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ABSTRACT 

Hepatitis B virus (HBV) infection poses a significant challenge to global health, particularly in developing countries such as 
China, where HBV-related acute liver failure (HBV-ALF) is a prominent cause of acute liver failure. This study investigated the 
effect of cuproptosis, a recently identified form of cell death, on immune infiltration in HBV-ALF. We mined the gene expression 
data of HBV-ALF from the Gene Expression Omnibus database. Through enrichment analysis of differentially expressed genes 
(DEGs), pathways related to the response to metal/copper ions and the acute inflammatory response were found to be enriched. 
We subsequently found that HBV-ALF tissues contained more copper ions and conducted an intersection analysis of DEGs and 
cuproptosis-related genes (CRGs), which resulted in the identification of 7 core cuproptosis-related DEGs (CR-DEGs) for further 
investigation with a diagnostic model. Immune infiltration analysis and unsupervised clustering analysis revealed distinct patterns 
in HBV-ALF and the possibility of crosstalk between ferroptosis and cuproptosis. Furthermore, we identified 17 transcription 
factors, 90 miRNAs, and 15 drugs that might interact with the 7 CR-DEGs. To validate our findings and their clinical significance, 
we verified the diagnostic value and immune infiltration patterns of the 7 CR-DEGs in both the testing dataset, cell line, and 
clinical samples. In conclusion, our findings indicated that these 7 CR-DEGs demonstrate promising diagnostic value and may 
represent viable therapeutic targets for individuals with HBV-ALF. 

Abbreviations: ALF, acute liver failure; BRCA1, BRCA1 DNA repair associated; CDK1, cyclin-dependent kinase 1; CR-DEGs, cuproptosis-related DEGs; CRGs, cuproptosis-related genes; DEGs, 
differentially expressed genes; DGIDB, drug-gene interactions; DLAT, dihydrolipoamide S-acetyltransferase; GEO, Gene Expression Omnibus; GO, Gene Ontology; GSEA, Gene Set Enrichment 
Analysis; HBV, hepatitis B virus; HBV-ALF, HBV-related ALF; IDH2, isocitrate dehydrogenase 2; KEGG, Kyoto Encyclopedia of Genes and Genomes; LASSO, least absolute shrinkage and selection 
operation; LT, liver transplantation; MCC, maximal clique centrality; MCM5, minichromosome maintenance protein 5; NDUFS1, NADH dehydrogenase ubiquinone Fe-S protein 1; PCA, principal 
component analysis; PDHX, pyruvate dehydrogenase protein X; PPI, protein-protein interaction; PPRC1, PPARG Related Coactivator 1; ROC, receiver operating characteristic; TFs, transcription factors; 
TKT, transketolase. 
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 Introduction 

cute liver failure (ALF) is a serious and rare syndrome char-
cterized by sudden damage to hepatocytes, which can lead to
he deterioration of liver function, multiple organ failure, and
ven death [ 1 ]. Various factors contribute to ALF, including
rugs, viruses, and ischemia. Acetaminophen is the main cause
f ALF in developed countries; however, hepatitis B virus (HBV)
nfection remains the most common cause of ALF in developing
ountries [ 2, 3 ]. There are approximately 257 million chronic
BV-infected patients worldwide, and more than 0.5% of HBV-
nfected patients develop HBV-related ALF (HBV-ALF), which
eads to 887,000 deaths annually [ 4, 5 ]. Effective therapies for
LF are still lacking, and despite antiviral treatment and other
upportive measures, emergency liver transplantation (LT) is the
nly therapeutic method. However, the shortage of donors and
ramatic postoperative complications limit the application of LT
n HBV-ALF. Therefore, investigation of the mechanisms and
ew treatment options for HBV-ALF seems to be a desirable
esearch topic. 

t present, the pathological changes associated with HBV-ALF
ave not been elucidated. In recent years, many studies have
eported that virus-specific T-cell exhaustion contributes to HBV-
LF, and humoral immunity, including plasma cells and B
ymphocytes, also plays a role in its pathogenesis [ 5–7 ]. Moreover,
tudies have shown that cytokines, such as IL-1 β and IL-18,
ctivate the NF- κB pathway, which results in hepatocellular
poptosis in ALF [ 8, 9 ]. Oriel et al. reported that the activation
nd fibrogenesis of hepatic stem/progenitor cells were positively
ssociated with liver necrosis in patients with HBV-ALF [ 10 ].
owever, the specific role of the immune system in HBV-ALF has
ot been thoroughly studied. Many types of cell death, including
erroptosis, apoptosis and necroptosis, are involved in ALF [ 11–
3 ]. The regulation of liver cell death may be a promising strategy
or treating HBV-ALF. 

ecently, a novel form of cell death that is distinct from other
nown types of cell death was identified as cuproptosis [ 14 ].
xcess intracellular copper directly targets and binds to lipoylated
omponents of the tricarboxylic acid cycle, which leads to the
ggregation of lipoylated proteins and the loss of iron ‒sulfur
luster proteins. Proteotoxic stress and cuproptosis subsequently
ccur [ 15, 16 ]. The liver, which is the organ with the highest cop-
er content, predominantly regulates copper homeostasis. The
ransmembrane Cu-transporting P-type ATPase ATP7b transports
ytosolic copper for incorporation into ceruloplasmin, which is
ecreted into the blood [ 17 ]. Dysfunction of ATP7b can lead to
ersistent overload of free copper concentrations, which results
n oxidative stress, inflammation, and mitochondrial dysfunction.
ibrosis, cirrhosis, and liver failure in Wilson’s disease serve as
mportant models for studying copper homeostasis dysfunctions,
hich underscores the importance of liver regulation in response
o copper [ 18 ]. Recent studies have shown that cuproptosis
s involved in several liver diseases, especially HBV-ALF. For
xample, Liu et al. reported that cuproptosis may contribute to
onalcoholic fatty liver disease and identified 3 characteristic
enes via machine learning and external dataset validation [ 19 ].
nother study explored the association of cuproptosis with
epatic ischemia-reperfusion injury (HIRI), which established
 promising diagnostic pattern and identified latent therapeutic
of 17

v

targets for HIRI treatment [ 20 ]. In addition, systematic analyses
of the relationships between cuproptosis and other diseases
have been conducted in oncology and nononcology areas, such
as liver cancer, melanoma, arthritis, and inflammatory bowel
disease [ 21–24 ]. Despite these advancements, a more comprehen-
sive comprehension of the role of cuproptosis in HBV-ALF is
necessary, indicating a requirement for further research in this
domain. 

Recent advancements in the use of machine learning models for
analyzing complex biological data have proven to be beneficial
in various areas, such as disease diagnosis, drug screening,
and basic research [ 25, 26 ]. This study conducted a systematic
analysis of cuproptosis and immune infiltration in HBV-ALF.
Gene expression data from HBV-ALF patients were downloaded
and subjected to functional enrichment analysis. Our study
revealed enrichment of pathways related to the response to
metal/copper ions in patients with HBV-ALF, followed by further
investigation into the potential relationship between cuproptosis
and HBV-ALF. The core cuproptosis-related genes (CRGs) in
HBV-ALF, which exhibited a positive correlation with immune
responses, were identified through data mining. Subsequently,
these CRGs were examined for the expression levels in another
mRNA-Seq dataset. Cell model of cuproptosis and liver samples
specifically collected from HBV-ALF patients were evaluated to
further validate our mining data. Importantly, we also predicted
potential transcription factors, miRNAs, and drugs that might
interact with these CRGs. These findings have the potential to
inform the development of innovative therapeutic strategies for
HBV-ALF by targeting cuproptosis. 

2 Materials and Methods 

2.1 Data Acquisition and Processing 

Gene expression data of HBV-ALF and normal samples were
mined from the Gene Expression Omnibus database (GEO)
( https://www.ncbi.nlm.nih.gov/geo/ ): GSE38941 (10 normal liver
tissues and 17 HBV-ALF tissues) and GSE96851 (17 normal liver
tissues and 17 HBV-ALF tissues). All datasets were normalized
using the “limma” R package [ 27 ]. GSE38941 was chosen as a
training set, and GSE96851 was selected as a testing set. We
identified differentially expressed genes (DEGs) with a |log2-fold
change (FC)| ≥ 1 and adjusted p < 0.05. The CRGs included in our
study were derived from previous literature [ 28 ]. 

2.2 GO and KEGG Enrichment Analyses 

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses were performed using the
clusterProfiler R package [ 29 ]. A term was considered statistically
significant when the adjusted p < 0.05. 

2.3 Identification of Hub CR-DEGs 

Derived from the genome-wide CRISPR-Cas9 loss-of-function
test, 347 CRGs were identified to play a role in cuproptosis based
on previous literature [ 15, 28 ]. An intersection of DEGs and
Exploration, 2026
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RGs was made using the VennDiagram R package. Then, these
ommon genes were uploaded to the STRING database ( https://
n.string-db.org/ ) to obtain the protein-protein interaction (PPI)
iagram. The interactions with a minimum required score > 0.4
ere considered for the construction of the network. We used
ytoscape software v.3.7.1 to identify the top 10 hub genes using
he maximal clique centrality (MCC) algorithm. In addition,
orrelation analysis was also performed on the hub cuproptosis-
elated DEGs (CR-DEGs) using the corrplot package [ 30 ]. To
etermine whether hub CR-DEGs play a key role in other
ypes of ALF, we further analyzed the expression of genes in
ublic datasets of ischemia/reperfusion injury (GSE14951) and
cetaminophen-induced liver injury (GSE120652). 

.4 Construction of a Diagnostic Model of 
R-DEGs 

east absolute shrinkage and selection operation (LASSO) analy-
is was used to construct a diagnostic model of HBV-ALF via the
lmnet R package [ 31 ]. The following parameters were set in the
ASSO algorithm: family = “binomial”; alpha = 1; type.measure
 “deviance”; and nfolds = 10. The intersection of LASSO and
ub CR-DEGs was used to obtain core CR-DEGs. Then, receiver
perating characteristic (ROC) curves of the single was generated
sing the R package. 

