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Abstract 

Background  Ferroptosis plays an important role in the development of acute-on-chronic liver failure (ACLF). The pre-
sent project aimed to identify and validate the potential ferroptosis-related genes in ACLF by bioinformatics analysis 
and experimental verification.

Materials and methods  The GSE139602 dataset was obtained from the Gene Expression Omnibus database and 
intersected with ferroptosis genes. Ferroptosis-related differentially expressed genes (DEGs) between the ACLF tissue 
and healthy group were analyzed using bioinformatics methods. Analysis of enrichment, protein‒protein interactions, 
and hub genes was conducted. Potential drugs targeting these hub genes were retrieved from the DrugBank data-
base. Finally, we performed real-time quantitative PCR (RT-qPCR) to validate the expression of the hub genes.

Results  A total of 35 ferroptosis-related DEGs were screened, which were enriched in the biosynthesis of amino acids, 
peroxisomes, fluid shear stress and atherosclerosis. PPI network analysis indicated five ferroptosis-related hub genes, 
namely, HRAS, TXNRD1, NQO1, PSAT1, and SQSTM1. The experimental validation indicated that the expression levels 
of HRAS, TXNRD1, NQO1, and SQSTM1 were lower, while the expression level of PSAT1 was higher in ACLF model rats 
than in healthy rats.

Conclusions  Our findings reveal that PSAT1, TXNRD1, HRAS, SQSTM1 and NQO1 may affect the development of 
ACLF by regulating ferroptotic events. These results provide a valid reference for potential mechanisms and identifica-
tion in ACLF.
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Background
Acute-on-chronic liver failure (ACLF) is an acutely exac-
erbated chronic liver disease, accompanied by the rapid 
progression of multiple organ failure and high short-
term mortality. With the expansion of liver disease and 

hepatocirrhosis worldwide, the incidence of ACLF is ris-
ing yearly. However, effective medical treatment has yet 
to be discovered. Obviously, effective treatment for the 
disease has become an important medical issue.

Effectively preventing liver cell death in patients with 
ACLF may be the key to treatment. Recently, a novel type 
of cell death has been discovered—ferroptosis, which is 
characterized by iron ion accumulation in the cell, imbal-
anced redox reactions, and enhanced lipid peroxidation, 
eventually leading to cell membrane rupture and cell 
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death [1]. These characteristics were also observed in a 
hepatic failure model [2]. Studies have revealed that liver 
diseases are caused in part by high levels of iron and lipid 
accumulation from reactive oxygen species (ROS) [3, 4]. 
It has been found that acetaminophen (APAP) can cause 
liver lipid peroxidation and ferroptosis, which leads to 
acute liver failure (ALF) in the mice, while treatment with 
antioxidants (liproxstatin-1, vitamin E, ferrostatin-1) or 
iron chelators (deferoxamine) can reverse the lipid per-
oxidation of ferroptosis and treat ALF [5]. From what has 
been discussed above, ferroptosis can affect liver disease 
by regulating the process of iron ions at the cellular level 
and the degree of lipid peroxidation; thus, liver failure 
can be effectively prevented and treated by inhibiting fer-
roptosis of liver cells [6]. Thus, it is important to identify 
the precise molecular mechanisms involved in ferropto-
sis in ACLF and to devise effective diagnostic and thera-
peutic methods. In this study, we used bioinformatics to 
screen ferroptosis-related differentially expressed genes 
(DEGs) in ACLF. Then, we performed real-time quan-
titative  PCR (RT‒qPCR) to validate these hub genes. 
Figure 1 shows the flow chart of the study. Our study pro-
vides insights into the mechanism of ferroptosis in ACLF, 
discusses novel methods to clinically diagnose and treat 
ACLF and suggests corresponding targets for subsequent 
systematic research.

Materials and methods
Screening of microarray data
Patients with ACLF were obtained from the NCBI Gene 
Expression Omnibus (GEO: https://​www.​ncbi.​nlm.​nih.​
gov/). We downloaded the GSE139602 dataset derived 
on the GPL13667 platform (Affymetrix Human Genome 
U219 Array). In this database, transcriptome analysis 
of liver biopsies from patients at different liver disease 
stages, including 5 fibrosis patients, 8 compensated cir-
rhosis patients, 12 decompensated cirrhosis patients, 
8 ACLF patients, and 6 control healthy individuals, was 
performed [7]. The data from the 8 ACLF patients and 
6 control healthy individuals were selected for further 
analysis.

Identification of DEGs related to ferroptosis
The GSE139602 dataset was first normalized using the 
normalized between arrays function in the R software 
limma package [8] to avoid a high false discovery rate 
(FDR), and p values were also estimated for FDR control. 
Next, the DEGs between patients and normal controls 
in the dataset were screened. DEG identification thresh-
old values were set at | log2-fold change (FC) |≥ 1 and 
P < 0.05. Then, we downloaded a dataset that included 
388 genes from the Ferroptosis Database (FerrDb) [9] 

(http://​www.​datjar.​com:​40013/​bt2104/) and compared 
it with the GSE139602 dataset to screen for ferroptosis-
related DEGs. Using Venny2.1 (https://​bioin​fogp.​cnb.​
csic.​es/​tools/​venny/​index.​html), we created a Venn dia-
gram of the DEGs. The R software “ggplots” and “pheat-
map” packages were used to plot the volcano map and 
heatmap, respectively.

Functional enrichment analysis
Functional enrichment analysis of DEGs was conducted 
with WebGestalt (http://​www.​webge​stalt.​org/), DAVID 
6.8 (https://​david.​ncifc​rf.​gov), and the ClusterProfiler 
package in R. We uploaded the ferroptosis-related DEGs 
to the Gene Set Enrichment Analysis (GSEA) tool in 
WebGestalt for further analysis. Initially, GSEA filtered 
the gene sets according to the number of genes con-
tained, with a minimum number of three genes and a 
maximum number of 2,000 genes per gene set. The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) [10] analy-
sis was obtained from GSEA. DAVID 6.8 was also used 
for KEGG enrichment analysis to identify the potential 
pathways that the target genes participate in. Moreo-
ver, we carried out Gene Ontology (GO) and KEGG 
enrichment analyses of ferroptosis-related DEGs using 
the enrichKEGG and enrichGO functions of the Clus-
terProfiler package in Bioconductor (http://​bioco​nduct​
or.​org/​packa​ges/​relea​se/​bioc/​html/​clust​erPro​fer.​html) 
[11]. P < 0.1 and count ≥ 2 were chosen as the cutoff val-
ues for identifying ferroptosis-related DEGs in terms of 
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Fig. 1  Flow chart of the study. GEO: Gene Expression Omnibus; DEGs: 
Differentially expressed genes; GO: Gene Ontology; KEGG: Kyoto 
Encyclopedia of Genes and Genomes; KEGG: Kyoto Encyclopedia of 
Genes and Genomes; GSEA: Gene Set Enrichment Analysis; RT‒qPCR: 
Real-time quantitative PCR
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biological processes (BPs), cellular components (CCs), 
and molecular functions (MFs). After that, we carried 
out KEGG pathway enrichment analysis using P < 0.2 and 
count ≥ 2 as cutoff values. Gene set enrichment analy-
sis (GSEA) was also performed using the ClusterProfiler 
package to investigate the biological functions of hub 
genes. Samples were separated into two groups based 
on the median values of the hub gene expression group. 
Genes were sorted by logFC from the highest to the low-
est, and the background gene set was downloaded from 
MSigDB [12]. To show the results of enrichment analysis, 
the barplot, dotplot and enrichplot packages were used.

