, were found to interact with the hub genes Clec4n and Ms4a6d. These results highlight the potential research value of these miRNAs in the context of ALI. However, it is important to note that further validation is required to establish their roles fully.




Figure 9 | Regulatory networks on miRNA and macrophage-related genes. Blue circles represent genes, and cyan dots represent miRNA.







4 Discussion

The liver is an essential organ in the human body, performing a wide range of vital physiological functions. It plays a crucial role in metabolizing nutrients, detoxifying harmful substances, producing bile for digestion, storing vitamins and minerals, and synthesizing proteins and clotting factors. However, the liver is susceptible to various forms of injury, including ALI. ALI refers to the sudden and severe damage to liver cells, which can be caused by various factors such as viral infections, drug toxicity, alcohol abuse, or autoimmune reactions. When the liver experiences acute injury, its normal physiological functions can be significantly impaired. Understanding general mechanisms and regulatory targets is crucial for comprehending the ALI process and identifying potential therapeutic drugs. In this study, APAP, CCl4, and LPS were selected as the research subjects for ALI. These agents are commonly used in animal experiments to induce ALI and involve multiple mechanisms, including inflammation response, oxidative stress, immune response, apoptosis, and necrosis (1, 2, 5, 16). By employing various bioinformatics methods, this study screened and identified a set of common DEGs from three models. Through the predictions of MCODE and CytoHubba, a potential set of hub genes was identified. Functional enrichment analysis revealed that the three ALI datasets were primarily associated with pathways related to fatty acid metabolism, drug metabolism, inflammatory response, and immune response. Additionally, the infiltration characteristics of immune cells in different models were predicted, and the correlation between hub genes and immune cells was also examined. Finally, the immune infiltration and target gene expression results were validated by combining the APAP and TP-induced ALI models in vivo. By incorporating multiple models of ALI, this study may provide insights into the general regulatory mechanisms of ALI and offer references for exploring general solutions to ALI.

This study is the first attempt to combine three commonly used models of ALI to explore the general mechanisms underlying the occurrence of ALI. PPI network analysis identified 14 DEGs potentially connected to ALI. Through validation using a mouse model of ALI, a final selection of 10 genes (Ptprc, Cd14, Clec4n, Ms4a6d, Cxcl10, Cd44, Lilrb4, Cxcl1, Bcl2a1b, and Slc15a3) was confirmed to be significantly associated with ALI. These 10 hub genes have been reported to play regulatory roles in immune regulation and inflammatory response. For example, Ptprc, as a transmembrane glycoprotein, is an essential regulator of T cell and B cell antigen receptor-mediated activation. It is essential in immune deficiency, autoimmune diseases or malignant tumors (30). Due to its regulatory role in the immune response signaling pathway, Ptprc is also used as a target for treating certain immune diseases, such as organ transplant rejection and tumor metastasis, by selectively inhibiting Ptprc (31, 32). Bcl2a1b is associated with neutrophil proliferation and can serve as a potential marker for identifying proliferating neutrophils, aiding in the study and clinical identification and characterization of neutrophils in ALI. The accumulation of neutrophils contributes to the production of CCL6, thereby recruiting more macrophages (33, 34). Slc15a3 is highly expressed in macrophages and plays a vital role in inflammatory diseases. Studies have shown that knocking down Slc15a3 can reduce the production of TLR4-dependent TNF-α and IL-6. Furthermore, the expression of Slc15a3 positively correlates with the inflammatory process, indicating that Slc15a3 has value for the treatment and evaluation of inflammatory diseases (35, 36). Cxcl10 plays a crucial role in recruiting immune cells during the liver infiltration process in liver diseases. It has been confirmed that Cxcl10 is necessary for promoting inflammatory responses and can participate in hepatocyte apoptosis and inflammatory reactions through toll-like receptor 4 (37, 38). Cxcl1 has been reported to be associated with the recruitment of neutrophils and the severity of liver disease during liver injury. The detection of Cxcl1 levels may have clinical significance in assessing the progression of ALI (39, 40).

