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Identification of oxidative 
stress‑related biomarkers 
associated with the development 
of acute‑on‑chronic liver failure 
using bioinformatics
Zongyi Zhu 1,2 & Huiqing Jiang 1*

Acute‑on‑chronic liver failure (ACLF) is a serious stage of chronic liver disease with high short‑term 
mortality and no definitely effective treatment. Oxidative stress (OS) is involved in the development 
of ACLF. OS‑related genes targeted therapy may provide additional assistance for the treatment of 
ACLF. ACLF related gene sets and oxidative stress‑related genes (OSGs) were respectively downloaded 
from gene expression omnibus (GEO) database and GeneCards database for integrated bioinformatics 
analyses (functional enrichment, weighted gene co‑expression network and immune cells infiltration). 
Immune‑related differentially expressed oxidative stress‑related genes (DEOSGs) in ACLF were used 
for construction of protein–protein interaction (PPI) network in which hub genes were screened out. 
Hub genes with consistently good diagnostic or prognostic value for ACLF in four gene sets were 
named as key genes. DEOSGs were significantly enriched in biological process and signaling pathways 
related to inflammation, immune response and oxidative stress. Six key genes (MPO, CCL5, ITGAM, 
TLR2, TLR4, and TIMP1) were identified and found to be highly correlated with immune response and 
metabolic process. This study deepened our understanding of the impact of oxidative stress on the 
pathogenesis and prognosis of ACLF and provided more insights into the prediction of prognosis and 
molecular targeted therapy in ACLF.

Acute-on-chronic liver failure (ACLF) is a distinct syndrome characterized by acute decompensation of chronic 
liver disease, multiple organ failures and high short-term  mortality1. The pathophysiological mechanisms 
underlying ACLF mainly include intense systemic inflammation, immune dysfunction, mitochondrial 
dysfunction, metabolic changes and oxidative  stress2–4. Up to now, there are no definitely effective treatment 
strategies for ACLF, except liver transplantation. The main principle in the management of ACLF is to treat the 
precipitating event or associated complications and provide organ support  therapy5,6. There is an urgent need 
to further explore the pathogenesis underlying the development and progression of ACLF in order to develop 
more effective treatment strategies and reduce the high mortality in this entity.

Oxidative stress-related biomarkers may have prognostic and therapeutic values for ACLF. Current 
advancements in the understanding of the pathophysiological basis underlying ACLF suggest that a hyper-
reactive systemic inflammatory response triggered by pathogen-associated molecular patterns (PAMPs) or 
damaged-associated molecular patterns (DAMPs) is the critical driver of tissue damage and organ injury in 
patients with acutely decompensated chronic liver disease leading to the development of  ACLF7. Systemic 
inflammation can result in an early activation and later paralysis of immune  system2,3. In addition, systemic 
inflammation inhibits oxidative phosphorylation (OXPHOS) in mitochondria and the translocation of fatty acids 
into mitochondria, which is required for fatty acid β-oxidation4,8,9, subsequently not only resulting in impairment 
of ATP production but also leakage of electrons at the electron transport chain (ETC) and enhanced production 
of reactive oxygen species (ROS) causing oxidative damage to DNA, proteins and lipid  membranes3. If the 
antioxidant capacity is insufficient and/or the incurred damage is not efficiently repaired, ROS may ultimately 
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lead to oxidative stress (OS)-related damage, such as cell apoptosis, tissue damage and organ dysfunction which 
is the pathophysiological basis for the development and progression of  ACLF3. As OS is highly associated with the 
initiation and progression of ACLF, identification and comprehensive analysis of the oxidative stress-related genes 
and their regulatory networks may not only deepen our understanding about the impact of gene regulation on 
the severity of oxidative stress, but also provide promising candidate biomarkers used as therapeutic targets and 
prognostic predictors for ACLF. In fact, some immune or metabolism-related genes have already been proven to 
be highly related to the pathogenesis, severity and prognosis of ACLF 4,10,11. However, there is no study to explore 
the role of oxidative stress-related genes in the development and progression of ACLF.

In recent years, with the advancement of microarray and high throughput technology, the bioinformatics 
methods were used more and more to reveal the pathophysiological mechanisms underlying various diseases 
at the genomic  level12. Numerous biomarkers which can be used in disease diagnosis, targeted therapy and 
prognosis prediction were identified using bioinformatics methods. In this study, we aimed to use integrated 
bioinformatics method to identify the oxidative stress-related genes and their regulatory networks, which might 
provide new perspectives for the molecular targeted therapy and prediction of prognosis in ACLF.

Materials and methods
Data collection
Four transcriptome datasets (GSE142255 (https:// www. ncbi. nlm. nih. gov/ geo/ query/ acc. cgi? acc= GSE14 2255), 
GSE180014, GSE139602 and GSE168049) related to ACLF were downloaded from Gene Expression Omnibus 
(GEO) database (https:// www. ncbi. nlm. nih. gov/ geo/)13. GSE142255 contained array gene profiling of immune 
cells in whole-blood from 17 ACLF patients and 7 healthy controls (HCs). GSE180014 contained RNA-seq 
transcriptomics profiling in peripheral leukocytes from 8 ACLF patients and 5 HCs. GSE139602 contained array 
profiling on liver biopsies from 8 ACLF patients and 6 HCs. GSE168049 contained array profiling in peripheral 
blood mononuclear cells (PBMCs) from 8 dead hepatitis B virus-related ACLF (HBV-ACLF) patients and 8 live 
HBV-ACLF patients. GSE142255 was used as the derivation set to screen the hub genes with most connectivity 
in the protein–protein interaction (PPI) network. GSE180014 and GSE139602 were used to validate the role of 
hub genes in the diagnosis of ACLF from the perspectives of peripheral leukocytes and liver biopsy, respectively, 
while GSE168049 was used to validate the role of hub genes in predicting the prognosis of patients with ACLF. 
1093 oxidative stress-related genes (OSGs) were obtained from the GeneCards database (https:// www. genec ards. 
org/) with relevance score ≥ 7. The workflow of this study was shown in Fig. 1.