Construction of the PPI network and identification of hub 
genes
A protein‒protein interaction (PPI) network of ferropto-
sis-related DEGs was constructed using STRING (version 
11.5, https://​cn.​string-​db.​org/) [13]. The visualization was 
performed using Cytoscape (version 3.8.2, https://​cytos​
cape.​org/) with a confidence score > 0.15 [14]. We used 
Molecular Complex Detection (MCODE) in Cytoscape 
for cluster analysis in the PPI network with a degree 
cutoff = 2, node score cutoff = 0.2, kcore = 2, and max 
depth = 100 [15]. The modules with established scores > 5 
were selected. In addition, CytoHubba in Cytoscape was 
used to discover the top 10 node genes in 10 ways and set 
the intersection to filter the hub genes. The most accu-
rate (MCC) method was used in CytoHubba [16]. Then, 
we selected the downregulated hub gene with the high-
est MCC score, HRAS, as the key gene and predicted the 
first gene that interacted with it by using CytoHubba.

Drugs identified in DrugBank
Drugs targeting the identified hub genes were retrieved 
from the DrugBank database [17]. The DrugBank data-
base is a cheminformatics and bioinformatics repository 
containing detailed information on drugs and their tar-
gets, with information on more than 7,800 drugs.

Experimental animals and ACLF models
Adult male Sprague‒Dawley rats were purchased from 
Beijing HFK Bioscience Co., Ltd. According to proto-
cols approved by the Animal Care and Use Committee 
at the Beijing HFK Bioscience CO., LTD Peking Uni-
versity Shenzhen Graduate School (Shenzhen, China), 
all experimental rats were provided free access to water 
and food. This experiment was approved by the Ani-
mal Ethics Committee of Shenzhen Peking University 
Hong Kong University of Science and Technology Medi-
cal Center, China (No:2022-194), and all methods were 
carried out in accordance with relevant guidelines and 

regulations. This study was carried out in compliance 
with the Animal Research: Reporting of In Vivo Experi-
ments (ARRIVE) guidelines. The rats were separated into 
two groups (the control group and ACLF model group) 
with 6 rats in each group. With reference to Cong W [18], 
rats were anesthetized with 5% isoflurane (#R510-22-10, 
Shenzhen Redwood Electronic Technology Development 
Co., Ltd.) and remained anesthetized with 4% isoflurane 
during the procedure. Rats were given a bile duct liga-
tion operation, and a rat biliary cirrhosis occurs 1 month 
later. The rats were given equal doses of saline. Intraperi-
toneal injection of 600 mg/kg D-galactosamine (D-GalN) 
and 20  μg/kg lipopolysaccharide (LPS) was performed 
for the model group for 24 h on the fourth day. Liver tis-
sues (Additional file 1: Fig. S1) were extracted for further 
investigations. The same liver tissue was collected from 
each rat. After washing with phosphate-buffered saline 
solution, the tissues were fixed in 10% formalin solution 
for 12–24 h, followed by paraffin embedding, sectioning, 
and hematoxylin–eosin (HE) staining. Finally, micros-
copy was used to observe the structural and pathological 
changes in liver tissue in each group.

RT‒qPCR analysis
Rat liver tissues were lysed with RNA lysis buffer and 
ground with a high-speed tissue grinder (Tiss-24, Shang-
hai, China). All RNA extraction was performed according 
to the instructions of the RNA extraction kit (Promega, 
WI, USA), and the concentration and purity of RNA were 
tested by a NanoDrop-2000 spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA). Then, the RNA 
was reverse transcribed into cDNA using Evo M-MLV 
RT Premix for qPCR (AG11706, Accurate Biotechnol-
ogy, HUNAN, China). Finally, RT‒qPCR experiments 
were performed using a SYBR Green Premix Pro Taq 
HS qPCR Kit (AG11701, ACC​URA​TE BIOTECHNOL-
OGY, HUNAN, China). The primers for HRAS, NQO1, 
TXNRD1, PSAT1, SQSTM1, and beta-actin were sup-
plied by Tsingke Biotechnology Co., Ltd. (Beijing, China). 
Information on the primers is listed in Table 1.

Statistical analysis
Both the Statistical analysis and the charts were gen-
erated and drawn with GraphPad Prism 8.0 (Graph-
Pad Software, San Diego, CA), respectively. Data are 
expressed as the mean ± standard deviation. Student’s 
t test was used to compare the significant difference 
between the means of the two groups, and the analy-
sis results were considered to be statistically significant 
when *P < 0.05, **P < 0.01, or ***P < 0.001.

https://cn.string-db.org/
https://cytoscape.org/
https://cytoscape.org/
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Results
Ferroptosis‑related DEGs in ACLF
The GSE139602 dataset was obtained from the GEO 
database, which included 8 ACLF and 6 control healthy 
livers. We found 699 upregulated DEGs and 625 down-
regulated DEGs in the GSE139602 dataset (Fig.  2A). 
We also obtained a dataset of 388 genes from FerrDb 
and then compared them with GES139602 to identify 
ferroptosis-related DEGs. Accordingly, 19 upregulated 
and 16 downregulated genes were found (Table 2). Fig-
ure 2B, C show the heatmap and Venn diagram of the 
DEGs. The DEGs were further categorized as driver, 
suppressor, and marker genes by the FerrDb online 
tool (Table 3).

Table 1  Specific primer sequences used in RT‒qPCR

Gene name Primer sequences

β-actin FORWARD TTC​GCC​ATG​GAT​GAC​GAT​ATC​

REVERSE TAG​GAG​TCC​TTC​TGA​CCC​ATAC​

SQSTM1 FORWARD CCA​GCA​CAG​GCA​CAG​AAG​ATA​AGA​G

REVERSE TCC​CAC​CGA​TCC​AAG​GCT​ATC​

PSAT1 FORWARD TCG​CTG​GTG​CTC​AGA​AGA​ATG​TTG​

REVERSE TCA​AGG​ACT​GAT​GGC​ACT​CTCTG​

HRAS FORWARD GCC​ATC​AAC​AAC​ACC​AAG​TCC​TTT​G

REVERSE GCA​CCA​TTG​GCA​CAT​CAT​CTG​AAT​C

NQO1 FORWARD AGG​ATG​GGA​GGT​GGT​CGA​ATCTG​

REVERSE GCC​TTC​CTT​ATA​CGC​CAG​AGA​TGA​C

TXNRD1 FORWARD CAC​GGA​TGA​GGA​GCA​GAC​CAATG​

REVERSE CAT​ACA​GCC​TCT​GAG​CCA​GCA​ATC​

Fig. 2  A Volcano map of DEGs in the ACLF group and control group. Two vertical lines indicate gene expression fold change (FC) > 2 and < − 2, 
respectively, and the horizontal line indicates the adjusted P value (FDR q-value) of 0.05. P values were calculated by two-sided Wilcoxon 
rank-sum test. The color of the dot represents the FDR (q-value) levels. B The first 50 DEGs are shown in the heatmap, with red representing 
significantly upregulated genes and blue representing significantly downregulated genes in the samples. C Venn diagram of ferroptosis-related 
DEGS. We intersected the ferroptosis dataset with GSE139602 to identify ferroptosis-related DEGs. Red indicates upregulation, and blue indicates 
downregulation
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Results of enrichment analysis
KEGG and GO enrichment analyses were performed on 
ferroptosis-related DEGs. The results of GSEA in Web-
Gestalt software revealed that the genes were primarily 
enriched in metabolic pathways, biosynthesis of amino 
acids, peroxisome, fluid shear stress and atherosclero-
sis, pathway in cancer, and hepatocellular carcinoma 
(Fig.  3). KEGG enrichment analysis in DAVID indi-
cated that cysteine and methionine metabolism, bio-
synthesis of amino acids, peroxisome, fluid shear stress 