.5 Immune Infiltration Analysis 

he infiltration of 22 immune cells in GSE38941 was calculated
hrough the CIBERSORT algorithm ( http://cibersort.stanford.
du/ ) [ 32 ]. Then, a principal component analysis was performed
o evaluate the differences in immune infiltration between nor-
al and HBV-ALF tissues. In addition, the correlation between
ach immune cell was performed using the corrplot package [ 30 ].
inally, we used an estimate algorithm to evaluate the immune
cores and stromal purity of HBV-ALF. 

.6 Correlation Analysis Between Core CR-DEGs 
nd Immune Cell Infiltration 

 Spearman analysis of immune cell infiltration and core CR-
EGs was conducted using the corrplot package [ 30 ]. Then, we
sed a scatter diagram to visually identify the associations. 

.7 Subcluster Analysis of Core CR-DEGs 

 hierarchical clustering analysis was performed on the 17 HBV-
LF samples using the ConsensusClusterPlus package, and the
xpression profiles of core CR-DEGs were input as information
 33 ]. Principal component analysis (PCA) was further conducted
s described above. Next, DEG analysis of subclusters was
erformed with the screening criteria of p < 0.05 and |log2 FC|
 1. Then, GO and KEGG analyses and gene set enrichment
nalysis (GSEA) were conducted to identify the enriched path-
ays in HBV-ALF using the clusterProfiler R package [ 29, 34 ].
urtherly, the correlation between core CR-DEGs and markers
f ferroptosis was performed using the corrplot package. Finally,
xploration, 2026
we evaluated the immune infiltration between 2 subclusters using
the CIBERSORT algorithm [ 32 ]. 

2.8 Construction of TF-CR-DEGs, 
miRNA-CR-DEGs, and Drug Interaction Networks 

We used the hTFtarget database ( http://bioinfo.life.hust.edu.cn/
hTFtarget #) to predict transcription factors (TFs) for core CR-
DEGs in liver tissue, which were predicted in at least 2 databases
[ 35 ]. We used the miRWalk database ( http://mirwalk.umm.uni- 
heidelberg.de/ ) to predict miRNAs that were targeted at and
bound to core CR-DEGs based on miRanda, TargetScan, and
miRDB. We used the drug-gene interactions database (DGIDB,
www.dgidb.org ) to predict drugs that could interact with the core
CR-DEGs. The networks were visualized by Cytoscape software. 

2.9 Initial Validation of GEO Database, Cell Line, 
and Clinical Samples 

We chose GSE96851 as the testing set and evaluated the expression
and diagnostic value of core CR-DEGs. Then, we conducted
immune infiltration analysis in GSE96851 using the CIBERSORT
and ESTIMATE algorithms [ 32 ]. 

A stable HBV genome transfected cell line, HepG 2.2.15 cells,
was obtained from Dr. Jinjin Qi at the first affiliated hospital of
Zhejiang University. HepG 2.2.15 cells were maintained in RPMI
1640 with fetal bovine serum (FBS, GIBCO), and 380 µg/mL G418
at 37 ◦C (95% humidity and 5% CO2) [ 36 ]. To induce cuproptosis
in HepG 2.2.15, we added 5, 10, and 20 nM Elesclcomol-
CuCl2 (ES- Cu, 1:1, MCE, HY-12040) into cells for 2 h. In
the ammonium tetrathiomolybdate (ATTM)-Elesclomol-CuCl2
group, HepG 2.2.15 cells were pretreated with 20 µM ammonium
tetrathiomolybdate (ATTM, Sigma, 323446) overnight and then
treated with 20 nM ES-Cu for 2 h [ 37 ]. Then HepG 2.2.15 cells
were cultured with fresh medium for 48h. Cell Counting Kit-8
(CCK-8) and microscope were used to evaluate cell viability and
cell morphology. Finally, cells were lysed by scraping in RIPA
buffer. As in our previous study, we performed a western blot to
evaluate the protein expression of 7 core CR-DEGs. The detailed
information on antibodies is shown in Table S1 . 

To verify the involvement of cuproptosis in HBV-ALF patients, we
first conducted arginine copper staining in HBV-ALF patients as
described in our previous study [ 3 ]. We subsequently evaluated
the expression of CD45 (a marker of immune infiltration) and 4-
HNE (a marker of ferroptosis described in a previous study) in
normal and HBV-ALF tissues by immunohistochemical staining
(IHC) [ 38 ]. Finally, we performed IHC to further clarify the
changes of CR-DEGs in HBV-ALF patients [ 11, 39 ]. The clear
field of view in the sections was selected, and the immunohisto-
chemical sections were observed and scored by two professional
pathologists in a double-blind method. The frequency score used
was immunoreactive score (IRS). We collected the livers of 6
patients with HBV-ALF and 6 patients with hepatic hemangioma
from Sir Run Run Shaw Hospital, School of Medicine, Zhejiang
University (ethics committee number: 2023-926-01). All patients
were informed, and none were involved in the design, conduct,
reporting, or dissemination plans of our research. 
3 of 17
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FIGURE 1 Differences in functional enrichment between normal (n = 10) and HBV-ALF (n = 17) tissues. (A) Principal component analysis (PCA) 
based on RNA sequencing data. (B) Volcano plots of DEGs. (C) Gene ontology (GO) analysis of the normal and HBV-ALF groups based on DEGs. (D) 
Representative network plot of GO pathways. (E) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the normal and HBV-ALF groups 
based on DEGs. (F) Representative network plot of KEGG pathways. 
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.10 Statistical Analysis 

ll data are expressed as the mean ± standard deviation. Data pro-
essing and statistical analysis were performed using R software
nd GraphPad Prism. The Wilcoxon rank-sum test or Student’s
 test was used to analyze the differences between 2 groups. The
evel of statistical significance was set at p < 0.05. 

 Results 

.1 Differences in Functional Enrichment 
etween Normal and HBV-ALF Tissues 

o analyze the RNA sequencing data of normal and HBV-
LF tissues, we conducted PCA and found that there was an
bvious difference between the groups (Figure 1A ). Accordingly,
nalysis of the DEGs revealed 1497 upregulated genes and
of 17
1188 downregulated genes. Figure 1B shows the distribution
of DEGs. Furthermore, these DEGs were selected for GO and
KEGG analyses to explore their biological functions. Figure 1C
shows that the pathways of immune response activation, acute
inflammatory response, response to metal ions, response to
copper ions, and antioxidant activity were enriched. In partic-
ular, we constructed two network plots to show the pathways
of the immune response and the response to metal/copper
ions. Figure 1D shows the 107 genes and 85 genes involved
in the two pathways. Moreover, KEGG analysis revealed that
several pathways of inflammation induced by viral proteins were
enriched (Figure 1E ). Figure 1F shows that 33 genes and 22 genes
were involved in viral interactions with cytokines and cytokine
receptors and antigen processing and presentation, respectively.
Overall, these results indicated that inflammation, the immune
response, and oxidative stress pathways are enriched in HBV-
ALF. Additionally, abnormalities in copper metabolism may also
occur in HBV-ALF. 
Exploration, 2026
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FIGURE 2 Identification of hub cuproptosis-related differentially expressed genes (CR-DEGs) between normal (n = 10) and HBV-ALF (n = 17) 
tissues. (A) Arginine copper staining between normal (n = 6) and HBV-ALF (n = 6) tissues in our cohort. (B) The intersection of 347 cuproptosis-related 
genes (CRGs) and DEGs. (C) A protein interaction network of 23 CR-DEGs. (D) Identification of 10 hub CR-DEGs via MCC algorithm in Cytoscape 
software. (E) Correlations among 10 hub CR-DEGs between normal and HBV-ALF tissues. (F) Chord plot displaying the relationships of 10 hub CR-DEGs 
in HBV-ALF tissues. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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.2 Identification of Hub CR-DEGs 

o verify the involvement of cuproptosis in HBV-ALF, we used
rginine copper staining to evaluate the copper content in HBV-
LF and normal tissues. As shown in Figure 2A , more copper ions
ere present in the HBV-ALF tissues than in the normal tissues,
ndicating abnormalities in copper metabolism in HBV-ALF. As
escribed in a previous study, 347 CRGs were identified to play a
ole in cuproptosis [ 28 ]. Here, we examined the intersection of 347
RGs and 2685 DEGs and identified 23 CR-DEGs (Figure 2B ). To
dentify the hub CR-DEGs, we first constructed the PPI network
ia the STRING website and then identified the 10 hub CR-DEGs
ia Cytoscape software (Figure 2C,D ). As shown in Figure 2D ,
LAT (dihydrolipoamide S-acetyltransferase), BRCA1 (BRCA1
NA repair associated), and PDHX (pyruvate dehydrogenase
rotein X) all interacted with the other 7 molecules, and the other
 hub CR-DEGs interacted with at least the other 5 molecules.
ext, we evaluated the correlations among the 10 hub CR-DEGs
etween normal and HBV-ALF tissues. As shown in Figure 2E ,
here were different models of associations between the two
roups. Except for IDH2 (isocitrate dehydrogenase 2), the other
 genes were positively associated with at least one gene in the
BV-ALF tissues (Figure 2F ). These findings indicated that the
rogression of cuproptosis may be involved in HBV-ALF. 
xploration, 2026
3.3 The Diagnostic Value of Core CR-DEGs in 