Figure 1.  Flowchart of this study. DEGs differentially expressed genes, DEOSGs differentially expressed 
oxidative stress related genes, GO gene ontology, GSEA gene set enrichment analysis, IDEOSGs immune related 
DEOSGs, OSGs oxidative stress related genes, PPI protein–protein interaction network, ROC receiver operating 
characteristic curve, WGCNA weighted gene co-expression network analysis.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE142255
https://www.ncbi.nlm.nih.gov/geo/
https://www.genecards.org/
https://www.genecards.org/
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Identification of differentially expressed genes
The “limma” package in R language software was applied to screen the differentially expressed genes (DEGs) 
between patients with ACLF and healthy controls (HC) with the criterion of |log 2 Fold Change| > 0.58 and 
adjusted P value < 0.05. Differentially expressed oxidative stress-related genes (DEOSGs) between patients with 
ACLF and HC were obtained by the intersection of DEGs and OSGs with the “VennDiagram” package in R.

Functional enrichment analysis
Gene Ontology (GO) (http:// geneo ntolo gy. org/) enrichment analysis and Reactome (https:// react ome. org/) 
enrichment analysis were performed to reveal the biological functions and pathways related to DEOSGs and 
key genes using the “clusterProfiler” R package. An adjusted P value < 0.05 was considered statistically significant.

Gene set enrichment analysis
Gene set enrichment analysis (GSEA) was performed using the “clusterProfiler”, “enrichplot”, “pathwork” and 
“DOSE” packages in R and an online analysis platform: Sanger box (http:// vip. sange rbox. com). According the 
aim of analysis, the reference gene sets included c5.go.bp.v2023.1.Hs.symbols.gmt, c2.cp.reactome.v2023.1.Hs.
symbols.gmt, c2.cp.kegg.v7.4.symbols.gmt and blood transcriptional modules (BTMs). BTMs are molecular 
signatures constructed using transcriptomic data in peripheral-blood mononuclear cells from individuals under 
various immunological stimuli developed by Li et al.14. The input gene expression matrix was Robust Multichip 
Average (RMA) normalized micro array profiling in GSE142255 data set. The parameter settings were as follows: 
minimum gene set 5, maximum gene set 5000 and 1000 resamplings. Normalized enrichment score (NES) was 
used to indicate the strength of enrichment. |NES| ≥ 1.0 and adjusted or nominal P-value < 0.05 were defined as 
statistical significance.

Immune infiltration analysis
Proportions of 22 types of immune cells in samples from GSE142255 were obtained using the CIBERSORT 
algorithm. The “tinyarray” R package was used to compare the levels of 22 types of immune cells between ACLF 
patients and healthy subjects. Differentiated infiltrating immune cells were identified by P value < 0.05 in the 
Kruskal test.

Weighted gene co‑expression network analysis
Weighted gene co-expression network analysis (WGCNA), a system biology strategy adopted for identifying 
co-expressed gene modules and exploring their correlation with disease phenotypes, was used to identify the 
modules genes highly correlated with the significantly differentially infiltrating immune cells between ACLF 
and HC. To omit the unqualified genes and samples, we used genes with a median absolute deviation (MAD) of 
the top 5000 for subsequent analysis. The best soft-thresholding power β was chosen according to the criteria of 
approximate scale-free topology. Genes with identical expression profiles were classified into gene modules using 
average linkage hierarchical clustering with a topological overlap matrix (TOM) based dissimilarity metric. The 
correlation coefficient between modules and differentiated infiltrating immune cells were calculated and modules 
with a high correlation coefficient (r > 0.7, P < 0.001) were identified as immune-related modules.

Identification of immune‑related oxidative stress DEGs
The intersection between DEOSGs and genes in immune-related modules was defined as immune-related 
DEOSGs for subsequent analysis.

Construction of protein–protein interaction network and screening of hub genes
The immune-related DEOSGs were uploaded to STRING database (https:// cn. string- db. org/) to construct the 
protein–protein interaction (PPI) network with an interaction score of 0.4. The PPI network was then imported 
to Cytoscape (http:// cytos cape. org/. ver.3. 9.1) software, an open-source network visualization platform for any 
molecular compositions and interaction  systems15. The most densely connected cluster in PPI was identified 
using the molecular complex detection technology (MCODE) plug-in in Cytoscape: K-core = 2, degree cutoff = 2, 
max depth = 100, and node score cutoff = 0.2. Hub genes in the most densely connected cluster were screened out 
by the Maximal Clique Centrality (MCC) algorithm of CytoHubba plug-in, which can recognize the interaction 
degree of candidate genes in a network through 11 topological  algorithms16.

Identification of key genes
Diagnostic and prognostic value of hub genes for ACLF were determined by performing receiver operating 
characteristic curve (ROC) and calculating the area under the curve (AUC). Hub genes with a AUC > 0.7 
indicating good diagnostic and prognostic value were named as key genes.

Exploration of transcription factors and miRNAs regulating key genes
Transcription factors (TFs) and micro RNAs (miRNAs) regulating key genes were obtained from JASPAR 
database and TarBase (v8.0) database, respectively, using NetworkAnalyst, an online analysis platform which 
integrated publicly available and unrestricted access to multiple databases for the network analysis of genes 
and multiple molecular  components17. Furthermore, the TF-gene and miRNA-gene interaction network were 
visualized with Cytoscape.

http://geneontology.org/
https://reactome.org/
http://vip.sangerbox.com
https://cn.string-db.org/
http://cytoscape.org/.ver.3.9.1
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Identification of potentially effective drugs targeting key genes
Potentially effective drugs targeting key genes were obtained from Drug-gene interactions database (DGIdb)18 
(https:// dgidb. genome. wustl. edu/) and visualized with Cytoscape.