and atherosclerosis, and biosynthesis of cofactors were 
significantly enriched in the gene sets (Table  4). The 
enrichKEGG function in the ClusterProfiler package was 
used to identify the pathways in which the DEGs were 
enriched. These DEGs were enriched in hepatocellular 
carcinoma, cysteine and methionine metabolism, biosyn-
thesis of amino acids, peroxisome, prostate cancer, fluid 
shear stress and atherosclerosis (Fig.  4A). Notably, bio-
synthesis of amino acids, peroxisome, fluid shear stress 
and atherosclerosis were the main biological pathways 

Table 2  Ferroptosis-related differentially expressed genes in ACLF

Gene symbol P Value logFC Gene title

Upregulated genes

NR5A2 1.07E−07 1.28702859 NUCLEAR receptor subfamily 5 group A member 2

PANX1 1.55E−07 1.24766675 pannexin 1

ARRDC3 1.13E−06 2.31511952 Arrestin domain containing 3

PSAT1 1.43E−06 2.96649694 Phosphoserine aminotransferase 1

TIMM9 1.77E−06 1.00707478 Translocase of inner mitochondrial membrane 9

PEX3 3.49E−06 1.32833114 Peroxisomal biogenesis factor 3

CDO1 4.25E−06 1.14600079 Cysteine dioxygenase type 1

ACADSB 5.42E−06 2.22836882 Acyl-CoA dehydrogenase short/branched chain

SESN2 8.40E−06 1.16331947 Sestrin 2

AR 4.44E−05 1.0473481 Androgen receptor

SLC2A12 6.52E−05 1.45404063 Solute carrier family 2 member 12

TTPA 0.0001528 2.08107407 Alpha tocopherol transfer protein

PEX12 0.00018338 1.04713249 Peroxisomal biogenesis factor 12

SLC16A1 0.00029344 1.6640174 Solute carrier family 16 member 1

DUSP1 0.00035585 1.80166982 Dual specificity phosphatase 1

TUBE1 0.00797734 1.00822644 Tubulin epsilon 1

DDIT4 0.01616721 1.1277138 DNA damage inducible transcript 4

HAMP 0.01668347 1.86930843 Hepcidin antimicrobial peptide

DPP4 0.01743001 1.18827786 Dipeptidyl peptidase 4

Downregulated genes

ACSL4 5.93E−08 −1.9087248 Acyl-CoA synthetase long chain family member 4

BCAT2 7.20E−07 −1.6961856 Branched chain amino acid transaminase 2

HRAS 1.04E−06 −1.0135424 HRas proto-oncogene, GTPase

NQO1 1.15E−06 −3.1751323 NAD(P)H quinone dehydrogenase 1

DAZAP1 1.54E−06 −1.3918441 DAZ associated protein 1

HSPB1 4.39E−06 −1.3147566 HEAT shock protein family B (small) member 1

SLC38A1 4.72E−06 −1.3763065 Solute carrier family 38 member 1

SQSTM1 1.10E−05 −1.8764274 Sequestosome 1

SETD1B 4.16E−05 −1.0151086 SET domain containing 1B, histone lysine methyltransferase

ASNS 7.79E−05 −1.691081 Asparagine synthetase (glutamine-hydrolyzing)

CAPG 8.22E−05 −1.7470416 Capping actin protein, gelsolin like

CDKN1A 0.00035835 −1.9259144 Cyclin dependent kinase inhibitor 1A

GPX2 0.0006198 −3.2113914 Glutathione peroxidase 2

NEDD4L 0.00076102 −1.0016884 NEDD4 like E3 ubiquitin protein ligase

TXNRD1 0.00243742 −1.1141324 thioredoxin reductase 1

GDF15 0.00416958 −2.0776601 GROWTH differentiation factor 15
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involved and were identified by the WebGestalt, DAVID, 
and ClusterProfiler packages.

In addition, the most significantly enriched terms in 
the GO analysis included BPs such as response to nutri-
ent levels and response to toxic substance, CCs such as 
peroxisomal membrane and microbody membrane, and 
MFs such as antioxidant activity (Fig.  4B). The cnet-
plot function in the ClusterProfiler package was used to 
exhibit the genes enriched in the top 4 processes with 
the smallest P value of BPs, CCs, and MFs. Among them, 
ACSL4, NQO1, SESN2, TXNRD1, and CDKN1A were 
enriched in at least two BP, CC, and MF terms (Fig. 4C). 
GSEA of the 5 hub genes showed that they are mainly 
involved in the metabolic pathways of fructose and man-
nose metabolism, galactose metabolism, ascorbate and 
aldarate metabolism, drug metabolism-cytochrome P450 
and the biosynthetic pathways of primary bile acid bio-
synthesis and glycosaminoglycan biosynthesis. They are 
also associated with ECM-receptor interactions, chemi-
cal carcinogenesis-DNA adducts, and Vibrio cholerae 
infection (Fig. 5).

PPI network and hub genes of ferroptosis‑related DEGs
We obtained a PPI network consisting of 35 nodes and 
133 edges (Fig. 6A). MCODE in Cytoscape indicated that 
there is only one functional cluster with an established 
score > 5, including 10 genes and 34 edges (Fig.  6B). 
Five genes were screened in all 10 topological methods 
of CytoHubba in Cytoscape, namely, HRAS, TXNRD1, 
NQO1, PSAT1, and SQSTM1 (Additional file 2: Table S1, 
Fig.  6C). HRAS was the downregulated hub gene with 
the highest MCC and existed in the functional module. A 
total of 23 node genes were identified as interacting with 
HRAS by cytoHubba (Fig. 6D).

Drugs identified in DrugBank
Based on drug and target information from the Drug-
Bank database, 23 drugs targeting these five hub genes 
were identified (Fig.  7). No drugs targeting SQSTM1 
have been identified. Among these drugs, six drugs 
are approved, including menadione (DB00170), DIC 
(DB00266), flavin adenine dinucleotide (DB03147), pyri-
doxal phosphate (DB00114), glutamic acid (DB00142), 
and arsenic trioxide (DB01169).

Pathological morphology of rat liver tissue
The pathological changes in the liver were observed by 
HE staining. The cells in the liver tissue of rats in the con-
trol group were arranged neatly, without denaturation or 
necrosis and no inflammatory cell infiltration. Cells in 
the ACLF group showed necrosis, inflammatory cell infil-
tration and fibrous tissue hyperplasia (Fig. 8).