HBV-ALF 

We evaluated the expression of 10 hub CR-DEGs and reported
that the levels of PPRC1 (PPARG-related coactivator 1) , TKT
(transketolase) , MCM5 (minichromosome maintenance protein
5) and CDK1 (cyclin-dependent kinase 1) were greater in HBV-
ALF tissues than in normal tissues. The other 6 genes presented
opposite expression patterns (Figure 3A,B ). To construct the
diagnostic model, we performed LASSO analysis to reduce
the number of genes. As shown in Figure 3C,D , the optimal
lambda value was 0.00043 after tenfold cross-validation, and
the regression coefficients of IDH2, MCM5, NDUFS1 (NADH
dehydrogenase ubiquinone Fe-S protein 1), TKT, PDHX, DLAT ,
and CDK1 were -2.97, 4.10, − 0.47, 1.02, − 3.23, − 1.32, and 0.18,
respectively. Therefore, we identified these 7 hub CR-DEGs as
core CR-DEGs (Figure 3E ). Moreover, we performed a diagnostic
value analysis of the 7 core CR-DEGs with area under the receiver
operating characteristic curve (AUROC) using all 27 samples (10
normal liver tissues and 17 HBV-ALF tissues) under a 10-fold
cross-validation framework. This analysis revealed that all 7 genes
had good diagnostic predictions (Figure 3F ). Additionally, we
calculated the Area Under the Precision-Recall Curve (AUPRC)
for the random model, which was approximately 0.63 (17/27).
5 of 17
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FIGURE 3 The diagnostic value of core CR-DEGs in HBV-ALF. (A) Heatmap of 10 hub CR-DEGs between normal (n = 10) and HBV-ALF (n = 17) 
tissues. (B) Overall expression violin plot of 10 CR-DEGs. (C) 10 gene expression signatures were selected by the LASSO Cox models. (D) Cross-validation 
for tuning parameter selection in the LASSO model. (E) Identification of core CR-DEGs based on the intersection of 7 featured and 10 hub CR-DEGs. 
(F) ROC curve of the 7 core CR-DEGs in HBV-ALF diagnosis. (G) Precision and recall curves of the 7 core CR-DEGs in HBV-ALF diagnosis. (H) The 
combined ROC curve of the 7 core CR-DEGs. *** p < 0.001, ** p < 0.01. 
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otably, the AUPRC for these 7 genes was significantly higher
han 0.63, further confirming the effectiveness of the model
Figure 3G ). Finally, we integrated the 7 core CR-DEGs into a
nified predictive score and generated a combined ROC curve,
chieving an AUROC value of 0.982, which demonstrates good
iagnostic value (Figure 3H ). To determine whether the 7 core
R-DEGs play key roles in other types of ALF, we further
nalyzed another two datasets with ischemia/reperfusion injury
nd acetaminophen-induced liver injury. However, no signif-
cant differences were found between the two types of ALF
Table S2 ). 

.4 Immune Infiltration Analysis in HBV-ALF 

O and KEGG analyses revealed that the immune response path-
ay was enriched in HBV-ALF. Therefore, we conducted immune
nfiltration analysis in the GSE38941 dataset by the CIBERSORT
ethod. Figure 4A shows the normalized enrichment score
f immune infiltration, which could distinguish the HBV-ALF
roup from the normal group (Figure 4B ). Figure 4C,D shows the
nfiltration of 22 immune cells in every sample in the two groups.
e found that the levels of plasma cells, CD8 T cells, and activated
of 17
memory CD4 T cells were increased; however, the levels of naïve
B cells, follicular helper T cells, regulatory T cells, activated den-
dritic cells, activated mast cells, and neutrophils were decreased.
Accordingly, the ESTIMATE analysis also revealed that the HBV-
ALF group had a higher immune score (Figure 4E ). Further, we
subsequently performed an association analysis among the 22
immune cells and identified a different model between normal
and HBV-ALF tissues. We found that HBV-ALF tissue had only
5 same-paired associations but 49 different-paired associations
with normal tissue, which indicated the complex interactions
involved in HBV-ALF (Figure 4F ). Finally, we evaluated the
expression of CD45, a marker of immune infiltration, and found
that HBV-ALF tissues showed a stronger staining than normal
tissues did (Figure 4G ). Therefore, we concluded that there is a
robust immune response in HBV-ALF. 

3.5 Correlation Analysis of the 7 Core CR-DEGs 
and 22 Immune Cells 

We subsequently analyzed the correlations between the 7 core
CR-DEGs and 22 immune cell types. As shown in Figure 5A ,
all 7 genes had different relationships with immune cells. In
Exploration, 2026
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FIGURE 4 Immune infiltration analysis between normal (n = 10) and HBV-ALF (n = 17) tissues. (A) Relative levels of infiltrating immune cells 
in the training dataset. (B) Principal component analysis (PCA) based on immune infiltration. (C) Heatmap of the differences in 22 immune cells 
between normal and HBV-ALF tissues. Red indicates an increased abundance and green indicates a decreased abundance in HBV-ALF tissue. (D) 
Overall expression violin plot of 22 immune cells via the CIBERSORT algorithm. (E) Immune analysis via the estimate algorithm. (F) Correlation of 22 
immune cells between normal and HBV-ALF tissues. 5 same-paired associations are marked with red hook. (G) CD45 stain between normal (n = 6) and 
HBV-ALF (n = 6) tissues in our cohort. **** p < 0.0001, *** p < 0.001, * p < 0.05. 
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articular, B-cell memory cells, CD4 naïve cells, CD4 memory
esting cells, M2 macrophages, and eosinophils were negatively
ssociated with the 7 core CR-DEGs in HBV-ALF. However, the
ther associations were positive. Furthermore, we evaluated the
onsistency between immune cell changes and the associations of
he 7 core CR-DEGs in HBV-ALF. As shown in Figures 4E and 5A ,
ctivated memory CD4 T cells were the only immune cells that
ere more abundant in HBV-ALF and were positively associated
ith NDUFS1, TKT, PDHX, DLAT , and CDK1 . Therefore, we
xploration, 2026

v

performed Spearman correlation analysis between CD4 memory-
activated T cells and 5 core CR-DEGs. As shown in Figure 5B ,
the association coefficients of NDUFS1, TKT , and PDHX were
0.6, 0.563, and 0.763, respectively, which indicated moderate
intensity. The association coefficients of DLAT and CDK1 were
0.836 and 0.841, respectively, which indicated strong intensity.
Yao et al. reported that the levels of CD4 lymphocytes from
healthy individuals markedly increased when stimulated with
plasma containing high HBV copy numbers, which indicated
7 of 17
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FIGURE 5 Correlation analysis of 7 core CR-DEGs and 22 immune cells between normal (n = 10) and HBV-ALF (n = 17) tissues. (A) Correlation 
heatmap of the 7 core CR-DEGs and immune cells. (B) Correlation analysis of NDUFS1, TKT, PDHX, DLAT, CDK1, and activated memory CD4 T cells. 
*** p < 0.001, ** p < 0.01, * p < 0.05. 
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he severity of liver function impairment [ 40 ]. Therefore, we
ypothesized that activated memory CD4 T cells may be involved
n cuproptosis. 

.6 HBV-ALF Unsupervised Clustering 
dentification and Analysis 

o evaluate whether the 7 core CR-DEGs can discriminate HBV-
LF, we used a hierarchical clustering algorithm to discern the
7 HBV-ALF samples by the expression of the 7 core CR-DEGs.
s shown in Figure 6A , we divided the HBV-ALF samples into
wo groups: group 1 (N = 8) and group 2 (N = 9). The PCA
lot revealed that the two groups were significantly different
Figure 6B ). We identified 1066 DEGs (|log2 FC| ≥ 1 and p < 0.05),
ncluding 762 upregulated genes and 304 downregulated genes
Figure 6C ). The violin plot revealed that there was no significant
ifference in the IDH2 expression levels between the two groups;
owever, the expression levels of the other 6 core CR-DEGs were
reater in group 2 than in group 1 (Figure 6D ). GO and KEGG
nalyses and GSEA were subsequently performed to determine
he characteristics of the two groups. GO and KEGG analyses
evealed that the pathways of cellular oxidant detoxification, cel-
ular transition metal ion homeostasis, response to copper ions,
nd glutathione metabolism were enriched (Figure 6E ). Simi-
arly, GSEA revealed that the innate immune system, biological
xidation, and ferroptosis pathways were enriched (Figure 6F ).
of 17
Furthermore, we performed staining for 4-HNE, a marker of
ferroptosis, and found that the staining of HBV-ALF tissues was
greater (Figure 6G ). Moreover, correlation analysis between the
identified markers of ferroptosis (GPX4, SLC7A11, PTGS2, and
ACSL4) and the 7 core CR-DEGs revealed that HBV-ALF tissues
showed a stronger correlation, indicating the involvement of
ferroptosis in HBV-ALF (Figure 6H ). In addition, we found that
group 2 had a stronger correlation with markers of 2 modes
of cell death (identified markers of cuproptosis included FDX1,
LIAS, and HSPA4; Figure 6I ). Finally, we evaluated the immune
infiltration levels in the two groups and found that group 2 had
more activated memory CD4 T cells and neutrophils and fewer
M2 macrophages than did group 1 (Figure 6G ). Studies have
shown that M2 macrophages are anti-inflammatory cells and
that neutrophils are harmful in liver diseases [ 41 ]. Overall, we
concluded that group 2 had a more robust immune response and
increased oxidative stress. 

3.7 The Network of TF-CR-DEGs, 
miRNA-CR-DEGs, and Drug Interactions 

To further explore the molecular interaction mechanisms
between TFs/miRNAs and the 7 core CR-DEGs, we predicted
the potential TFs and miRNAs via the hTFtarget and hTFtarget
database databases and then created TF ‒mRNA network and
miRNA ‒mRNA network plots (Figure 7A,B ). As the plots show,
Exploration, 2026
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FIGURE 6 HBV-ALF unsupervised clustering identification and analysis. (A) Expression heatmap of the 7 core CR-DEGs in 2 groups (sample 
sizes: group 1 = 8, group 2 = 9). (B) Principal component analysis (PCA) in 2 groups. (C) Volcano plots of DEGs in 2 groups. (D) Overall expression 
violin plot of the 7 core CR-DEGs in 2 groups. (E) GO and KEGG analyses based on DEGs. (F) GSEA analysis based on DEGs. (G) 4-HNE staining 
between normal (n = 6) and HBV-ALF (n = 6) tissues in our cohort. (H) Correlation analysis between the identified markers of ferroptosis (GPX4, 
SLC7A11, PTGS2, and ACSL4) and the 7 core CR-DEGs. (I) Correlation analysis between the identified markers of ferroptosis/cuproptosis and the 7 core 
CR-DEGs. (J) Overall expression violin plot of 22 immune cells in 2 groups. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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he TFs and miRNAs of 7 genes had both exclusive TFs/miRNAs
nd shared phenomena. Thus, these 7 core CR-DEGs might
e involved in the same regulatory process and have similar
iological functions. Moreover, these multiple binding sites for
Fs/miRNAs could guide further studies on their mechanism.
ext, we performed drug ‒gene interaction analysis and found
hat 15 drugs could interact with IDH2, CDK1, and NDUFS1. The
nteraction between IDH2 and enasidenib had the highest score
Figure 7C ). These results revealed the possibility of designing
rugs that target the core CR-DEGs. 
xploration, 2026
3.8 Initial Validation of the 7 Core CR-DEGs in 