Statistical analysis
All statistical analyses were conducted using the R programming language. Comparison of data between different 
groups were performed with independent-samples t-test or Kruskal test. A P-value less than 0.05 was considered 
statistically significant.

Results
Identification of DEGs and DEOSGs
A total of 1228 differentially expressed genes (DEGs) between ACLF patients and healthy subjects were screened 
out from data set GSE142255, including 432 up-regulated genes and 796 down-regulated genes (Fig. 2A,B). To 
further identify the source and pathways of these DEGs, we performed GSEA using BTMs as reference gene 
sets. The result showed that up-regulated DEGs were significantly enriched in cell lines or pathways related to 
TLR and inflammatory signaling, monocytes, cell cycle and transcription, monocyte surface signature, immune 
activation-generic cluster and extracellular matrix, while down-regulated DEGs were significantly enriched in cell 
lines or pathways related to T cell activation, signaling and differentiation, T cell surface signature, NK cells and 
MHC-TLR7-TLR8 cluster (Fig. 2C). After the intersection between 1228 DEGs and 1093 oxidative stress-related 
genes (OSGs), 79 differentially expressed oxidative stress-related genes (DEOSGs) were obtained (Fig. 2D).

Functional enrichment analysis for DEOSGS
GO enrichment analysis showed that up-regulated differentially expressed oxidative stress genes (DEOSGS) 
were significantly enriched in biological process related to regulation of inflammatory response, response to 
peptide, response to molecule of bacterial origin, response to lipopolysaccharide, response to oxidative stress 
(Fig. 3A) while down-regulated DEOSGS were significantly enriched in biological process related to peptidyl-
serine modification, peptidyl-serine phosphorylation, regulation of inflammatory response, regulation of metal 

Figure 2.  DEGs and DEOSGs in ACLF. (A) Volcano plot displaying DEGs. (B) Heatmap displaying DEGs. (C) 
Immune cells and signaling pathways enrichment analysis for DEGs. (D) Venn diagram displaying DEOSGs.

https://dgidb.genome.wustl.edu/
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ion transport and response to oxidative stress (Fig. 3B). Reactome enrichment pathway analysis showed that 
up-regulated DEOSGS were significantly enriched in signaling pathways related to innate immune response, 
neutrophil degranulation, signaling by interleukins, cytokin signaling in immune system and interleukins 4/13 
signaling (Fig. 3C) while down-regulated DEOSGS were significantly enriched in signaling pathways related to 
cytokin signaling in immune system, signaling by interleukins, interleukins 4/13 signaling, cellular response to 
heat stress and JAK STAT signaling after interleukins 12 stimulation (Fig. 3D).

Gene set enrichment analysis for oxidative stress‑related genes
Expression information of oxidative stress-related genes (OSGs) in gene set GSE142255 was used for gene set 
enrichment analysis (GSEA). GSEA using c5.go.bp.v2023.1.Hs.symbols.gmt as gene sets showed that ACLF was 
significantly associated with biological process related to defense response to bacterium, defense response to 
fungus, inflammatory response to wounding, mitochondrial gene expression, mitochondrial translation and 
peptide metabolic process (Fig. 4A). GSEA using c2.cp.reactome.v2023.1.Hs.symbols.gmt as gene sets showed 
that ACLF was significantly associated with pathways related to innate immune system, neutrophil degranulation, 
antimicrobial peptide, DNA repair and translation (Fig. 4B).

Immune infiltration analysis
As shown in the functional enrichment analysis, DEOSGs and OSGs were strongly enriched in biological process 
and pathways indicated for immune response. Thus, we further investigated the relationship between gene 
expression in GSE142255 and immune cells infiltration using the CIBERSORT algorithm and visualized the 
result in heatmap (Fig. 5A,B). There is a significant difference in the abundance of six types of immune cells in 
samples from ACLF patients and healthy subjects (P < 0.05), including B cells memory, T cells CD4 memory 
resting, T cells CD4 memory activated, T cells CD8, macrophages M0 and neutrophils (Fig. 5C). Among the 
6 differentially infiltrating immune cells, neutrophils were significantly and negatively correlated with CD8 T 
cells (P < 0.05) (Fig. 5D).

Figure 3.  Functional enrichment analysis for differentially expressed oxidative stress genes (DEOSGS). (A) GO 
enrichment analysis for up-regulated DEOSGs (A) and down-regulated DEOSGs (B). Reactome enrichment 
analysis for up-regulated DEOSGs (C) and down-regulated DEOSGs (D).
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Weighted gene co‑expression network analysis (WGCNA)
To identify the immune-related genes which were highly correlated with ACLF, we performed WGCNA. An 
outlier sample was identified and deleted (Fig. 6A). According to the scale independence and average connectivity, 
β = 10 was set as the soft threshold (Fig. 6B). On the basis of this power, 15 gene co-expression modules (GCMs) 
were generated (Fig. 6C). Among them, the brown, blue, cyan, tan and turquoise module demonstrated high 

Figure 4.  Gene set enrichment analysis (GSEA) using reference gene sets from GO database (A) and Reactome 
database (B) for oxidative stress-related genes (OSGs).

Figure 5.  Immune infiltration analysis. Abundance (A) and proportions (B) of immune cells in samples from 
ACLF patients and healthy subjects. (C) Differentially infiltrating immune cells between ACLF patients and 
healthy subjects. (D) Correlations between differentially infiltrating immune cells. HC healthy control. Note: A 
cross indicates no statistical difference (P >0.05).
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correlation (correlation coefficient > 0.7, P < 0.001) with T cells CD8, CD4 memory resting cells and neutrophils 
(Fig. 6D). Therefore, these modules were regarded as key modules for subsequent analysis. A total of 3668 genes 
included in the key modules were subsequently named as immune-related modules genes. Functional enrichment 
analysis indicated that the modules genes were mainly enriched in pathways associated with immune response, 
activation or regulation (Fig. 6E,F).