Potential biomarker expression by RT‒qPCR
Five hub genes, including HRAS, TXNRD1, NQO1, 
PSAT1, and SQSTM1, were validated through RT‒qPCR. 
The expression levels of HRAS, TXNRD1, NQO1, and 
SQSTM1 were clearly lower, while the expression level of 
PSAT1 was higher in the ACLF group than in the control 
group (Fig. 9).

Discussion
In this study, we identified the hub genes related to fer-
roptosis and explored the potential role of ferropto-
sis in the pathogenesis of ACLF. Thirty-five DEGs were 
screened from the cross-comparison of GSE139602 and 
FerrDb datasets, including 16 downregulated genes and 
19 upregulated genes. GO enrichment analysis suggested 
that the ferroptosis-related DEGs were mostly distributed 
in the peroxisomal membrane and microbody membrane 
and are involved in antioxidant activity and transaminase 
activity. The DEGs were suggested to mediate processes 
such as responses to nutrients and toxic substances. The 
GO enrichment network map demonstrated that ACSL4, 
NQO1, SESN2, TXNRD1, and CDKN1A were involved 
in multiple biological processes. These genes likely play 
a more critical role in ACLF. KEGG enrichment analy-
sis indicated that these genes are mainly involved in the 
biosynthesis of amino acids pathways, peroxisomes, fluid 
shear stress and atherosclerosis pathways.

Ferroptosis is a newly discovered type of cell death 
characterized by lipid ROS accumulation due to intracel-
lular iron overload [1]. Glutathione (GSH)/glutathione 
peroxidase (GPX4) is the classical regulatory pathway 
of ferroptosis [19]. Increasing evidence has shown that 
ferroptosis is one of the main triggers for the exacerba-
tion of several liver diseases [5, 20–22]. The liver plays a 
vital role in iron metabolism, as it recirculates and stores 
iron, as well as synthesizes iron-containing enzymes. Iron 
overload can cause abnormalities in the mitochondrial 

Table 3  The differentially expressed ferroptosis genes were divided into ferroptosis drivers, suppressors, and markers

Driver Suppressor Marker

ACSL4, HRAS, SLC38A1, DPP4, CDO1, 
PANX1, PEX12, TTPA, TIMM9, PEX3, 
ACADSB

NR5A2, BCAT2, NQO1, DAZAP1, SQSTM1, 
AR, SLC16A1, CDKN1A, NEDD4L, HSPB1, 
SESN2, GDF15

DUSP1, TXNRD1, GPX2, DDIT4, ASNS, PSAT1, TUBE1, ARRDC3, 
SETD1B, HAMP, SLC2A12, CAPG, HSPB1, SESN2, GDF15



Page 7 of 16Kuang et al. BMC Medical Genomics           (2023) 16:52 	

Fig. 3  The GSEA results indicated that the significantly enriched genes were involved in the metabolic pathways, biosynthesis of amino acids 
peroxisome, fluid shear stress and atherosclerosis, pathway in cancer, and hepatocellular carcinoma
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oxidative phosphorylation pathway in hepatocytes, which 
can produce large amounts of ROS [23]. When the level 
of ROS exceeds the clearance level of the body’s antioxi-
dant system, it can oxidize unsaturated fatty acids on cell 
membranes and organelle membranes and directly or 
indirectly damage the structural function of hepatocytes, 
contributing to the progression of ferroptosis in liver cells 
[24].

The biosynthesis of amino acids is crucial for ferrop-
tosis [25–29]. GSH is synthesized from three key amino 
acids, cysteine, glutamate, and glycine [30, 31]. Both gly-
cine and cysteine can be produced through the metabolic 
conversion of serin from glucose. As an essential amino 
acid, serine is required not only for protein biosynthesis 
but also for the biosynthesis of numerous intracellular 
molecules, including GSH [32]. Sufficient cysteine levels 

Table 4  KEGG enrichment analysis of DEGs by DAVID

FDR false discovery rate

Term Count % P Value Benjamimi FDR

Cysteine and methionine metabolism 3 9.090909091 0.01101114 0.92536812 0.92536812

Biosynthesis of amino acids 3 9.090909091 0.02375332 0.92536812 0.92536812

Peroxisome 3 9.090909091 0.02804146 0.92536812 0.92536812

Fluid shear stress and atherosclerosis 3 9.090909091 0.07250731 1 1

Biosynthesis of cofactors 3 9.090909091 0.08556692 1 1

Fig. 4  A Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of ferroptosis-related DEGs. B Gene Ontology (GO) enrichment 
analysis of ferroptosis-related DEGs. C Network graph of GO enrichment of ferroptosis-related DEGs. The network graph shows the DEGs enriched in 
the top 4 GO BP, CC, and MF terms. The yellow points represent the GO categories, the color of the line delivered by a point indicates the category 
of the point in the legend, and the size of a point indicates the number of genes it includes. BPs: biological processes; CCs: cellular components; 
MFs: molecular functions
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contribute to the maintenance of redox homeostasis in 
cells and protects against oxidative death [22, 33]. There-
fore, the metabolites and enzymes that convert serine 
and cysteine to GSH are essential to inhibit the occur-
rence of ferroptosis in liver cells.

HRAS, TXNRD1, NQO1, PSAT1, and SQSTM1 were 
simultaneously identified as the top hub genes. GSEA 
showed that the hub genes are mainly involved in the 
drug metabolism-cytochrome P450 metabolic pathway, 
the ECM-receptor interaction and glycosaminoglycan 
biosynthesis biosynthetic pathways, which are particu-
larly closely related to ferroptosis. Cytochrome P450 
oxidoreductase (POR) is an important component of 
the cytochrome P450 pathway that promotes ferroptosis 
by increasing the peroxidation of saturated phospholip-
ids in the cell membrane [34, 35]. When cells are sepa-
rated from the ECM, it can lead to a series of deleterious 
metabolic changes, including the triggering of ferritin 
deposition and the induction of ferroptosis [36]. Sulfated 
glycosaminoglycans (GAGs), especially chondroitin sul-
fate and heparan sulfate, have antioxidant effects [37, 38]. 
Sulfation plays an important role in maintaining cell sur-
vival and preventing oxidative stress-induced cell death 
[39].

Additionally, drugs targeting the above genes 
were retrieved from DrugBank, which consisted 
of six approved drugs. Flavin adenine dinucleotide 
(DB03147)  is a coenzyme form of vitamin B2 used in 
clinical conditions associated with vitamin B2 defi-
ciency, such as keratitis and blepharitis. Arsenic tri-
oxide (DB01169)  is a chemotherapeutic agent used in 
the treatment of refractory or relapsed acute promye-
locytic leukemia in patients with prior retinoid and 
anthracycline chemotherapy. It is suspected that arse-
nic trisulfide induces cancer cells to undergo apoptosis. 
The enzyme thioredoxin reductase has recently been 
identified as a target for arsenic trioxide. Pyridoxal 
phosphate (DB00114) is the active form of vitamin B6, 
which serves as a coenzyme for the synthesis of amino 
acids and aminolevulinic acid. Dicoumarol (DB00266) 
is a coumarin-like compound found in sweet clover. It 
is used as an oral anticoagulant and acts by inhibiting 
the hepatic synthesis of vitamin K-dependent coagula-
tion factors [40–42]. Menadione (DB00170), known as 
vitamin K3, is involved as a cofactor in the posttrans-
lational gamma-carboxylation of glutamic acid residues 
of certain proteins in the body. These proteins include 
vitamin K-dependent coagulation factors II (prothrom-
bin), VII (proconvertin), and a growth-arrest-specific 

factor (Gas6). Glutamic acid (DB00142)  is an amino 
acid commonly found as a component in total paren-
teral nutrition and is one of the building blocks in pro-
tein synthesis [43]. In summary, the above drugs are 
mostly related to amino acids or vitamins, which may 
mediate the biosynthesis of the amino acids in ACLF. 
This finding provides a reference for identifying poten-
tial novel treatments against ferroptosis in ACLF.