ALI is closely linked to dysfunction in innate immunity. GSEA analysis has revealed that all three ALI models are associated with signaling pathways related to inflammation, immune response, and apoptosis (2, 41). In this study, by comparing different immune cell infiltration in the ALI model and the control group, it was found that macrophage infiltration was significantly increased in the ALI model. Immunohistochemical staining showed that the distribution of macrophages in the TP and APAP-induced ALI models was significantly up-regulated. Macrophages are the most abundant immune cells in the liver and play a pivotal role in maintaining liver homeostasis and the potential mechanisms underlying liver diseases (42). In ALI, activated macrophages can increase the release of inflammatory cytokines (IL-6, TNF-α), nitrogen species, reactive oxygen species, and other factors, activating apoptotic pathways in liver cells. Furthermore, macrophage derived chemokines (IL-18, MCP-1) further recruit other immune cells to intervene in the process of liver injury (2, 13–15). Macrophage infiltration in the liver is a hallmark and contributor to liver inflammation and injury (43). Animal experiments have demonstrated that depleting of macrophages can effectively improve APAP-induced liver injury (44). Promoting the transition of macrophage functional characteristics from pro-inflammatory to anti-inflammatory can facilitate the resolution of tissue damage responses (45). Inhibiting macrophage migration to suppress pro-inflammatory immune activation can protect against ischemic liver injury (46). The transition of macrophage phenotypes from pro-inflammatory to anti-inflammatory can be regulated through various biological mechanisms, such as JAK/STATs, TLR4/NF-kB, PI3K/Akt/mTOR, PPARγ, TGF-β/Smads pathways, among others. Targeting these pathways involved in macrophage phenotype transition is a feasible strategy to alleviate ALI (47). For example, studies have found that reducing the expression of HIF-1α and activating the PI3K/Akt/mTOR signaling pathway can decrease oxidative stress and regulate macrophage polarization in the liver, thereby alleviating injury (48).

Integrating the results of hub gene and immune infiltration showed that Clec4n, Ms4a6d and Lilrb4 were strongly correlated with macrophages and serum ALT and AST levels. These results suggest that Clec4n, Ms4a6d, and Lilrb4 are associated with macrophage infiltration in ALI. Clec4n is a C-type lectin receptor expressed on dendritic cells and macrophages (49). Studies have shown that knocking down Clec4n in macrophages significantly affects the secretion of TNF-α, IL-6, or MIP-2 (50). Recent research has demonstrated that in acute inflammation, Ms4a6d in macrophages promotes the transcription of pro-inflammatory genes and increases mitochondrial reactive oxygen species secretion through crosslinking with MHC Class II antigen (51). Lilrb4 is expressed on the surface of antigen-presenting cells such as macrophages and dendritic cells (52). Studies have found that Lilrb4 is involved in the pathological processes of various inflammatory diseases, and downregulation of Lilrb4 exacerbates local inflammatory responses (53). Knockout Lilrb4 in mice results in increased secretion of pro-inflammatory cytokines TNF-α and IL-6, and silencing Lilrb4 in vitro also leads to increased production of pro-inflammatory cytokines IL-6 and IL-1β (54, 55). These findings suggest that downregulation of Lilrb4 exacerbates the inflammatory process, and targeting Lilrb4 or its associated pathways may be an effective strategy for mitigating inflammation-induced injury in ALI.

However, there are some limitations in this study. For instance, the three ALI models used may not represent all types of ALI. The sample size was not sufficiently large, and the potential regulatory targets obtained were not validated in a more significant number of ALI models. Nevertheless, it is hoped that this study can lay the foundation for exploring the general regulatory targets and mechanisms of ALI, providing insights for clinical strategies to address ALI.




5 Conclusion

In summary, this study employed three datasets of ALI induced by APAP, CCl4, and LPS as generic models for liver injury research. A total of 79 overlapping genes were identified, identifying 14 potential hub genes associated with ALI. Functional enrichment analysis indicated that the ALI process may be linked to pathways related to fatty acid metabolism, drug metabolism, inflammatory response, and immune response. Immunoinfiltration studies revealed a significant increase in macrophage infiltration in ALI models. By constructing APAP and TP-induced ALI models, we validated the regulation of the 10 hub genes at the in vivo level, confirming consistency with the bioinformatics analysis results. Correlation analysis identified Clec4n, Ms4a6d, and Lilrb4 as significantly correlated with macrophage infiltration and liver function biochemical markers ALT and AST, suggesting their potential for further investigation in the prevention and treatment of ALI. Furthermore, using the miRWalk database, 10 miRNAs with potential research value in ALI were predicted.
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