Figure 6.  Weighted gene co-expression network analysis for gene set GSE142255 (A–D) and functional 
enrichment analysis for immune-related module genes (E,F). (A) Sample clustering to detect outliers. (B) 
Scale independence and mean connectivity. (C) Cluster dendrogram. (D) Module-trait relationships. (E) GO 
enrichment analysis for immune-related module genes. (F). Reactome enrichment analysis for immune-related 
module genes.
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Construction of PPI network and screening of hub genes
A total of 67 immune-related oxidative stress DEGS (OSDEGS) were identified by the intersection of 79 DEOSGs 
and 3668 immune-related module genes (Fig. 7A). After uploading the DEOSGs to STRING database, the 
protein–protein interaction (PPI) network was constructed and subsequently visualized with Cytoscape software 
(Fig. 7B). The most densely connected cluster (18 nodes and 117 edges) in PPI network, cluster 1, was identified by 
the MCODE plug-in in Cytoscape (Fig. 7C). The top 10 hub genes screened out by the MCC algorithm in cluster 
1 were C–C motif chemokine 4 (CCL4), C–C motif chemokine 5 (CCL5), Integrin alpha-M (ITGAM), Interferon 
gamma (IFNG), Myeloperoxidase (MPO), Matrix metalloproteinase-9 (MMP9), NF-kappa-B inhibitor alpha 
(NFKBIA), Toll-like receptor 2 (TLR2), Toll-like receptor 4 (TLR4) and Tissue inhibitor metalloproteinase-1 
(TIMP1) (Fig. 7D).

Identification of key genes
To determine the diagnostic and prognostic value of hub genes for ACLF, we performed receiver operating 
characteristic curve (ROC) analysis. In data set GSE142255, the area under curve (AUC) values of all top 10 hub 
genes were > 0.7 (Fig. 8A–C). In data set GSE180014, hub genes with AUC > 0.7 include IFNG, MMP9, MPO, 
CCL5, ITGAM, TLR2, TLR4 and TIMP1 (Fig. 8D–F). In data set GSE139602, hub genes with AUC > 0.7 include 
IFNG, MPO, CCL5, ITGAM, NFKBIA, TLR2, TLR4 and TIMP1 (Fig. 8G–I). In data set GSE168049, hub genes 
with AUC > 0.7 include MPO, CCL5, MMP9, ITGAM, TLR2, TLR4 and TIMP1 (Fig. 8J–L). All together, a total 
of 6 hub genes (MPO, CCL5, ITGAM, TLR2, TLR4 and TIMP1) had consistently good diagnostic or prognostic 
value across four datasets and were thereafter named as key genes.

Gene expression level of key genes
To determine the difference in key genes expression between ACLF and HC, we performed independent samples 
t-test for these two groups. In data set GSE142255 and GSE180014, compared to the the gene expression level 
in HC group, CCL5 in the ACLF group was significantly down-regulated while the other 5 key genes were 
significantly up-regulated (P < 0.001) (Fig. 9A,B). In data set GSE139602 and GSE168049, 3 key genes (CCL5, 
MPO and TLR2) were found not significantly regulated (Fig. 9C,D).

Figure 7.  Protein–protein interaction (PPI) network and hub genes. (A) Immune-related DEOSGs. (B) PPI 
network constructed with immune-related DEOSGs (67 nodes and 294 edges). (C) Immune-related DEOSGs in 
cluster 1 of PPI network. (D) Hub genes screened out by MCC algorithm in cluster 1.
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Functional enrichment analysis for key genes
GO enrichment analysis showed that key genes were mainly enriched in biological process related to response 
to molecule of bacterial origin, response to lipopolysaccharide, myeloid leukocyte activation, macrophage 
activation, lipopolysaccharide-mediated signaling pathway, cellular response to interferon-gamma, regulation 
of matrix metallopeptidase secretion and cellular response to lipoteichioc acid (Fig. 10A). Reactome enrichment 
analysis showed that key genes were mainly enriched in pathways related to innate immune system, Toll like 
receptor cascades, signaling by interleukins, IRAK4 deficiency TLR2/4 and regulation of TLR by endogenous 
ligand, diseases of immune system, interleukin 10 signaling, Toll like receptor TLR1/TLR2 cascade and antigen 
processing cross presentation (Fig. 10B).

Gene set enrichment analysis for key genes
To explore the potential function of key genes, we performed gene set enrichment analysis (GSEA) for single-gene 
with “c2.cp.kegg.v7.4.symbols.gmt” as the reference gene sets. The result showed that genes in cohorts with high 

Figure 8.  Receiver operating characteristic curve (ROC) analysis for hub genes in gene set GSE142255 (A–C), 
GSE180014 (D–F), GSE139602 (G–I) and GSE168049 (J–L).

Figure 9.  Gene expression level of key genes in gene set GSE142255 (A), GSE180014 (B), GSE139602 (C) and 
GSE168049 (D). HC,  healthy control.
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expression of MPO, CCL5, ITGAM, TLR2, TLR4 and TIMP1 were highly enriched in immune and metabolism-
related pathways, such as antigen processing and presentation, autoimmune thyroid disease, intestinal immune 
network for IGA production, primary immunodeficiency, sphingolipid metabolism, fructose and mannose 
metabolism, cysteine and methionine metabolism, butyrate metabolism, purine metabolism, glycosaminoglycan 
biosynthesis heparan sulfate, PPAR signaling pathway, glycosaminoglycan degradation, glycolipid biosynthesis 
lactose and new lactose series, pantothenate and coenzyme a biosynthesis and aminoacyl ribonucleic acid 
biosynthesis (Fig. 11A–F), indicating that the key genes might participate in the process of immune response 
and biological metabolism.

Correlation between key genes and their association with immune cells
To determine the correlation between key genes and their association with immune cells infiltration, we 
performed spearman correlation analysis. The result showed that CCL5 was negatively correlated with the other 
5 key genes which were positively correlated with each other (Fig. 12A); all key genes except CCL5 (positive) 
and MPO (no significance) had significantly negative correlation with CD8 T cells; MPO and TIMP1 had 
significantly negative and positive correlation with resting memory CD4 T cells and activated memory CD4 T 
cells, respectively. CCL5 and TLR4 had negative and positive correlation with neutrophils, respectively (Fig. 12B).