The RT‒qPCR results showed that the expression 
levels of HRAS, TXNRD1, NQO1, and SQSTM1 were 
clearly lower, while the expression level of PSAT1 was 
higher in the ACLF group than in the control group, 
confirming the reliability of the bioinformatics analysis. 
Among them, PSAT1, TXNRD1, and HRAS expression 
affect cellular amino acid biosynthesis. PSAT1 is a criti-
cal regulator in the serine synthesis pathway (SSP). A 
study found that PSAT1, a member of the class-V family 
of pyridyl aldehyde phosphate-dependent aminotrans-
ferases, catalyzes the second step of SSP [44]. Specifi-
cally, a significant upregulation in the expression of key 
enzymes such as PSAT1 increased the levels of serine 
and its downstream products [45]. PSAT1 expression 
increased the level of GSH in cells through SSP, which 
increased oxidative stress tolerance and thus inhibited 
the occurrence of ferroptosis [46]. However, our results 
showed that the PSAT1 gene was highly expressed in 
the ACLF group, which is inconsistent with previous 
studies. In this regard, we speculate that the upregula-
tion of PSAT1 expression may be the result of negative 
feedback of decreased PSAT1 enzyme activity in ACLF 
model rats. The decrease in PSAT1 enzyme activity 
may lead to negative feedback of cells to upregulate the 
expression of its coding gene PSAT1, which is condu-
cive to maintaining the PSAT1 enzyme activity level. 
However, this process does not change the iron-related 
cell death caused by the decrease in enzyme activity, 
which can be considered resistance to ferroptosis. Thus, 
we will conduct future experimental studies and data 
analysis to investigate this hypothesis. Simultaneously, 
TXNRD1 is a critical regulator that may be involved 
in cysteine depletion-induced cellular ferroptosis. The 
TXNRD1 gene encodes thioredoxin reductase 1, a key 
antioxidant selenoprotease that regulates cellular redox 
homeostasis [47]. Some reports have suggested that the 
thioredoxin system regulates the dithiol/disulfide bond 
balance in proteins through disulfide bond reductase 
activity and protects against oxidative stress [48–50]. 
A previous study indicated that TXNRD1 was obvi-
ously upregulated in chronic myeloid leukemia cells 
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Fig. 5  Gene set enrichment analysis (GSEA) revealed the enrichment pathways of the hub genes. A HRAS, B NQO1, C TXNRD1, D PSAT1, and E 
SQSTM1
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after cysteine depletion [51]. Thioredoxin is also a spe-
cial antioxidant that compensates for reduced GSH 
levels, reacts with ROS and is eventually recovered by 
TXNRD [52]. Cysteine is a limiting amino acid for glu-
tathione synthesis and plays an irreplaceable role in 
maintaining redox balance [53]. Subsequently, ferrop-
tosis occurred upon treatment with a TXNRD1 inhibi-
tor after cysteine depletion. Therefore, it is reasonable 
to believe that when the gene expression of TXNRD1 
is downregulated or the activity of TXNRD1 is inhib-
ited, cysteine is depleted, eventually leading to ferrop-
tosis. HRAS, referred to as oncogenic RAS with NRAS 
and KRAS, is one of the most frequently mutated driver 
proto-oncogenes in cancer. Oncogenic RAS abnormally 
rewires metabolic pathways, leading to ROS generation 
[54]. Then, ROS promote the accumulation of oxidative 
byproducts, decreasing the threshold for cancer cells 
to undergo ferroptosis. Moreover, oncogenic RAS also 
establishes ROS scavenging mechanisms to inhibit cel-
lular senescence and promote tumor formation [55]. 

Oncogenic RAS promotes the transport of intracellular 
glutamate to the outside of the cell by affecting the sys-
tem xc-transporter and simultaneously takes extracellu-
lar cystine into the cell and converts it into cysteine for 
the synthesis of GSH [56]. In summary, PSAT1 affects 
the serine synthesis pathway, TXNRD1 is involved in 
the cysteine depletion pathway, and HRAS affects the 
xc-transporter system to influence cysteine and gluta-
mate synthesis, all three of which affect the synthesis 
of GSH, resulting in intracellular redox imbalance and 
promoting lipid peroxidation to generate ROS, thus 
causing ferroptosis.

In addition, the present study reveals that SQSTM1 
and NQO1 may mediate ferroptosis by targeting the 
NRF2 pathway. SQSTM1, also known as p62, is an 
autophagy receptor [57]. A study by Sun et al. [58] pro-
vided the first evidence that activation of the p62-Keap1-
NRF2 pathway protects hepatocellular carcinoma cells 
from ferroptosis. Irion metabolism and lipid peroxida-
tion are modified by the NRF2-regulated genes NQO1, 

Fig. 5  continued
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FTH1, and HO1, contributing to the inhibition of fer-
roptosis. Another study [59] also found that in the pres-
ence of high SQSTM1 expression, ferroptosis could be 
prevented by promoting the nuclear transfer of NRF2 
and increasing heme oxygenase-1 expression. Knock-
ing down SQSTM1 inhibited NRF2 expression and led 
to growth inhibition with increased ferroptotic events, 
including a reduction in GSH, an increase in lipid ROS 
levels, and an increase in iron levels. Daiha Shin’s study 

indicated that cell viability was reduced and cellular lipid 
ROS levels were increased when SQSTM1 was inhibited, 
which were reversed by a ferroptosis inducer (ferrosta-
tin-1) [60]. NQO1 is a protective antioxidant agent and 
regulates oxidative stress in chromatin [61]. Interestingly, 
the NRF2-NQO1 axis represents a protective mechanism 
against ROS overproduction [62]. Thus, we infer that 
high SQSTM1 expression may activate the NRF2/NQO1 
signaling pathway by binding to Keap1 against ferroptotic 

Fig. 6  Construction of the PPI network of ferroptosis-related DEGs and screening of hub genes. A The STRING database was used to construct 
the PPI network of ferroptosis-related DEGs, with nodes and edges. The darker the color and the wider the edge, the stronger the evidence for the 
interaction between proteins. B The node gene cluster with the highest score constructed by the MCODE plug-in in Cytoscape consists of 10 genes. 
C cytoHubba was used to construct the top 10 hub genes. The figure shows the top 10 hub genes constructed by the MCC method. D cytoHubba 
was used to predict the first stop node genes that interact with HRAS. A total of 23 genes were predicted
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Fig. 7  Drugs targeting these five hub genes were obtained from the DrugBank database. Drug status, including experimental, investigational, 
nutraceutical and approved, is indicated by colored squares

Fig. 8  Pathological morphology of liver tissue of rats in the control and model groups (hematoxylin–eosin staining, × 100)
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events, including lipid ROS production, GSH depletion, 
iron accumulation, and lipid peroxidation, thus protect-
ing hepatocytes from ferroptosis. (Fig. 10).