HBV-ALF 

First, we chose the GSE96851 dataset to validate the above
findings. The levels of IDH2, MCM5, NDUFS1, TKT, PDHX , and
CDK1 showed the same changes in HBV-ALF tissues as those
in the GSE38941 dataset did, but the changes in the levels of
DLAT were not the same (Figure 8A ). The AUROC of the 7 core
CR-DEGs also demonstrated excellent diagnostic performance
(Figure 8B ). The AUPRC of the random model was approximately
9 of 17
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FIGURE 7 The network of transcription factor (TF)- CR-DEGs, miRNA- CR-DEGs, and drug interactions. (A) TF prediction of 7 core CR-DEGs. 
(B) miRNA prediction. (C) Prediction of drug ‒gene interactions. 
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.5 (17/34), while the AUPRC of the 7 core CR-DEGs exceeded 0.5,
urther highlighting the effectiveness of the model (Figure 8C ).
urthermore, we evaluated immune infiltration in the GSE96851
ataset. Figure 8D shows the normalized enrichment score of
mmune infiltration. We found that the 7 immune cells demon-
trated the same changes, including changes in plasma cells,
D8 T cells, activated memory CD4 T cells, follicular helper T
ells, Tregs, activated mast cells, and neutrophils (Figure 8E ).
owever, the filtration patterns of naïve B cells and memory B
ells were slightly different. Similarly, the ESTIMATE analysis of
he GSE96851 dataset also revealed an increase in the immune
core in HBV-ALF tissues. 

urthermore, we conducted a cuproptosis HepG 2.2.15 cell model
o simulate HBV-ALF-associated cell death. After co-culture with
he cuproptosis inducer ES-Cu, we observed that HepG 2.2.15
ell proliferation was inhibited, and the cells were significantly
amaged and lysed (Figure 9A,B ). Notably, ATTM helped to
ecover the injured cells from damage. We also examined the
rotein expression of the 7 core CR-DEGs following cuproptosis.
onsistent with former findings, MCM5, TKT, and CDK1 exhib-
ted higher expression, while the others showed lower expression
n the ES-Cu treatment group (Figure 9C ). Moreover, definite
nown proteins that inhibit cuproptosis, such as LIAS and FDX1,
ecreased in the ES-Cu treatment group. We also found that
HNE levels increased, indicating a potential crosstalk between
erroptosis and cuproptosis (Figure 9D ). 

e subsequently collected liver samples from 6 HBV-ALF
atients and used liver samples from 6 hepatic hemangioma
atients as controls in a clinical setting to evaluate the expression
evels of these 7 core CR-DEGs by IHC (the detailed IRS is shown
n Supplementary File 1). Figure 9E shows the detailed scoring
ule for IHC. Our findings revealed that MCM5, TKT, and CDK1
ere highly expressed in HBV-ALF patients, whereas IDH2,
0 of 17
NDUFS1, PDHX, and DLAT were downregulated (Figure 9F,G ).
The consistent expression patterns of these 7 CR-DEGs between
the clinical samples and the GSE38941/GSE96851 datasets suggest
that they possess significant diagnostic value and contribute to a
unique immune response model specific to HBV-ALF. 

4 Discussion 

HBV-ALF is the main cause of ALF, which can lead to a
sharp decline in liver function and increased mortality in severe
cases [ 4 ]. Therefore, precise diagnosis and targeted treatment
may reverse poor outcomes. To date, the pathogenesis of HBV-
ALF is still not fully understood, but the immune system was
found to play a crucial role in HBV-ALF patients with chronic
cirrhosis [ 42 ]. Additionally, there is increasing evidence of the
integral roles of cuproptosis, a novel form of programmed cell
death, in immune responses in various diseases [ 22, 43–45 ]. In
particular, cuproptosis influences the tumor microenvironment,
and cuproptosis regulators are believed to be potential therapeutic
strategies beyond traditional therapy in cancers [ 43, 46, 47 ].
Therefore, cuproptosis may play a role in immune responses
during liver failure. In this study, bioinformatics was used to
determine the diagnostic value of CR-DEGs, the different infil-
tration patterns of immune cells, and their biological functions in
HBV-ALF. 

First, it was observed that HBV-ALF tissues contained more
copper ions than normal tissues, indicating abnormalities in
copper metabolism. Therefore, we further clarified the role of
cuproptosis in HBV-ALF via bioinformatics. We found that
there were different gene expression patterns between normal
and HBV-ALF tissues and identified a total of 2685 DEGs, of
which 1188 were downregulated and 1497 were upregulated. The
GO and KEGG enrichment analyses revealed enrichment of
Exploration, 2026
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FIGURE 8 Initial validation of the 7 core CR-DEGs in the testing dataset between normal (n = 17) and HBV-ALF (n = 17) tissues. (A) Overall 
expression violin plot of the 7 core CR-DEGs. (B) ROC curve of the 7 core CR-DEGs. (C) Precision and recall curves of the 7 core CR-DEGs. (D) Relative 
levels of the infiltrating immune cells. (E) Overall expression violin plot of 22 immune cells via CIBERSORT algorithm. (F) Immune analysis via the 
estimate algorithm. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05. 
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mmune response activation, viral interactions with cytokines
nd cytokine receptors, antigen processing and presentation,
esponse to metal/copper ions, and antioxidant activity. Bioin-
ormatic analysis provides a way to understand the mechanisms
nderlying cuproptosis and disease [ 21–24, 43, 44 ]. We subse-
uently obtained a total of 23 CR-DEGs through the intersection
f the DEGs with 347 CRGs [ 28 ]. To determine the most important
ub CR-DEGs, we constructed a PPI interaction network and
sed the MCC algorithm. Finally, IDH2, MCM5, NDUFS1, BRCA1,
KT, PDHX, DLD, DLAT, CDK1 , and PRC1 were identified as 10
ub CR-DEGs. These hub genes were all positively associated
ith each other in HBV-ALF, except for IDH2 . This correlation
xploration, 2026
might indicate a regulatory relationship among the CR-DEGs.
Moreover, we performed LASSO analysis to construct a diagnostic
model based on the 10 hub genes, and 7 genes were verified to
have excellent diagnostic value for HBV-ALF. 

The human hepatocarcinoma cell line HepG2.2.15, which con-
tains a stably integrated 1.3-copy HBV genome, was commonly
used to simulate an HBV-infected cell model. We conducted
cuproptosis HepG2.2.15 cell model, and observed that ES-Cu
treatment induced the expression of MCM5, TKT, and CDK1
in HepG2.2.15 cells, while IDH2, NDUFS1, PDHX, and DLAT
showed decreased expression in the ES-Cu treatment group.
11 of 17
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FIGURE 9 Validation of the 7 core CR-DEGs in cell line and HBV-ALF samples. (A) Cell viability (n = 5) and (B) cell morphology (n = 3) were 
detected after the mono or combined treatment of ATTM and Elesclcomol- CuCl2 (ES- Cu). (C) 7 CR-DEGs were evaluated by western blot after co-culture 
(n = 3). (D) The western blot of LIAS, FDX1 and 4HNE (n = 3). (E) The detailed scoring rule for IHC. (F) Representative images and (G) IHC scores of 
the 7 core CR-DEGs between normal (n = 6) and HBV-ALF (n = 6) tissues in our cohort. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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eanwhile, key protein involved in copper regulation, LIAS and
DX1, exhibited decreased expression in the ES-Cu treatment
roup. However, ATTM was able to reverse these changes. These
reliminary findings suggest the excellent diagnostic values of 7
ore CR-DEGs in HBV-ALF-associated cuproptosis. 

ext, we reported that MCM5, TKT , and CDK1 levels were
igher in HBV-ALF tissues than in normal tissues. MCM5 acts
s a critical cell cycle regulator and is a key component of
he DNA replication licensing system [ 48 ]. Several studies have
hown that MCM5 is involved in liver development during
iver organogenesis and hepatocyte regeneration after partial
epatectomy [ 49, 50 ]. TKT is a key enzyme in the nonoxidative
2 of 17
phase of the pentose phosphate pathway that has been shown
to promote the development of hepatocellular carcinoma (HCC)
in metabolic and nonmetabolic manners [ 51, 52 ]. CDK1 is an
important cell cycle-regulating protein that is the only CDK
that can independently promote the cell cycle [ 53 ]. Studies have
shown that CDK1 inhibits hepatocyte apoptosis in fulminant liver
injury and promotes cell proliferation in HCC [ 54–56 ]. Miguel
et al. reported that oxindolimine-copper and zinc complexes
induce tumor cell apoptosis via the inhibition of the kinase
CDK1/cyclin B protein, indicating that CDK1 is involved in
cuproptosis [ 57 ]. In summary, these 3 core CR-DEGs were found
to be associated with hepatocyte growth. Hepatocyte growth and
regeneration increased after cuproptosis in HBV-ALF. 
Exploration, 2026
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urthermore, we found that IDH2, NDUFS1, PDHX , and DLAT
evels were decreased in HBV-ALF tissues. IDH2 is a key gen-
rator of NADPH in mitochondria and is also a major redox
egulatory enzyme that prevents oxidative stress [ 58 ]. Studies
ave shown that IDH2 deficiency exacerbates liver damage in
onalcoholic fatty liver disease, acetaminophen-induced liver
njury, and liver ischemia ‒reperfusion injury [ 59–61 ]. NDUFS1 ,
hich is the core subunit of mitochondrial complex I, reverses the
ormation of reactive oxygen species [ 62 ]. NDUFS1 knockdown in
he liver and neurons increases ROS and impairs mitochondrial
espiration [ 63, 64 ]. PDHX , which is located in the mitochondrial
atrix, catalyzes the conversion of pyruvate to acetyl coen-
yme A. Andy et al. reported that PDHX was decreased in
achexic livers, indicating that lactate metabolism and transport
hanged [ 65 ]. Another study revealed that cuproptosis promoted
sophageal carcinoma related to heat stress, where PDHX played
 role in the malignant characterization of tumor cells [ 66 ]. DLAT
s a part of the pyruvate dehydrogenase complex that is involved
n glucose metabolism and the TCA cycle [ 43 ]. Studies have
hown that DLAT is highly expressed in liver cancer tissues and is
ositively associated with clinical stage/grade and poor prognosis
 67, 68 ]. DLAT knockdown effectively inhibits cuproptosis [ 67 ].
owever, Fang et al. reported that paeoniflorin decreased DLAT
xpression and serum copper, thereby inhibiting cuproptosis
n acute myocardial infarction [ 69 ]. The opposite expression
rofiles of DLAT in cancer and inflammation hinted us to further
nvestigate the role of DLAT in HBV-ALF. 