Identification of transcription factors and miRNAs regulating key genes
To determine the regulatory impact of miRNAs and TFs on expression of key genes at the transcriptional level, 
we obtained the interaction networks of miRNAs and TFs with key genes and visualized them with Cytoscape 
software. A total of 23, 22, 19, 7, 4 and 3 miRNAs interacted with TLR4, TIMP1, CCL5, TLR2, MPO and ITGAM, 
respectively (Fig. 13A). A total of 8, 7 and 5 TFs interacted with ITGAM, TLR2/TLR4/TIMP1 and MPO/CCL5, 
respectively (Fig. 13B). Both miRNAs (hsa-mir-129-2-3p and hsa-mir-210-3p) interacted with 3 key genes and 
both TFs (FOXC1 and HNF4A) interacted with 4 key genes, indicating that these miRNAs and TFs might have 
a closer interaction with the key genes.

Identification of potentially effective drugs
To explore potentially effective drugs targeting the key genes, we obtained the gene-chemical interaction network 
from drug–gene interactions database (DGIdb) and visualized them with Cytoscape software (Fig. 14). Among 
the 6 key genes, TLR2, ITGAM, TLR4 and MPO had intersections with 4, 10, 11 and 19 drugs/chemicals, 
respectively. Among the 41 drugs, fentanyl, dimethyl sulfoxide and theophylline had intersections with two key 
genes (MPO and ITGAM).

Discussion
Acute-on-chronic liver failure (ACLF) is associated with a poor prognosis, limited therapeutic options and 
incompletely understood pathogenesis. There is an urgent need to further reveal the pathogenesis underlying 
the occurrence and progression of ACLF in order to develop effective targeted drugs and accurately predict its 
prognosis. In this study, we identified six immune and oxidative stress-related genes proven to be associated 
with the diagnosis and prognosis of ACLF with the integrated bioinformatics method, which might provide new 
perspectives for the molecular targeted therapy and prediction of prognosis in ACLF.

Development of ACLF is highly associated with inflammation and immune dysfunction. Functional 
enrichment analysis for differentially expressed genes (DEGs) between patients with ACLF and healthy 
controls indicated that the ACLF was highly associated with an activated inflammatory response, enhanced 
innate immune response and impaired adaptive immune response. For instance, signaling pathways indicating 
inflammatory and innate immune responses, including Toll-like receptor (TLR) and inflammatory  signaling19, 

Figure 10.  Functional enrichment analysis for key genes. (A) GO analysis. (B) Reactome analysis.



11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17073  | https://doi.org/10.1038/s41598-023-44343-9

www.nature.com/scientificreports/

monocytes and monocyte surface signature were up-regulated in ACLF while pathways indicating adaptive 
immune response, including T cell surface signature, activation, signaling and differentiation, NK cells and MHC-
TLR7-TLR8 cluster were down-regulated in ACLF. Furthermore, as indicated in the immune cells infiltration 
analysis, activated memory CD4 T  cells20, M0 macrophages and neutrophils involved in the acute inflammatory 
response were significantly up-regulated in ACLF, while memory B  cells21, memory resting CD4 T  cells20 and CD8 
T  cells22 involved in the adaptive immune response were significantly down-regulated in ACLF. Taken together, 
our study supported the view that the development of ACLF is highly associated with an intensive systemic 
inflammation and immune dysfunction characterized by coexistence of enhanced innate immune response and 
paralyzed adaptive immune  response2,3.

Oxidative stress was highly involved in the development of ACLF. As indicated in the gene set enrichment 
analysis (GSEA) for oxidative stress related genes (OSGs), ACLF was positively associated with oxidative stress-
related metabolic process, such as collagen degradation, degradation of extracellular matrix, activation of matrix 
metalloproteinases, NFE2L2 regulated antioxidant detoxification enzyme and metabolic disorder of biological 
oxidation enzyme. In addition, ACLF was also positively associated with inflammatory response and innate 
immune response, such as inflammatory response to wounding, acute inflammatory response, antimicrobial 

Figure 11.  Gene set enrichment analysis (GSEA) for TLR2 (A), TLR4 (B), CCL5 (C), ITGAM (D), MPO (E) 
and TIMP1 (F).
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peptide, innate immune system, neutrophil mediated immunity, defense response for bacterium, cell surface toll 
like receptor signaling pathway, regulation of leukocyte mediated cytotoxicity. By contrast, ACLF was negatively 
associated with adaptive immune response, such as regulation of lymphocyte mediated immunity. Therefore, our 
study indicated that oxidative stress, along with inflammation and immune dysfunction, might jointly participate 
in the development of ACLF.

We identified 6 oxidative stress‑related key genes associated with the diagnosis and prognosis 
of ACLF
Based on the PPI network and subsequent internal and external validation, 6 hub genes with consistent good 
diagnostic and prognostic values across the four datasets were named as key genes, including CCL5, ITGAM, 
MPO, TLR2, TLR4 and TIMP1. As an inflammatory chemokine stored in post-naive CD8+ T cells, CCL5 is 
exocytosed rapidly after TCR ligation to selectively recruit the receptor-bearing leukocytes to sites of injury or 
 pathogens23. Oxidative stress can modulate the expression of CCL5 in an oxidant-dependent signaling  pathway24. 
ITGAM is mainly expressed on phagocytic cells and natural killer (NK) cells as a membrane receptor mediating 
the phagocytosis for certain bacteria after ligation with its carbohydrates or lipopolysaccharides (LPS)25,26. MPO 
is associated with both inflammatory response and oxidative stress due to its location in neutrophils and its role 
in catalyzing the formation of oxidizing agents under the stimulation of pro-inflammatory  mediators27. TLR2 
and TLR4 participate in the process of innate immune response by recognizing the bacterial lipoproteins and 
LPS,  respectively19. As a sensor of oxidation-associated molecular  patterns28, TLR2 may act as a bridge between 
oxidative damage and various pathological injury, such as  angiogenesis28 and excessive complement activation 
in retinal degenerative  disease29. TLR4 primes the responsiveness of innate immune cells when recruited to the 
plasma membrane in macrophages under oxidative  stress30 and plays a critical role in the LPS-induced oxidative 

Figure 12.  Correlation between key genes (A). Correlation between key genes and differentially infiltrating 
immune cells (B). Note: A cross indicates no statistical difference (P >0.05).