There are some limitations to our study. The  sam-
ple  size in  the GSE139602  dataset was  small, which 

may lead to bias in the final gene validation results. 
The human liver tissue gene expression data are rela-
tively few. In this regard, the mechanisms and specific 
signaling pathways of ferroptosis in ACLF can be fur-
ther investigated by collecting data with a larger sample 
size. Moreover, there is a lack of validation of external 
datasets and clinical trials. To improve the prevention 
and treatment of ACLF, more ACLF human liver tissue 
expression profiles will be needed for further analysis.

Conclusion
In conclusion, we explored the gene expression profiles of 
ACLF patient samples, identified 35 ferroptosis-related 
DEGs, and identified their participating biological pro-
cesses and pathways. We also identified and validated 5 
pivotal genes related to ferroptosis in ACLF, which are 
mainly involved in the amino acid biosynthesis pathway 
and NRF2 pathway. Targeting these genes and pathways 
in combination with a pharmacological inhibitor of fer-
roptosis may be a potential therapy for ACLF.

Fig. 9  RT‒qPCR results showed that the expression levels of 
HRAS, TXNRD1, NQO1, and SQSTM1 were obviously lower and the 
expression level of PSAT1 was higher in ACLF rats than in healthy 
control rats. *P < 0.05, **P < 0.01, ***P < 0.001

Fig. 10  PSAT1 affects the serine synthesis pathway (SSP), TXNRD1 is involved in the cysteine depletion pathway, and HRAS indirectly inhibits 
ferroptosis through metabolic pathways and the xc-transporter. SQSTM1 may induce the Keap1/NRF2/NQO1 signaling pathway to protect against 
ferroptotic events in acute-on-chronic liver failure (ACLF)



Page 15 of 16Kuang et al. BMC Medical Genomics           (2023) 16:52 	

Abbreviations
ACLF	� Acute-on-chronic liver failure
ROS	� Reactive oxygen species
APAP	� Acetaminophen
ALF	� Acute liver failure
DEGs	� Differentially expressed genes
RT‒qPCR	� Real-time quantitative PCR
GEO	� Gene Expression Omnibus
FDR	� False discovery rate
FC	� Fold change
FerrDb	� Ferroptosis database
GSEA	� Gene Set Enrichment Analysis
KEGG	� Kyoto Encyclopedia of Genes and Genomes
GO	� Gene ontology
BPs	� Biological processes
CCs	� Cellular components
MFs	� Molecular functions
PPI	� Protein‒protein interaction
MCODE	� Molecular complex detection
MCC	� The most accurate
HE	� Hematoxylin–eosin
LPS	� Lipopolysaccharide
GSH	� Glutathione
GPX4	� Glutathione peroxidase 4
SSP	� Serine synthesis pathway

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12920-​023-​01480-4.

Additional file1. Figure S1: The appearance of liver tissues in control and 
model groups.

Additional file2. Table S1: Top10 ferroptosis-related DEGs by 10 topologi-
cal analysis methods of CytoHubba.

Acknowledgements
We thank Figdraw (www.​figdr​aw.​com) for expert assistance in the figure 
drawing.

Author contributions
WK, MK, YJ designed the study. MK and LH collected the materials and data. 
MK, LC, JZ, and BL wrote the manuscript. YJ revised the manuscript. All authors 
have read and approved the final manuscript.

Funding
This work was supported by the Research Project of Traditional Chinese Medi-
cine Bureau of Guangdong Province (No. 20201303, No. 20213011) and disci-
pline construction project of Guangdong Medical University (No. 4SG23006G).

Availability of data and materials
The datasets used and analyzed during the current study are available from 
the corresponding author on reasonable request. NCBI Gene Expression 
Omnibus. https://​www.​ncbi.​nlm.​nih.​gov/. Accessed 29 March 2022. Ferrop-
tosis Database. http://​www.​datjar.​com:​40013/​bt2104/. Accessed 3 April 2022. 
Venny2.1. https://​bioin​fogp.​cnb.​csic.​es/​tools/​venny/​index.​html. Accessed 
5 April 2022. WebGestalt database. http://​www.​webge​stalt.​org/. Accessed 
9 April 2022. DAVID 6.8 database. https://​david.​ncifc​rf.​gov. Accessed 8 April 
2022. STRING database. https://​cn.​string-​db.​org/. Accessed 20 April 2022. 
DrugBank database. https://​go.​drugb​ank.​com/. Accessed 19 November 2022.

Declarations

Ethics approval and consent to participate
All methods were carried out in accordance with relevant guidelines and 
regulations. This study was carried out in compliance with the ARRIVE guide-
lines. The animal experiment was approved by the Animal Ethics Committee 

of Shenzhen Peking University Hong Kong University of Science and Technol-
ogy Medical Center, China (No: 2022-194).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 1St School of Medicine, Guangzhou University of Chinese Medicine, Guang-
zhou 510405, China. 2 School of Pharmacy, Guangdong Medical University, 
Dongguan 524023, China. 3 Shenzhen Bao’an Traditional Chinese Medicine 
Hospital, Guangzhou University of Chinese Medicine, Shenzhen 518133, 
China. 4 Guangdong Key Laboratory for Research and Development 
of Natural Drugs, School of Pharmacy, Guangdong Medical University, Dong-
guan 524023, China. 

Received: 27 September 2022   Accepted: 6 March 2023

References
	1.	 Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, 

et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. 
Cell. 2012;149(5):1060–72.

	2.	 Ji Y, Si W, Zeng J, Huang L, Huang Z, Zhao L, et al. Niujiaodihuang detoxify 
decoction inhibits ferroptosis by enhancing glutathione synthesis in 
acute liver failure models. J Ethnopharmacol. 2021;279:114305.

	3.	 Dixon SJ, Stockwell BR. The role of iron and reactive oxygen species in cell 
death. Nat Chem Biol. 2014;10(1):9–17.

	4.	 Galaris D, Barbouti A, Pantopoulos K. Iron homeostasis and oxidative 
stress: an intimate relationship. Biochim Biophys Acta Mol Cell Res. 
2019;1866(12):118535.

	5.	 Yamada N, Karasawa T, Kimura H, Watanabe S, Komada T, Kamata R, et al. 
Ferroptosis driven by radical oxidation of n-6 polyunsaturated fatty acids 
mediates acetaminophen-induced acute liver failure. Cell Death Dis. 
2020;11(2):144.

	6.	 Kim KM, Cho SS, Ki SH. Emerging roles of ferroptosis in liver pathophysiol-
ogy. Arch Pharm Res. 2020;43(10):985–96.

	7.	 Graupera I, Isus L, Coll M, Pose E, Díaz A, Vallverdú J, et al. Molecular 
characterization of chronic liver disease dynamics: From liver fibrosis to 
acute-on-chronic liver failure. JHEP Rep Innov Hepatol. 2022;4(6):100482.

	8.	 Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers dif-
ferential expression analyses for RNA-sequencing and microarray studies. 
Nucleic Acids Res. 2015;43(7):e47.