mmune cells, as executors of the immune system, play a key
ole in virus ‒host interactions in HBV-ALF [ 70 ]. Several studies
ave reported that complement produced by plasma cells and
gG/IgM produced by B lymphocytes accumulate in necrotic
reas, which indicates that humoral immunity contributes largely
o the pathogenesis of HBV-ALF [ 7, 71 ]. In addition, the immune
esponse mediated by T lymphocytes has been found to be
mportant in liver damage induced by HBV [ 72 ]. In addition to the
bovementioned adaptive immunity, innate immunity, including
ytokines and chemokines, also activates the pathogenesis of
LF [ 8, 9 ]. Using bioinformatic mining, Chen et al. reported
trong immune cell infiltration in HBV-ALF, and the levels
f 10 of 11 types of immune cells, including T cells, CD8 T
ells, cytotoxic cells, NK cells, B cells, monocytes, macrophages,
Cs, endothelial cells, and fibroblasts but not neutrophils, were
ncreased [ 5 ]. However, Chen’s classification of immune cells did
ot provide more specific details. We subsequently conducted
mmune infiltration analysis to reveal the immune response in
BV-ALF. Here, we used the CIBERSORT algorithm to obtain
he infiltration of 22 immune cell types. We found that the
roportions of immune cells, including plasma cells, CD8 T cells,
nd CD4 memory T cells, were significantly increased in HBV-
LF, which indicated that both cellular and humoral immune
ells were significantly activated. In contrast, the levels of naïve
 cells, follicular helper T cells, regulatory T cells, activated den-
ritic cells, activated mast cells, and neutrophils were decreased.
eutrophils die quickly if they respond to infection and are
hort-lived [ 73 ]. Here, we speculated that a massive number of
eutrophils die, and thus, the neutrophil level decreases after
hey carry out their activities, which would induce a more
obust inflammatory response. However, the mechanisms and
oles of other changed immune cells in HBV-ALF are not fully
nderstood, and further study is needed. Finally, we verified via
xploration, 2026
CD45 staining that immune infiltration was greater in HBV-ALF
tissues. 

In this study, memory B cells, naïve CD4 T cells, resting
memory CD4 T cells, M2 macrophages, and eosinophils were
negatively associated with core CR-DEGs in HBV-ALF. However,
naïve B cells, activated memory CD4 T cells, resting NK cells,
M0 macrophages, and neutrophils were positively associated
with the core CR-DEGs. Given the consistency of immune
infiltration changes and the correlation between CR-DEGs and
immune cells, we found that activated memory CD4 T cells
were positively associated with NDUFS1, TKT, PDHX, DLAT ,
and CDK1 . Recent studies have shed light on the roles of the 7
core CR-DEGs in influencing immune cell activity. For instance,
MCM5 and CDK1 have been observed as adverse prognostic
factors in lung adenocarcinoma and HBV-related hepatocellular
carcinoma, respectively. These two molecules are believed to be
involved in tumor progression by affecting the tumor immune
microenvironment [ 74, 75 ]. Wu et al. reported that low NDUFS1
expression was correlated with poor infiltration of CD4 T cells,
indicating unfavorable survival in patients with kidney renal
clear cell carcinoma [ 76 ]. Another study revealed that genomic
alterations in IDH2 resulted in significant changes in immune
biomarkers in intrahepatic cholangiocarcinoma [ 77 ]. Overall,
these results suggest that CR-DEGs might directly affect immune
infiltration in HBV-ALF, and the potential mechanisms involved
need to be validated in future research. 

We used unsupervised cluster analysis to identify two distinct
cuproptosis-related clusters in HBV-ALF. In the subcluster func-
tion analyses, we found that the pathways of cellular oxidant
detoxification, response to copper ions, the innate immune
system, biological oxidation, and ferroptosis were enriched. To
date, there have been limited studies directly verifying ferroptosis
in HBV-ALF. However, Shi et al. reported that selenium regulates
apoptosis and ferroptosis in different stages of HCC, which may
explain its anti-HBV and anti-HCC properties. In our study, we
selected 4-HNE, a product of oxidative stress and ferroptosis, as
an indicator of ferroptosis and found stronger 4-HNE staining in
HBV-ALF tissues. Additionally, the correlation analysis between
the ferroptosis markers and the 7 core CR-DEGs revealed a strong
effect. Consistent with other studies that have identified crosstalk
between different cell death programs in ALF, we also observed
a strong correlation between ferroptosis and cuproptosis. Fur-
thermore, we found that the correlation between the identified
markers of ferroptosis/cuproptosis and the 7 core CR-DEGs was
stronger in group 2. We also found higher 4-HNE expression
in the cuproptosis HepG2.2.15 cell model. However, the precise
relationship between ferroptosis and cuproptosis needs further
clarification through the administration of antagonists or ago-
nists in HBV-ALF animal models. Finally, we found that group
2 had more activated memory CD4 T cells and neutrophils
and fewer M2 macrophages, which shows that core CR-DEGs
influence immune infiltration in HBV-ALF. In summary, our
results indicated that the 7 core CR-DEGs can delineate the
characteristics of HBV-ALF subgroups. 

TFs and miRNAs are regulators of biological processes that
regulate the expression of multiple targeted genes. On the basis
of online prediction websites, researchers can obtain potential
TFs and miRNAs for targeted genes, and these research strategies
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reativ
ave been widely used in various studies [ 35, 78 ]. Here, we
dentified 17 TFs and 90 miRNAs that target the 7 core CR-DEGs.
owever, the specific regulatory mechanisms of TFs and miRNAs
eed to be further studied. We then predicted that 15 drugs could
nteract with IDH2, CDK1, and NDUFS1; thus, these drugs might
e potential anti-cuproptosis drugs. 

inally, we chose a testing dataset and clinical samples to
alidate the diagnostic value of the 7 core CR-DEGs and immune
nfiltration in HBV-ALF. Similar to the training dataset, we found
hat 6 of the 7 core CR-DEGs, but not DLAT , presented the
ame changes in expression levels. Additionally, these CR-DEGs
lso demonstrated excellent diagnostic value. In addition, the
mmune infiltration patterns of the test dataset were similar to
hose of the training dataset. In addition, the expression patterns
f the samples from HBV-ALF patients were similar to those of
he GSE38941/GSE96851 samples. Therefore, we confirmed that
he 7 core CR-DEGs had remarkable diagnostic value and that
BV-ALF had a unique immune response pattern. 

o our knowledge, this is the first study to explore the immune
esponse and cuproptosis in HBV-ALF. Although some encour-
ging results were demonstrated, the limitations should not be
gnored. First, the analysis might not be completely precise due
o selection bias. A prospective study with a larger sample should
e conducted to verify our results. In addition, additional mech-
nistic experiments, including studies in animals and humans,
hould be performed to elucidate the changes in CR-DEGs and
mmune cells. In addition, the normal liver tissues in GSE96851
ere from liver angioma, and whether angioma has any effect on
he expression of CRGs is currently unknown. 

 Conclusion 

n summary, we conducted a systematic bioinformatic analysis
f HBV-ALF and revealed that 7 core CR-DEGs and infiltrating
mmune cells might play important roles in the physiological
nd pathological processes of HBV-ALF. Seven core CR-DEGs
howed good diagnostic value in HBV-ALF patients in our small
ohort study. In addition, we found that some TFs, miRNAs, and
rugs can target the core CR-DEGs. These results provide a new
erspective for the diagnosis of HBV-ALF and novel potential
herapeutic targets for cuproptosis in HBV-ALF. 

uthor Contributions 

ll authors contributed to the study’s conception and design. Material
reparation and data collection were performed by Jingwen Deng, Tao
hu, and Yueyang Wang. Data analysis was performed by Jingwen Deng,
itong Zhang, Hong Deng, and Huiqiang Cai. The first draft of the
anuscript was written by Jingwen Deng, and reviewed by Guilan Quan,
ingting Peng, Chuanbin Wu, Huiqiang Cai, Chao Lu, and Xiaopeng Cai.
he manuscript was supervised and finalized by Chao Lu and Xiaopeng
ai. All authors read and approved the final manuscript. 

cknowledgments 

his research was supported by the National Natural Science Foundation
f China (No. 82302900), the Basic and Applied Basic Research Founda-
ion of Guangdong Province (No. 2024A1515030104), and the Science and
4 of 17
Technology Project in Guangzhou (No. 202102070001). We would like to
acknowledge the GEO database for providing data. 

Ethics Statement 

Ethical approval for patients was obtained from the Ethics Committee
of Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University
(Ethics Committee number: 2023-926-01). All participating patients were
informed and the requirement for written informed consent was waived
by the Ethics Committee due to the retrospective nature of the study. All
procedures involving human subjects were conducted in accordance with
the principles of the Declaration of Helsinki. 

Conflicts of Interest 

The authors declare no conflicts of interests. 

Data Availability Statement 

The datasets generated during and/or analysed during the current study
are available from the corresponding author on reasonable request. 

References 

1 . R. Ferriero, E. Nusco, R. De Cegli, A. Carissimo, G. Manco, and N.
Brunetti-Pierri, “Pyruvate Dehydrogenase Complex and Lactate Dehy-
drogenase Are Targets for Therapy of Acute Liver Failure,” Journal of
Hepatology 69 (2018): 325–335, https://doi.org/10.1016/j.jhep.2018.03.016 . 

2 . X. Cai, H. Cai, J. Wang, et al., “Molecular Pathogenesis of
Acetaminophen-Induced Liver Injury and Its Treatment Options,”
Journal of Zhejiang University Science B 23 (2022): 265–285,
https://doi.org/10.1631/jzus.B2100977 . 