Figure 13.  Regulatory networks for key genes. (A) Micro RNA–key gene interaction network. (B) 
Transcription factor–key gene interaction network. Note: The sky blue triangle indicates micro RNA, yellow 
circle indicates key genes, and wine red diamond indicates transcription factors.
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stress and mitochondrial  disorder31. TIMP1 has been shown favoring extracellular matrix (ECM) deposition 
and fibrotic scarification in process of liver fibrosis by binding to the catalytic zinc cofactors of several matrix 
metalloproteinases (MMP2, MMP9 and MMP13) attenuating their constitutive matrix degrading  potential32. 
Oxidative stress and reactive oxygen species (ROS) may be important factors leading to liver  fibrosis33. Therefore, 
there might be a correlation between TIMP1 and oxidative stress, requiring further research. Functional 
enrichment analysis indicated that key genes were highly associated with inflammation, immune response and 
metabolic process. Immune cell infiltration analysis indicated that all the keys genes were positively or negatively 
correlated to the differentially infiltrating immune cells. In summary, key genes well reflected the biological 
functions of immune related DEOSGs, which were highly associated with the occurrence and progression of 
ACLF. Therefore, the good diagnostic and prognostic value of key genes for ACLF might be explained.

In addition, we constructed a gene regulatory network and explored some potentially effective molecular 
targeted drugs for ACLF. Transcription factors (TFs) are a type of protein complex that plays an important role 
in the regulation of gene transcription through recognizing specific DNA  sequences34. MicroRNAs (miRNAs) 
are small non-coding RNA molecules involved in post-transcriptional gene regulation by binding to one or 
more sites of mRNA transcription sequences and inhibiting their translation or by regulating the TFs, with 
subsequent effects on various cellular and biological processes under normal and pathological  conditions35. In 
the miRNA-gene and TF-gene interaction network, two miRNAs (hsa-mir-129-2-3p and hsa-mir-210-3p) and 
two TFs (FOXC1 and HNF4A) interacted with most key genes, indicating that they might be involved in the 
regulation of key genes. In addition, we identified 41 drugs potentially targeting the key genes, among which 
fentanyl, dimethyl sulfoxide and theophylline all targeted two key genes, which means that they might become 
the candidates for molecular targeted therapy.

The present study has some limitations that should be mentioned. First, the sample size is relatively small. 
Nevertheless, we validated the diagnostic and prognostic value of key genes in four independent datasets. 
Therefore, our results might have a certain degree of credibility. Second, all results obtained in this study were 
only based on the microarray or RNA-seq data from GEO database. Further in vitro and in vivo experimental 
verification is still required. Third, the retrospective design of this study would inevitably induce bias, which 
might affect the reliability of results. Confirmation for our findings from strictly designed prospective studies 
is still required.

In conclusion, the present study explored the role of oxidative stress in the occurrence and progression of 
ACLF using the integrated bioinformatics methods. We identified six immune and oxidative stress related genes 
which were highly associated with the diagnosis and prognosis of ACLF. In addition, we constructed a regulatory 
network for key genes and explored some drugs targeting the key genes. This study deepened our understanding 
of the impact of oxidative stress on the pathogenesis and prognosis of ACLF, and provided more insights into 
the effective molecular targeted therapy strategies. More prospective studies and further experiments are still 
required to validate our results.

Data availability
Datasets (GSE142255, GSE180014, GSE139602 and GSE168049) used in this study are available in Gene 
Expression Omnibus (GEO) repository (http:// www. ncbi. nlm. nih. gov/ geo/).

Figure 14.  Drug–key genes interaction network. Note: The sky blue rectangle indicates drugs, and yellow circle 
indicates key genes.

http://www.ncbi.nlm.nih.gov/geo/


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17073  | https://doi.org/10.1038/s41598-023-44343-9

www.nature.com/scientificreports/

Received: 5 April 2023; Accepted: 6 October 2023

References
 1. Moreau, R., Gao, B., Papp, M., Bañares, B. & Kamath, P. S. Acute-on-chronic liver failure: A distinct clinical syndrome. J. Hepatol. 

75, S27–S35. https:// doi. org/ 10. 1016/j. jhep. 2020. 11. 047 (2021).
 2. Khanam, A. & Kottilil, S. Acute-on-chronic liver failure: Pathophysiological mechanisms and management. Front. Med. 8, 752875. 

https:// doi. org/ 10. 3389/ fmed. 2021. 752875 (2021).
 3. Engelmann, C., Clària, J., Szabo, G., Bosch, J. & Bernardi, M. Pathophysiology of decompensated cirrhosis: Portal hypertension, 

circulatory dysfunction, inflammation, metabolism and mitochondrial dysfunction. J. Hepatol. 75, S49–S66. https:// doi. org/ 10. 
1016/j. jhep. 2021. 01. 002 (2021).

 4. Moreau, R. et al. Blood metabolomics uncovers inflammation-associated mitochondrial dysfunction as a potential mechanism 
underlying ACLF. J. Hepatol. 72, 688–701. https:// doi. org/ 10. 1016/j. jhep. 2019. 11. 009 (2020).

 5. European Association for the Study of the Liver. EASL clinical practice guidelines for the management of patients with 
decompensated cirrhosis. J. Hepatol. 69, 406–460. https:// doi. org/ 10. 1016/j. jhep. 2018. 03. 024 (2018).