	9.	 Zhou N, Bao J. FerrDb: a manually curated resource for regulators and 
markers of ferroptosis and ferroptosis-disease associations. Database. 
2020. https://​doi.​org/​10.​1093/​datab​ase/​baaa0​21.

	10.	 Kanehisa M, Furumichi M, Sato Y, Kawashima M, Ishiguro-Watanabe M. 
KEGG for taxonomy-based analysis of pathways and genomes. Nucleic 
Acids Res. 2023;51(D1):D587–92.

	11.	 Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing 
biological themes among gene clusters. OMICS. 2012;16(5):284–7.

	12.	 Liberzon A, Birger C, Thorvaldsdóttir H, Ghandi M, Mesirov J, Tamayo P. 
The molecular signatures database (MSigDB) hallmark gene set collec-
tion. Cell Syst. 2015;1(6):417–25.

	13.	 Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The 
STRING database in 2021: customizable protein-protein networks, and 
functional characterization of user-uploaded gene/measurement sets. 
Nucleic Acids Res. 2021;49(D1):D605–12.

	14.	 Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. 
Cytoscape: a software environment for integrated models of biomolecu-
lar interaction networks. Genome Res. 2003;13(11):2498–504.

	15.	 Bader GD, Hogue CW. An automated method for finding molecular com-
plexes in large protein interaction networks. BMC Bioinform. 2003;4:2.

	16.	 Chin CH, Chen SH, Wu HH, Ho CW, Ko MT, Lin CY. cytoHubba: identifying 
hub objects and sub-networks from complex interactome. BMC Syst Biol. 
2014;8Suppl(Suppl 4):S11.

https://doi.org/10.1186/s12920-023-01480-4
https://doi.org/10.1186/s12920-023-01480-4
http://www.figdraw.com
https://www.ncbi.nlm.nih.gov/
http://www.datjar.com:40013/bt2104/
https://bioinfogp.cnb.csic.es/tools/venny/index.html
http://www.webgestalt.org/
https://david.ncifcrf.gov
https://cn.string-db.org/
https://go.drugbank.com/
https://doi.org/10.1093/database/baaa021


Page 16 of 16Kuang et al. BMC Medical Genomics           (2023) 16:52 

	17.	 Wishart D, Feunang Y, Guo A, Lo E, Marcu A, Grant J, et al. DrugBank 5.0: 
a major update to the DrugBank database for 2018. Nucleic Acids Res. 
2018;46:D1074–82.

	18.	 Wei C. Establishment of slow plus acute liver failure model in rats. Chin J 
Curr Adv Gener Surg. 2016;19(08):664–6.

	19.	 Seibt TM, Proneth B, Conrad M. Role of GPX4 in ferroptosis and its phar-
macological implication. Free Radic Biol Med. 2019;133:144–52.

	20.	 Nelson JE, Wilson L, Brunt EM, Yeh MM, Kleiner DE, Unalp-Arida A, 
et al. Relationship between the pattern of hepatic iron deposition and 
histological severity in nonalcoholic fatty liver disease. Hepatology. 
2011;53(2):448–57.

	21.	 Liu CY, Wang M, Yu HM, Han FX, Wu QS, Cai XJ, et al. Ferroptosis is 
involved in alcohol-induced cell death in vivo and in vitro. Biosci Biotech-
nol Biochem. 2020;84(8):1621–8.

	22.	 Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswana-
than VS, et al. Regulation of ferroptotic cancer cell death by GPX4. Cell. 
2014;156(1–2):317–31.

	23.	 Chen J, Li X, Ge C, Min J, Wang F. The multifaceted role of ferroptosis in 
liver disease. Cell Death Differ. 2022;29(3):467–80.

	24.	 Hassan W, Noreen H, Khalil S, Hussain A, Rehman S, Sajjad S, et al. Ethanolic 
extract of nigella sativa protects Fe(II) induced lipid peroxidation in rat’s 
brain, kidney and liver homogenates. Pak J Pharm Sci. 2016;29(1):231–7.

	25.	 Bin P, Huang R, Zhou X. Oxidation resistance of the sulfur amino acids: 
methionine and cysteine. Biomed Res Int. 2017;2017:9584932.

	26.	 Hassannia B, Vandenabeele P, Vanden-Berghe T. Targeting ferroptosis to 
iron out cancer. Cancer Cell. 2019;35(6):830–49.

	27.	 Jaune-Pons E, Vasseur S. Role of amino acids in regulation of ROS balance 
in cancer. Arch Biochem Biophys. 2020;689:108438.

	28.	 Wallis KF, Morehead LC, Bird JT, Byrum SD, Miousse IR. Differences in cell 
death in methionine versus cysteine depletion. Environ Mol Mutagen. 
2021;62(3):216–26.

	29.	 Yang L, Wang H, Yang X, Wu Q, An P, Jin X, et al. Auranofin mitigates 
systemic iron overload and induces ferroptosis via distinct mechanisms. 
Signal Transduct Target Ther. 2020;5(1):138.

	30.	 Weinberg JM, Davis JA, Abarzua M, Rajan T. Cytoprotective effects of gly-
cine and glutathione against hypoxic injury to renal tubules. J Clin Invest. 
1987;80(5):1446–54.

	31.	 Chi MC, Lo YH, Chen YY, Lin LL, Merlino A. γ-Glutamyl transpeptidase 
architecture: effect of extra sequence deletion on autoprocessing, 
structure and stability of the protein from Bacillus licheniformis. Biochim 
Biophys Acta. 2014;1844(12):2290–7.

	32.	 Mattaini KR, Sullivan MR, Vander Heiden MG. The importance of serine 
metabolism in cancer. J Cell Biol. 2016;214(3):249–57.

	33.	 Prasad S, Gupta SC, Tyagi AK. Reactive oxygen species (ROS) and cancer: 
Role of antioxidative nutraceuticals. Cancer Lett. 2017;387:95–105.

	34.	 Koppula P, Zhuang L, Gan B. Cytochrome P450 reductase (POR) as a fer-
roptosis fuel. Protein Cell. 2021;12(9):675–9.

	35.	 Kuang F, Liu J, Tang D, Kang R. Oxidative damage and antioxidant defense 
in ferroptosis. Front Cell Dev Biol. 2020;8:586578.

	36.	 Liu B, Li X, Wang D, Yu Y, Lu D, Chen L, et al. CEMIP promotes extracellular 
matrix-detached prostate cancer cell survival by inhibiting ferroptosis. 
Cancer Sci. 2022;113(6):2056–70.

	37.	 Lucena S, Moura G, Rodrigues T, Watashi C, Melo F, Icimoto M, et al. 
Heparan sulfate proteoglycan deficiency up-regulates the intracellular 
production of nitric oxide in Chinese hamster ovary cell lines. J Cell 
Physiol. 2018;233(4):3176–94.

	38.	 Ma Y, Chu K, Ling C, Wu T, Zhu X, Liu J, et al. Retraction notice to: long 
noncoding RNA OIP5-AS1 promotes the progression of liver hepatocellu-
lar carcinoma via regulating the hsa-miR-26a-3p/EPHA2 Axis. Mol Therapy 
Nucleic Acids. 2022;30:324.