3 . X. Cai, J. Deng, X. Zhou, et al., “Compr ehensive analysis of cupr optosis-
related genes involved in immune infiltration and their use in the
diagnosis of hepatic ischemia ‒reperfusion injury: an experimental Study”,
International Journal of Surgery 110 (2024): 3178–3189. 

4 . J. Liu, W. Liang, W. Jing, and M. Liu, “Countdown to 2030: Eliminating
Hepatitis B Disease, China,” Bulletin of the World Health Organization 97
(2019): 230–238, https://doi.org/10.2471/BLT.18.219469 . 

5 . H. Chen, W. Zhao, Y. Zhang, et al., “Systematic Analysis on Multiple
Gene Expression Omnibus Data Sets Reveals Fierce Immune Response
in Hepatitis B Virus-Related Acute Liver Failure,” Journal of Cellular and
Molecular Medicine 24 (2020): 9798–9809, https://doi.org/10.1111/jcmm.
15561 . 

6 . T. Vanwolleghem, T. Adomati, S. Van Hees, and H. L. A. Janssen,
“Humoral Immunity in Hepatitis B Virus Infection: Rehabilitating the
B in HBV,” JHEP Reports: Innovation in Hepatology 4 (2022): 100398,
https://doi.org/10.1016/j.jhepr.2021.100398 . 

7 . Z. Chen, G. Diaz, T. Pollicino, et al., “Role of humoral immunity against
hepatitis B virus core antigen in the pathogenesis of acute liver failure”,
Proceedings of the National Academy of Sciences of the United States of
America 115 (2018): E11369. 

8 . C. J. Chen, H. Kono, D. Golenbock, G. Reed, S. Akira, and K. L. Rock,
“Identification of a Key Pathway Required for the Sterile Inflammatory
Response Triggered by Dying Cells,” Nature Medicine 13 (2007): 851–856,
https://doi.org/10.1038/nm1603 . 

9 . L. Barbier, M. Ferhat, E. Salamé, et al., “Interleukin-1 Family Cytokines:
Keystones in Liver Inflammatory Diseases,” Frontiers in Immunology 10
(2019): 2014, https://doi.org/10.3389/fimmu.2019.02014 . 

10 . O. Nissim, M. Melis, G. Diaz, et al., “Liver Regeneration Signature
in Hepatitis B Virus (HBV)-Associated Acute Liver Failure Identified by
Gene Expression Profiling,” PLoS ONE 7 (2012): e49611, https://doi.org/
10.1371/journal.pone.0049611 . 

11 . X. Cai, S. Hua, J. Deng, et al., “Astaxanthin Activated the Nrf2/HO-1
Pathway to Enhance Autophagy and Inhibit Ferroptosis, Ameliorat-
Exploration, 2026

e C
om

m
ons L

icense

https://doi.org/10.1016/j.jhep.2018.03.016
https://doi.org/10.1631/jzus.B2100977
https://doi.org/10.2471/BLT.18.219469
https://doi.org/10.1111/jcmm.15561
https://doi.org/10.1016/j.jhepr.2021.100398
https://doi.org/10.1038/nm1603
https://doi.org/10.3389/fimmu.2019.02014
https://doi.org/10.1371/journal.pone.0049611


i  

I  

1  

F  

F  

s

1  

o  

P  

d

1  

M  

h

1  

T  

h

1  

N  

I  

o

1  

R
P  

j

1  

P  

(

1  

C  

D  

h

2  

P  

B  

a  

h

2  

t  

i  

1

2  

M  

t  

f

2  

C
J  

h

2  

B  

C  

h

2  

o  

E  

L  

(

2  

a  

u

2  

E
N  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E

 27662098, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/E

X
P.20240267 by C

ochraneC
hina, W

iley O
nline L

ibrary on [11/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

re
ng Acetaminophen-Induced Liver Injury,” ACS Applied Materials &
nterfaces 14 (2022): 42887–42903, https://doi.org/10.1021/acsami.2c10506 .

2 . N. Gehrke, M. A. Wörns, A. Mann, et al., “Hepatocyte Bcl-3 Protects
rom Death-Receptor Mediated Apoptosis and Subsequent Acute Liver
ailure,” Cell Death & Disease 13 (2022): 510, https://doi.org/10.1038/
41419- 022- 04946- y. 

3 . D. Zhang, C. Shi, Q. Zhang, Y. Wang, J. Guo, and Z. Gong, “Inhibition
f GSK3 βActivity Alleviates Acute Liver Failure via Suppressing Multiple
rogrammed Cell Death,” Journal of Inflammation 20 (2023): 24, https://
oi.org/10.1186/s12950- 023- 00350-1 . 

4 . D. Tang, X. Chen, and G. Kroemer, “Cuproptosis: A Copper-Triggered
odality of Mitochondrial Cell Death,” Cell Research 32 (2022): 417–418,
ttps://doi.org/10.1038/s41422-022-00653-7 . 

5 . P. Tsvetkov, S. Coy, B. Petrova, et al., “Copper Induces Cell Death by
argeting Lipoylated TCA Cycle Proteins,” Science 375 (2022): 1254–1261,
ttps://doi.org/10.1126/science.abf0529 . 

6 . S. Lu, Y. Li, and Y. Yu, “Glutathione-Scavenging Celastrol-Cu
anoparticles Induce Self-Amplified Cuproptosis for Augmented Cancer
mmunotherapy,” Advanced Materials 36 (2024): e2404971, https://doi.
rg/10.1002/adma.202404971 . 

7 . C. R. Wooton-Kee, “Therapeutic Implications of Impaired Nuclear
eceptor Function and Dysregulated Metabolism in Wilson’s Disease,”
harmacology & Therapeutics 251 (2023): 108529, https://doi.org/10.1016/
.pharmthera.2023.108529 . 

8 . T. D. Sandahl, T. L. Laursen, D. E. Munk, H. Vilstrup, K. H. Weiss, and
. Ott, “The Prevalence of Wilson’s Disease: An Update,” Hepatology 71
2020): 722–732, https://doi.org/10.1002/hep.30911 . 

9 . C. Liu, Z. Fang, K. Yang, et al., “Identification and Validation of
uproptosis-Related Molecular Clusters in Non-Alcoholic Fatty Liver
isease,” Journal of Cellular and Molecular Medicine 28 (2024): e18091,
ttps://doi.org/10.1111/jcmm.18091 . 

0 . F. Xiao, G. Huang, G. Yuan, et al., “Identification and Validation of
otential Diagnostic Signature and Immune Cell Infiltration for HIRI
ased on Cuproptosis-Related Genes Through Bioinformatics Analysis
nd Machine Learning,” Frontiers in Immunology 15 (2024): 1372441,
ttps://doi.org/10.3389/fimmu.2024.1372441 . 

1 . Y. Yuan, M. Fu, N. Li, and M. Ye, “Identification of Immune Infiltra-
ion and Cuproptosis-Related Subgroups in Crohn’s Disease,” Frontiers
n Immunology 13 (2022): 1074271, https://doi.org/10.3389/fimmu.2022.
074271 . 

2 . Y. Zhou, X. Li, L. Ng, et al., “Identification of Copper Death-Associated
olecular Clusters and Immunological Profiles in Rheumatoid Arthri-
is,” Frontiers in Immunology 14 (2023): 1103509, https://doi.org/10.3389/
immu.2023.1103509 . 

3 . W. Wang, K. Lu, X. Jiang, et al., “Ferroptosis Inducers Enhanced
uproptosis Induced by Copper Ionophores in Primary Liver Cancer,”
ournal of Experimental & Clinical Cancer Research: CR 42 (2023): 142,
ttps://doi.org/10.1186/s13046-023-02720-2 . 

4 . D. Liu, F. Yang, T. Zhang, and R. Mao, “Leveraging a Cuproptosis-
ased Signature to Predict the Prognosis and Drug Sensitivity of
utaneous Melanoma,” Journal of Translational Medicine 21 (2023): 57,
ttps://doi.org/10.1186/s12967- 023- 03891- 4 . 

5 . S. T. Setty, M. P. Scott-Boyer, T. Cuppens, and A. Droit, “New Devel-
pments and Possibilities in Reanalysis and Reinterpretation of Whole
xome Sequencing Datasets for Unsolved Rare Diseases Using Machine
earning Approaches,” International Journal of Molecular Sciences 23
2022): 6792, https://doi.org/10.3390/ijms23126792 . 

6 . V. Nauffal, M. D. R. Klarqvist, M. C. Hill, et al., “Noninvasive
ssessment of organ-specific and shared pathways in multi-organ fibrosis
sing T1 mapping”, Nature Medicine (2024). 

7 . M. E. Ritchie, B. Phipson, D. Wu, et al., “limma Powers Differential
xpression Analyses for RNA-Sequencing and Microarray Studies,”
ucleic Acids Research 43 (2015): e47, https://doi.org/10.1093/nar/gkv007 .
xploration, 2026
28 . S. Tang, L. Zhao, X. B. Wu, et al., “Identification of a Novel
Cuproptosis-Related Gene Signature for Prognostic Implication
in Head and Neck Squamous Carcinomas”, Cancers 14 (2022):
3986. 

29 . G. Yu, L. G. Wang, Y. Han, and Q. Y. He, “clusterProfiler: An R Package
for Comparing Biological Themes Among Gene Clusters,” Omics: A
Journal of Integrative Biology 16 (2012): 284–287, https://doi.org/10.1089/
omi.2011.0118 . 

30 . D. Li, Y. Liu, J. Zhou, et al., “m6A Regulator-mediated RNA Methyla-
tion Modulates Immune Microenvironment of Hepatitis B Virus-related
Acute Liver Failure”, Inflammation (2023). 

31 . J. Friedman, T. Hastie, and R. Tibshirani, “Regularization Paths for
Generalized Linear Models via Coordinate Descent,” Journal of Statistical
Software 33 (2010): 1–22, https://doi.org/10.18637/jss.v033.i01 . 

32 . A. M. Newman, C. B. Steen, C. L. Liu, et al., “Determining Cell Type
Abundance and Expression From Bulk Tissues With Digital Cytometry,”
Nature Biotechnology 37 (2019): 773–782, https://doi.org/10.1038/s41587- 
019- 0114- 2 . 