 6. Nanchal, R. et al. Guidelines for the management of adult acute and acute-on-chronic liver failure in the ICU: Cardiovascular, 
endocrine, hematologic, pulmonary, and renal considerations. Crit. Care Med. 48, e173–e191. https:// doi. org/ 10. 1097/ CCM. 00000 
00000 004192 (2020).

 7. Casulleras, M., Zhang, I. W., López-Vicario, C. & Clària, J. Leukocytes, systemic inflammation and immunopathology in acute-
on-chronic liver failure. Cells 9, 2632. https:// doi. org/ 10. 3390/ cells 91226 32 (2020).

 8. Wyngene, L. V., Vandewalle, J. & Libert, C. Reprogramming of basic metabolic pathways in microbial sepsis: Therapeutic targets 
at last? EMBO Mol. Med. 10, e8712. https:// doi. org/ 10. 15252/ emmm. 20170 8712 (2018).

 9. Ganeshan, K. et al. Energetic trade-offs and hypometabolic states promote disease tolerance. Cell 177, 399–413. https:// doi. org/ 
10. 1016/j. cell. 2019. 01. 050 (2019).

 10. Li, J. et al. PBMC transcriptomics identifies immune-metabolism disorder during the development of HBV-ACLF. Gut 71, 163–175. 
https:// doi. org/ 10. 1136/ gutjnl- 2020- 323395 (2022).

 11. Ma, S. et al. Identification of a potential miRNA–mRNA regulatory network associated with the prognosis of HBV-ACLF. Front. 
Mol. Biosci. 8, 657631. https:// doi. org/ 10. 3389/ fmolb. 2021. 657631 (2021).

 12. Black, D. L. Protein diversity from alternative splicing: A challenge for bioinformatics and post-genome biology. Cell 103, 367–370. 
https:// doi. org/ 10. 1016/ s0092- 8674(00) 00128-8 (2000).

 13. Barrett, T. et al. NCBI GEO: Archive for functional genomics data sets—Update. Nucleic Acids Res. 41, D991–D995. https:// doi. 
org/ 10. 1093/ nar/ gks11 93 (2013).

 14. Li, S. et al. Molecular signatures of antibody responses derived from a systems biology study of five human vaccines. Nat. Immunol. 
15, 195–204. https:// doi. org/ 10. 1038/ ni. 2789 (2014).

 15. Shannon, P. et al. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 
13, 2498–2504. https:// doi. org/ 10. 1101/ gr. 12393 03 (2003).

 16. Chin, C. H. et al. cytoHubba: Identifying hub objects and sub-networks from complex interactome. BMC Syst. Biol. 8, S4–S11. 
https:// doi. org/ 10. 1186/ 1752- 0509-8- S4- S11 (2014).

 17. Xia, J., Gill, E. E. & Hancock, R. E. NetworkAnalyst for statistical, visual and network-based meta-analysis of gene expression data. 
Nat. Protoc. 10, 823–844. https:// doi. org/ 10. 1038/ nprot. 2015. 052 (2015).

 18. Freshour, S. L. et al. Integration of the drug–gene interaction database (DGIdb 4.0) with open crowdsource efforts. Nucl. Acids 
Res. 49, D1144–D1151. https:// doi. org/ 10. 1093/ nar/ gkaa1 084 (2021).

 19. Zhang, Y., Liu, J., Wang, C., Liu, J. & Lu, W. Toll-like receptors gene polymorphisms in autoimmune disease. Front. Immunol. 12, 
672346. https:// doi. org/ 10. 3389/ fimmu. 2021. 672346 (2021).

 20. Liu, Q., Sun, Z. & Chen, L. Memory T cells: Strategies for optimizing tumor immunotherapy. Protein Cell 11, 549–564. https:// doi. 
org/ 10. 1007/ s13238- 020- 00707-9 (2020).

 21. Liu, D. et al. T-B-cell entanglement and ICOSL-driven feed-forward regulation of germinal centre reaction. Nature 517, 214–218. 
https:// doi. org/ 10. 1038/ natur e13803 (2015).

 22. Zheng, M. et al. Functional exhaustion of antiviral lymphocytes in COVID-19 patients. Cell Mol. Immunol. 17, 533–535. https:// 
doi. org/ 10. 1038/ s41423- 020- 0402-2 (2020).

 23. Catalfamo, M. et al. Human CD8 T cells store RANTES in a unique secretory compartment and release it rapidly after TcR 
stimulation. Immunity 20, 219–230. https:// doi. org/ 10. 1016/ s1074- 7613(04) 00027-5 (2004).

 24. Lin, Y. L. et al. Involvement of oxidative stress, NF-IL-6, and RANTES expression in dengue-2-virus-infected human liver cells. 
Virology 276, 114–126. https:// doi. org/ 10. 1006/ viro. 2000. 0524 (2000).

 25. Ross, G. D. & Vĕtvicka, V. CR3 (CD11b, CD18): A phagocyte and NK cell membrane receptor with multiple ligand specificities 
and functions. Clin. Exp. Immunol. 92, 181–184. https:// doi. org/ 10. 1111/j. 1365- 2249. 1993. tb033 77.x (1993).

 26. Herb, M., Gluschko, A. & Schramm, M. LC3-associated phagocytosis initiated by integrin ITGAM-ITGB2/Mac-1 enhances 
immunity to Listeria monocytogenes. Autophagy 14, 1462–1464. https:// doi. org/ 10. 1080/ 15548 627. 2018. 14758 16 (2018).

 27. Boussif, A. et al. Impaired intracellular signaling, myeloperoxidase release and bactericidal activity of neutrophils from patients 
with alcoholic cirrhosis. J. Hepatol. 64, 1041–1048. https:// doi. org/ 10. 1016/j. jhep. 2015. 12. 005 (2016).

 28. West, X. Z. et al. Oxidative stress induces angiogenesis by activating TLR2 with novel endogenous ligands. Nature 467, 972–976. 
https:// doi. org/ 10. 1038/ natur e09421 (2010).