	39.	 Dudas B, Rose M, Cornelli U, Pavlovich A, Hanin I. Neuroprotective proper-
ties of glycosaminoglycans: potential treatment for neurodegenerative 
disorders. Neuro-degener Dis. 2008;5:200–5.

	40.	 Cullen J, Hinkhouse M, Grady M, Gaut A, Liu J, Zhang Y, et al. Dicumarol 
inhibition of NADPH:quinone oxidoreductase induces growth inhibition 
of pancreatic cancer via a superoxide-mediated mechanism. Cancer Res. 
2003;63(17):5513–20.

	41.	 Mironov A, Colanzi A, Polishchuk R, Beznoussenko G, Mironov A, Fusella 
A, et al. Dicumarol, an inhibitor of ADP-ribosylation of CtBP3/BARS, 
fragments golgi non-compact tubular zones and inhibits intra-golgi 
transport. Eur J Cell Biol. 2004;83(6):263–79.

	42.	 Abdelmohsen K, Stuhlmann D, Daubrawa F, Klotz L. Dicumarol is a potent 
reversible inhibitor of gap junctional intercellular communication. Arch 
Biochem Biophys. 2005;434(2):241–7.

	43.	 Suzuki G, Kimura T, Satow A, Kaneko N, Fukuda J, Hikichi H, et al. Phar-
macological characterization of a new, orally active and potent allosteric 
metabotropic glutamate receptor 1 antagonist, 4- [1-(2-fluoropyridin-3-yl)-
5-methyl-1H-1,2,3-triazol-4-yl]-N-isopropyl-N-methyl-3,6-dihydropyridine-
1(2H)-carboxamide (FTIDC). J Pharmacol Exp Ther. 2007;321(3):1144–53.

	44.	 Basurko MJ, Marche M, Darriet M, Cassaigne A. Phosphoserine ami-
notransferase, the second step-catalyzing enzyme for serine biosynthesis. 
IUBMB Life. 1999;48(5):525–9.

	45.	 Yang L, Liu Y, Zhang N, Ding X, Zhang W, Shen K, et al. Novel impact of 
the DNMT3A R882H mutation on GSH metabolism in a K562 cell model 
established by TALENs. Oncotarget. 2017;8(18):30395–409.

	46.	 Zhang Y, Li J, Dong X, Meng D, Zhi X, Yuan L, et al. PSAT1 regulated 
oxidation-reduction balance affects the growth and prognosis of epithe-
lial ovarian cancer. Onco Targets Ther. 2020;13:5443–53.

	47.	 Nguyen P, Awwad RT, Smart DD, Spitz DR, Gius D. Thioredoxin reduc-
tase as a novel molecular target for cancer therapy. Cancer Lett. 
2006;236(2):164–74.

	48.	 Ste Marie EJ, Wehrle RJ, Haupt DJ, Wood NB, van der Vliet A, Previs MJ, 
et al. Can selenoenzymes resist electrophilic modification? Evidence from 
thioredoxin reductase and a mutant containing α-methylselenocysteine. 
Biochemistry. 2020;59(36):3300–15.

	49.	 Lu J, Holmgren A. The thioredoxin antioxidant system. Free Radic Biol 
Med. 2014;66:75–87.

	50.	 Gao Q, Zhang G, Zheng Y, Yang Y, Chen C, Xia J, et al. SLC27A5 deficiency 
activates NRF2/TXNRD1 pathway by increased lipid peroxidation in HCC. 
Cell Death Differ. 2020;27(3):1086–104.

	51.	 Liu S, Wu W, Chen Q, Zheng Z, Jiang X, Xue Y, et al. TXNRD1: a key regula-
tor involved in the ferroptosis of CML Cells induced by cysteine depletion 
in vitro. Oxid Med Cell Longev. 2021;2021:7674565.

	52.	 Mandal P, Seiler A, Perisic T, Kölle P, Banjac Canak A, Förster H, et al. System 
x(c)- and thioredoxin reductase 1 cooperatively rescue glutathione 
deficiency. J Biol Chem. 2010;285(29):22244–53.

	53.	 Mosharov E, Cranford M, Banerjee R. The quantitatively important rela-
tionship between homocysteine metabolism and glutathione synthesis 
by the transsulfuration pathway and its regulation by redox changes. 
Biochemistry. 2000;39(42):13005–11.

	54.	 Bartolacci C, Andreani C, El-Gammal Y, Scaglioni P. Lipid metabolism regu-
lates oxidative stress and ferroptosis in RAS-driven cancers: a perspective 
on cancer progression and therapy. Front Mol Biosci. 2021;8:706650.

	55.	 Lee AC, Fenster BE, Ito H, Takeda K, Bae NS, Hirai T, et al. Ras proteins 
induce senescence by altering the intracellular levels of reactive oxygen 
species. J Biol Chem. 1999;274(12):7936–40.

	56.	 Sato H, Tamba M, Ishii T, Bannai S. Cloning and expression of a plasma 
membrane cystine/glutamate exchange transporter composed of two 
distinct proteins. J Biol Chem. 1999;274(17):11455–8.

	57.	 Valionyte E, Barrow ER, Baxter CR, Luo S. A dominant-negative regula-
tory mechanism of SQSTM1 droplets-based autophagy. Autophagy. 
2022;18(4):935–6.

	58.	 Sun X, Ou Z, Chen R, Niu X, Chen D, Kang R, et al. Activation of the 
p62-Keap1-NRF2 pathway protects against ferroptosis in hepatocellular 
carcinoma cells. Hepatology. 2016;63(1):173–84.

	59.	 Sun Y, He L, Wang T, Hua W, Qin H, Wang J, et al. Activation of p62-Keap1-
Nrf2 pathway protects 6-hydroxydopamine-induced ferroptosis in 
dopaminergic cells. Mol Neurobiol. 2020;57(11):4628–41.

	60.	 Shin D, Kim EH, Lee J, Roh JL. Nrf2 inhibition reverses resistance to GPX4 
inhibitor-induced ferroptosis in head and neck cancer. Free Radic Biol 
Med. 2018;129:454–62.

	61.	 Preethi S, Arthiga K, Patil AB, Spandana A, Jain V. Review on NAD(P)H 
dehydrogenase quinone 1 (NQO1) pathway. Mol Biol Rep. 2022;49:8907.

	62.	 Milković L, Tomljanović M, Čipak Gašparović A, Novak Kujundžić R, 
Šimunić D, Konjevoda P, et al. Nutritional stress in head and neck cancer 
originating cell lines: the sensitivity of the NRF2-NQO1 axis. Cells. 
2019;8(9):1001.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Identification of potential ferroptosis hub genes in acute-on-chronic liver failure based on bioinformatics analysis and experimental verification
	Abstract 
	Background 
	Materials and methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Screening of microarray data
	Identification of DEGs related to ferroptosis
	Functional enrichment analysis
	Construction of the PPI network and identification of hub genes
	Drugs identified in DrugBank
	Experimental animals and ACLF models
	RT‒qPCR analysis
	Statistical analysis

	Results
	Ferroptosis-related DEGs in ACLF
	Results of enrichment analysis
	PPI network and hub genes of ferroptosis-related DEGs
	Drugs identified in DrugBank
	Pathological morphology of rat liver tissue
	Potential biomarker expression by RT‒qPCR

	Discussion
	Conclusion
	Anchor 26
	Acknowledgements
	References