33 . M. D. Wilkerson and D. N. Hayes, “ConsensusClusterPlus: a class
discovery tool with confidence assessments and item tracking”, Bioinfor-
matics 26 (2010): 1572. 

34 . A. Subramanian, P. Tamayo, V. K. Mootha, et al., “Gene Set
Enrichment Analysis: A Knowledge-Based Approach for Interpreting
Genome-Wide Expression Profiles,” Proceedings of the National Academy
of Sciences of the United States of America 102 (2005): 15545–15550, https://
doi.org/10.1073/pnas.0506580102 . 

35 . Q. Zhang, W. Liu, H. M. Zhang, et al., “hTFtarget: A Comprehensive
Database for Regulations of Human Transcription Factors and Their
Targets,” Genomics, Proteomics & Bioinformatics 18 (2020): 120–128,
https://doi.org/10.1016/j.gpb.2019.09.006 . 

36 . Y. Yang, G. Ying, S. Wu, F. Wu, and Z. Chen, “In Vitro Inhibition
Effects of Hepatitis B Virus by Dandelion and Taraxasterol,” Infectious
Agents and Cancer 15 (2020): 44, https://doi.org/10.1186/s13027-020- 
00309-4 . 

37 . Y. Chen, L. Tang, W. Huang, et al., “Identification of a Prognostic
Cuproptosis-Related Signature in Hepatocellular Carcinoma,” Biology
Direct 18 (2023): 4, https://doi.org/10.1186/s13062- 023- 00358-w. 

38 . J. Deng, S. Liao, C. Chen, et al., “Specific Intracellular Retention
of circSKA3 Promotes Colorectal Cancer Metastasis by Attenuating
Ubiquitination and Degradation of SLUG,”Cell Death & Disease 14 (2023):
750, https://doi.org/10.1038/s41419-023-06279-w. 

39 . S. Zheng, Z. Zhang, Y. Qu, et al., “Radiopharmaceuticals and Flu-
orescein Sodium Mediated Triple-Modality Molecular Imaging Allows
Precise Image-Guided Tumor Surgery”, Advanced Science (Weinheim,
Baden-Wurttemberg, Germany) 6 (2019): 1900159. 

40 . C. Y. Yao, Z. S. Hu, R. L. Yuan, J. Jin, and Z. X. Chen, “CD32
Expression by CD4 + T and CD8 + T Lymphocytes Is Increased in Patients
With Chronic Hepatitis B Virus Infection,” Viral Immunology 36 (2023):
351–359, https://doi.org/10.1089/vim.2022.0183 . 

41 . F. Zhang, Y. Li, J. Wu, et al., “The Role of Extracellular Traps
in Ischemia Reperfusion Injury,” Frontiers in Immunology 13 (2022):
1022380, https://doi.org/10.3389/fimmu.2022.1022380 . 

42 . C. Engelmann, I. W. Zhang, and J. Clària, “Mechanisms of immunity
in acutely decompensated cirrhosis and acute-on-chronic liver failure”,
Liver International: Official Journal of the International Association for the
Study of the Liver (2023). 

43 . W. Q. Liu, W. R. Lin, L. Yan, W. H. Xu, and J. Yang, “Copper home-
ostasis and cuproptosis in cancer immunity and therapy”, Immunological
Reviews (2023). 

44 . J. Huang, J. Zhang, F. Wang, B. Zhang, and X. Tang, “Compr ehensive
Analysis of Cuproptosis-Related Genes in Immune Infiltration and Diag-
nosis in Ulcerative Colitis,” Frontiers in Immunology 13 (2022): 1008146,
https://doi.org/10.3389/fimmu.2022.1008146 . 
15 of 17

ative C
om

m
ons L

icense

https://doi.org/10.1021/acsami.2c10506
https://doi.org/10.1038/s41419-022-04946-y
https://doi.org/10.1186/s12950-023-00350-1
https://doi.org/10.1038/s41422-022-00653-7
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1002/adma.202404971
https://doi.org/10.1016/j.pharmthera.2023.108529
https://doi.org/10.1002/hep.30911
https://doi.org/10.1111/jcmm.18091
https://doi.org/10.3389/fimmu.2024.1372441
https://doi.org/10.3389/fimmu.2022.1074271
https://doi.org/10.3389/fimmu.2023.1103509
https://doi.org/10.1186/s13046-023-02720-2
https://doi.org/10.1186/s12967-023-03891-4
https://doi.org/10.3390/ijms23126792
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1038/s41587-019-0114-2
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1016/j.gpb.2019.09.006
https://doi.org/10.1186/s13027-020-00309-4
https://doi.org/10.1186/s13062-023-00358-w
https://doi.org/10.1038/s41419-023-06279-w
https://doi.org/10.1089/vim.2022.0183
https://doi.org/10.3389/fimmu.2022.1022380
https://doi.org/10.3389/fimmu.2022.1008146


4  

i

4  

N  

a  

2

4  

A  

C  

2

4  

H  

d

4  

L  

a  

h

5  

M  

B

5  

N  

a  

c  

1

5  

y  

H  

O  

d

5  

D  

o

5  

t  

o  

1

5  

p  

M  

o  

(

5  

N  

C  

3

5  

o  

s  

C
4

5  

c
B  

0

5  

F  

a  

(

6  

D  

I  

(

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1

 27662098, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/E

X
P.20240267 by C

ochraneC
hina, W

iley O
nline L

ibrary on [11/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C
5 . Y. Luo, X. He, Q. Du, et al., “Metal-based smart nanosystems in cancer
mmunotherapy”, Exploration : 20230134, n/a. 

6 . F. Hu, J. Huang, T. Bing, et al., “Stimulus-Responsive Copper Complex
anoparticles Induce Cuproptosis for Augmented Cancer Immunother-
py,” Advanced Science 11 (2024): e2309388, https://doi.org/10.1002/advs.
02309388 . 

7 . W. W. Wang, J. Cai, J. Y. Wen, et al., “Boosting Ferroptosis via
bplatin(iv) for Treatment of Platinum-Resistant Recurrent Ovarian
ancer,” Nano Today 44 (2022): 101459, https://doi.org/10.1016/j.nantod.
022.101459 . 

8 . A. Costa and S. Onesti, “The MCM Complex: (Just) A Replicative
elicase?,” Biochemical Society Transactions 36 (2008): 136–140, https://
oi.org/10.1042/BST0360136 . 

9 . J. Zhao, S. Z. Yu, Q. Cai, et al., “Identifying the Key Genes in Mouse
iver Regeneration After Partial Hepatectomy by Bioinformatics Analysis
nd in Vitro/Vivo Experiments,” Frontiers in Genetics 12 (2021): 670706,
ttps://doi.org/10.3389/fgene.2021.670706 . 

0 . Y. Zhang, J. Xia, M. Liu, et al., “Mcm5 Represses Endodermal
igration through Cxcr4a-itgb1b Cascade Instead of Cell Cycle Control”,
iomolecules 12 (2022). 

1 . Z. Qin, C. Xiang, F. Zhong, et al., “Transketolase (TKT) Activity and
uclear Localization Promote Hepatocellular Carcinoma in a Metabolic
nd a Non-Metabolic Manner,” Journal of Experimental & Clinical Can-
er Research: CR 38 (2019): 154, https://doi.org/10.1186/s13046- 019- 1131-
 . 

2 . D. Jia, C. Liu, Z. Zhu, et al., “Novel Transketolase Inhibitor Orox-
lin A Suppresses the Non-Oxidative Pentose Phosphate Pathway and
epatocellular Carcinoma Tumour Growth in Mice and Patient-Derived
rganoids,” Clinical and Translational Medicine 12 (2022): e1095, https://
oi.org/10.1002/ctm2.1095 . 

3 . D. Santamaría, C. Barrière, A. Cerqueira, et al., “Cdk1 Is Sufficient to
rive the Mammalian Cell Cycle,”Nature 448 (2007): 811–815, https://doi.
rg/10.1038/nature06046 . 

4 . X. Lv, H. Zhou, K. Hu, et al., “Activation of PKM2 Metabolically Con-
rols Fulminant Liver Injury via Restoration of Pyruvate and Reactivation
f CDK1,” Pharmacological Research 172 (2021): 105838, https://doi.org/10.
016/j.phrs.2021.105838 . 

5 . X. Wang, Y. Wang, L. Yang, et al., “ASRGL1 Downregulation Sup-
resses Hepatocellular Carcinoma Tumorigenesis in a CDK1-Dependent
anner,”Digestive And Liver Disease: Official Journal of the Italian Society
f Gastroenterology and the Italian Association for the Study of the Liver 55
2023): 955–966, https://doi.org/10.1016/j.dld.2022.12.003 . 

6 . C. Zhou, S. Zhu, and H. Li, “miR-195-5p Targets CDK1 To Regulate
ew DNA Synthesis and Inhibit the Proliferation of Hepatocellular
arcinoma Cells,” Applied Biochemistry and Biotechnology 195 (2023):
477–3490, https://doi.org/10.1007/s12010-022- 04279- 8 . 

7 . R. B. Miguel, P. A. Petersen, F. A. Gonzales-Zubiate, et al., “Inhibition
f Cyclin-Dependent Kinase CDK1 by Oxindolimine Ligands and Corre-
ponding Copper and Zinc Complexes,” Journal of Biological Inorganic
hemistry 20 (2015): 1205–1217, https://doi.org/10.1007/s00775-015-1300- 
 . 

8 . E. S. Yang and J. W. Park, “Regulation of Ethanol-Induced Toxi-
ity by Mitochondrial NADP + -Dependent Isocitrate Dehydrogenase,”
iochimie 91 (2009): 1020–1028, https://doi.org/10.1016/j.biochi.2009.05.
08 . 

9 . J. H. Pan, H. S. Kim, K. E. Beane, et al., “IDH2 Deficiency Aggravates
ructose-Induced NAFLD by Modulating Hepatic Fatty Acid Metabolism
nd Activating Inflammatory Signaling in Female Mice”, Nutrients 10
2018). 