 29. Mulfaul, K. et al. Toll-like receptor 2 facilitates oxidative damage-induced retinal degeneration. Cell Rep. 30, 2209–2224. https:// 
doi. org/ 10. 1016/j. celrep. 2020. 01. 064 (2020).

 30. Powers, K. A. et al. Oxidative stress generated by hemorrhagic shock recruits Toll-like receptor 4 to the plasma membrane in 
macrophages. J. Exp. Med. 203, 1951–1961. https:// doi. org/ 10. 1084/ jem. 20060 943 (2006).

 31. Wang, X., Yao, W., Wang, M., Zhu, J. & Xia, L. TLR4-SIRT3 mechanism modulates mitochondrial and redox homeostasis and 
promotes EPCs recruitment and survival. Oxid. Med. Cell Longev. 2022, 1282362. https:// doi. org/ 10. 1155/ 2022/ 12823 62 (2022).

 32. Iredale, J. P., Thompson, A. & Henderson, N. C. Extracellular matrix degradation in liver fibrosis: Biochemistry and regulation. 
Biochim. Biophys. Acta Mol. Basis Dis. 1832, 876–883. https:// doi. org/ 10. 1016/j. bbadis. 2012. 11. 002 (2013).

 33. Yadav, D., Hertan, H. I., Schweitzer, P., Norkus, E. P. & Pitchumoni, C. S. Serum and liver micronutrient antioxidants and serum 
oxidative stress in patients with chronic hepatitis C. Am. J. Gastroenterol. 97, 2634–2639. https:// doi. org/ 10. 1111/j. 1572- 0241. 
2002. 06041.x (2002).

 34. Pope, S. D. & Medzhitov, R. Emerging principles of gene expression programs and their regulation. Mol. Cell 71, 389–397. https:// 
doi. org/ 10. 1016/j. molcel. 2018. 07. 017 (2018).

 35. Bartel, D. P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 116, 281–297. https:// doi. org/ 10. 1016/ s0092- 
8674(04) 00045-5 (2004).

https://doi.org/10.1016/j.jhep.2020.11.047
https://doi.org/10.3389/fmed.2021.752875
https://doi.org/10.1016/j.jhep.2021.01.002
https://doi.org/10.1016/j.jhep.2021.01.002
https://doi.org/10.1016/j.jhep.2019.11.009
https://doi.org/10.1016/j.jhep.2018.03.024
https://doi.org/10.1097/CCM.0000000000004192
https://doi.org/10.1097/CCM.0000000000004192
https://doi.org/10.3390/cells9122632
https://doi.org/10.15252/emmm.201708712
https://doi.org/10.1016/j.cell.2019.01.050
https://doi.org/10.1016/j.cell.2019.01.050
https://doi.org/10.1136/gutjnl-2020-323395
https://doi.org/10.3389/fmolb.2021.657631
https://doi.org/10.1016/s0092-8674(00)00128-8
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1038/ni.2789
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1186/1752-0509-8-S4-S11
https://doi.org/10.1038/nprot.2015.052
https://doi.org/10.1093/nar/gkaa1084
https://doi.org/10.3389/fimmu.2021.672346
https://doi.org/10.1007/s13238-020-00707-9
https://doi.org/10.1007/s13238-020-00707-9
https://doi.org/10.1038/nature13803
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1016/s1074-7613(04)00027-5
https://doi.org/10.1006/viro.2000.0524
https://doi.org/10.1111/j.1365-2249.1993.tb03377.x
https://doi.org/10.1080/15548627.2018.1475816
https://doi.org/10.1016/j.jhep.2015.12.005
https://doi.org/10.1038/nature09421
https://doi.org/10.1016/j.celrep.2020.01.064
https://doi.org/10.1016/j.celrep.2020.01.064
https://doi.org/10.1084/jem.20060943
https://doi.org/10.1155/2022/1282362
https://doi.org/10.1016/j.bbadis.2012.11.002
https://doi.org/10.1111/j.1572-0241.2002.06041.x
https://doi.org/10.1111/j.1572-0241.2002.06041.x
https://doi.org/10.1016/j.molcel.2018.07.017
https://doi.org/10.1016/j.molcel.2018.07.017
https://doi.org/10.1016/s0092-8674(04)00045-5
https://doi.org/10.1016/s0092-8674(04)00045-5


15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17073  | https://doi.org/10.1038/s41598-023-44343-9

www.nature.com/scientificreports/

Author contributions
Z.Z.: data processing, article writing; H.J.: study design and article revision. All authors reviewed and approved 
the final manuscript.

Funding
This study was supported by grant from Health Care and Biomedicine Special Project Hebei Province Key R&D 
Program (182777117D).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Identification of oxidative stress-related biomarkers associated with the development of acute-on-chronic liver failure using bioinformatics
	Materials and methods
	Data collection
	Identification of differentially expressed genes
	Functional enrichment analysis
	Gene set enrichment analysis

	Immune infiltration analysis
	Weighted gene co-expression network analysis
	Identification of immune-related oxidative stress DEGs

	Construction of protein–protein interaction network and screening of hub genes
	Identification of key genes
	Exploration of transcription factors and miRNAs regulating key genes
	Identification of potentially effective drugs targeting key genes
	Statistical analysis

	Results
	Identification of DEGs and DEOSGs
	Functional enrichment analysis for DEOSGS
	Gene set enrichment analysis for oxidative stress-related genes
	Immune infiltration analysis
	Weighted gene co-expression network analysis (WGCNA)
	Construction of PPI network and screening of hub genes
	Identification of key genes
	Gene expression level of key genes
	Functional enrichment analysis for key genes
	Gene set enrichment analysis for key genes
	Correlation between key genes and their association with immune cells
	Identification of transcription factors and miRNAs regulating key genes
	Identification of potentially effective drugs

	Discussion
	We identified 6 oxidative stress-related key genes associated with the diagnosis and prognosis of ACLF

	References