0 . S. J. Han, H. S. Choi, J. I. Kim, J. W. Park, and K. M. Park, “IDH2
eficiency Increases the Liver Susceptibility to Ischemia-Reperfusion
njury via Increased Mitochondrial Oxidative Injury,” Redox Biology 14
2018): 142–153, https://doi.org/10.1016/j.redox.2017.09.003 . 
6 of 17

re
61 . H. Kim, J. H. Lee, and J. W. Park, “IDH2 Deficiency Exacerbates
Acetaminophen Hepatotoxicity in Mice via Mitochondrial Dysfunction-
Induced Apoptosis,” Biochimica et Biophysica Acta Molecular Basis of
Disease 1865 (2019): 2333–2341, https://doi.org/10.1016/j.bbadis.2019.05.
012 . 

62 . J. Hirst, “Mitochondrial Complex I,”Annual Review of Biochemistry 82
(2013): 551–575, https://doi.org/10.1146/annurev- biochem- 070511-103700 . 

63 . I. Lopez-Fabuel, J. Le Douce, A. Logan, et al., “Comple x I Assembly
Into Supercomplexes Determines Differential Mitochondrial ROS Pro-
duction in Neurons and Astrocytes,” Proceedings of the National Academy
of Sciences of the United States of America 113 (2016): 13063–13068, https://
doi.org/10.1073/pnas.1613701113 . 

64 . S. Wan, G. Maitiabula, P. Wang, et al., “Down Regulation of NDUFS1
Is Involved in the Progression of Parenteral-Nutrition-Associated Liver
Disease by Increasing Oxidative Stress,” The Journal of Nutritional Bio-
chemistry 112 (2023): 109221, https://doi.org/10.1016/j.jnutbio.2022.109221 .

65 . A. V. Khamoui, D. Tokmina-Roszyk, H. B. Rossiter, G. B. Fields, and N.
P. Visavadiya, “Hepatic Proteome Analysis Reveals Altered Mitochondrial
Metabolism and Suppressed Acyl-CoA Synthetase-1 in Colon-26 Tumor-
Induced Cachexia,” Physiological Genomics 52 (2020): 203–216, https://
doi.org/10.1152/physiolgenomics.00124.2019 . 

66 . R. Jiang, Y. Sun, Y. Li, et al., “Cuproptosis-Related Gene PDHX
and Heat Stress-Related HSPD1 as Potential Key Drivers Associated
With Cell Stemness, Aberrant Metabolism and Immunosuppression in
Esophageal Carcinoma,” International Immunopharmacology 117 (2023):
109942, https://doi.org/10.1016/j.intimp.2023.109942 . 

67 . F. Gao, Y. Yuan, Y. Ding, P. Y. Li, Y. Chang, and X. X. He, “DLAT
as a Cuproptosis Promoter and a Molecular Target of Elesclomol in
Hepatocellular Carcinoma,” Current Medical Science 43 (2023): 526–538,
https://doi.org/10.1007/s11596-023-2755-0 . 

68 . W. D. Bai, J. Y. Liu, M. Li, et al., “A Novel Cuproptosis-Related
Signature Identified DLAT as a Prognostic Biomarker for Hepatocellular
Carcinoma Patients,” World Journal of Oncology 13 (2022): 299–310,
https://doi.org/10.14740/wjon1529 . 

69 . X. Fang, Y. Ji, S. Li, et al., “Paeoniflorin Attenuates Cuproptosis
and Ameliorates Left Ventricular Remodeling After AMI in Hypobaric
Hypoxia Environments,” Journal of Natural Medicines 78 (2024): 664–676,
https://doi.org/10.1007/s11418-024-01781-7 . 

70 . Y. Kosaka, K. Takase, M. Kojima, et al., “Fulminant Hepatitis B:
Induction by Hepatitis B Virus Mutants Defective in the Precore Region
and Incapable of Encoding E Antigen,” Gastroenterology 100 (1991):
1087–1094, https://doi.org/10.1016/0016- 5085(91)90286- T . 

71 . P. Farci, G. Diaz, Z. Chen, et al., “B Cell Gene Signature With Massive
Intrahepatic Production of Antibodies to Hepatitis B Core Antigen in
Hepatitis B Virus–Associated Acute Liver Failure,” Proceedings of the
National Academy of Sciences of the United States of America 107 (2010):
8766–8771, https://doi.org/10.1073/pnas.1003854107 . 

72 . R. Thimme, S. Wieland, C. Steiger, et al., “CD8+ T Cells Mediate
Viral Clearance and Disease Pathogenesis During Acute Hepatitis B Virus
Infection,” Journal of Virology 77 (2003): 68–76, https://doi.org/10.1128/
JVI.77.1.68-76.2003 . 

73 . M. C. Greenlee-Wacker, “Clearance of Apoptotic Neutrophils and
Resolution of Inflammation,” Immunological Reviews 273 (2016): 357–370,
https://doi.org/10.1111/imr.12453 . 

74 . M. Sun, T. Wang, Y. Zhu, Y. Zhang, L. Zhu, and X. Li, “The High
Expression of Minichromosome Maintenance Complex Component 5
Is an Adverse Prognostic Factor in Lung Adenocarcinoma,” BioMed
Research International 2022 (2022): 4338793, https://doi.org/10.1155/2022/
4338793 . 

75 . B. Islam, H. Y. Yu, T. Q. Duan, et al., “Cell Cycle Kinases (AUKA,
CDK1, PLK1) Are Prognostic Biomarkers and Correlated With Tumor-
Infiltrating Leukocytes in HBV Related HCC,” Journal of Biomolecular
Structure & Dynamics 41 (2023): 11845–11861, https://doi.org/10.1080/

07391102.2022.2164056 . 

Exploration, 2026

ative C
om

m
ons L

icense

https://doi.org/10.1002/advs.202309388
https://doi.org/10.1016/j.nantod.2022.101459
https://doi.org/10.1042/BST0360136
https://doi.org/10.3389/fgene.2021.670706
https://doi.org/10.1186/s13046-019-1131-1
https://doi.org/10.1002/ctm2.1095
https://doi.org/10.1038/nature06046
https://doi.org/10.1016/j.phrs.2021.105838
https://doi.org/10.1016/j.dld.2022.12.003
https://doi.org/10.1007/s12010-022-04279-8
https://doi.org/10.1007/s00775-015-1300-4
https://doi.org/10.1016/j.biochi.2009.05.008
https://doi.org/10.1016/j.redox.2017.09.003
https://doi.org/10.1016/j.bbadis.2019.05.012
https://doi.org/10.1146/annurev-biochem-070511-103700
https://doi.org/10.1073/pnas.1613701113
https://doi.org/10.1016/j.jnutbio.2022.109221
https://doi.org/10.1152/physiolgenomics.00124.2019
https://doi.org/10.1016/j.intimp.2023.109942
https://doi.org/10.1007/s11596-023-2755-0
https://doi.org/10.14740/wjon1529
https://doi.org/10.1007/s11418-024-01781-7
https://doi.org/10.1016/0016-5085(91)90286-T
https://doi.org/10.1073/pnas.1003854107
https://doi.org/10.1128/JVI.77.1.68-76.2003
https://doi.org/10.1111/imr.12453
https://doi.org/10.1155/2022/4338793
https://doi.org/10.1080/07391102.2022.2164056


7  

T  

C  

1

7  

P  

(

7  

M
I  

h

S

A  

I
S

E

 27662098, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/E

X
P.202402
6 . D. Wu, L. He, Z. Xu, et al., “The Combination of NDUFS1 With CD4+
 Cell Infiltration Predicts Favorable Prognosis in Kidney Renal Clear
ell Carcinoma,” Frontiers in Cell and Developmental Biology 11 (2023):
168462, https://doi.org/10.3389/fcell.2023.1168462 . 

7 . S. Makawita, S. Lee, E. Kong, et al., “Comprehensive Immunogenomic
rofiling of IDH1- / 2 -Altered Cholangiocarcinoma,” JCO Precis Oncol 8
2024): e2300544, https://doi.org/10.1200/PO.23.00544 . 

8 . B. Yu, J. Liu, Z. Cai, et al., “MicroRNA-19a Regulates Milk Fat
etabolism by Targeting SYT1 in Bovine Mammary Epithelial Cells,”
nternational Journal of Biological Macromolecules 253 (2023): 127096,
ttps://doi.org/10.1016/j.ijbiomac.2023.127096 . 

upporting Information 

dditional supporting information can be found online in the Supporting
nformation section. 
upporting File : exp270156-sup-0001-SuppMat.docx. 
xploration, 2026 17 of 17

67 by C
ochraneC

hina, W
iley O

nline L
ibrary on [11/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fcell.2023.1168462
https://doi.org/10.1200/PO.23.00544
https://doi.org/10.1016/j.ijbiomac.2023.127096

	Cuproptosis-Related Genes in Immune Infiltration and Diagnosis in Hepatitis B Virus-Related Acute Liver Failure
	1 | Introduction
	2 | Materials and Methods
	2.1 | Data Acquisition and Processing
	2.2 | GO and KEGG Enrichment Analyses
	2.3 | Identification of Hub CR-DEGs
	2.4 | Construction of a Diagnostic Model of CR-DEGs
	2.5 | Immune Infiltration Analysis
	2.6 | Correlation Analysis Between Core CR-DEGs and Immune Cell Infiltration
	2.7 | Subcluster Analysis of Core CR-DEGs
	2.8 | Construction of TF-CR-DEGs, miRNA-CR-DEGs, and Drug Interaction Networks
	2.9 | Initial Validation of GEO Database, Cell Line, and Clinical Samples
	2.10 | Statistical Analysis

	3 | Results
	3.1 | Differences in Functional Enrichment Between Normal and HBV-ALF Tissues
	3.2 | Identification of Hub CR-DEGs
	3.3 | The Diagnostic Value of Core CR-DEGs in HBV-ALF
	3.4 | Immune Infiltration Analysis in HBV-ALF
	3.5 | Correlation Analysis of the 7 Core CR-DEGs and 22 Immune Cells
	3.6 | HBV-ALF Unsupervised Clustering Identification and Analysis
	3.7 | The Network of TF-CR-DEGs, miRNA-CR-DEGs, and Drug Interactions
	3.8 | Initial Validation of the 7 Core CR-DEGs in HBV-ALF

	4 | Discussion
	5 | Conclusion
	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


