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Background: Wilson’s disease (WD) is a hereditary disorder characterized by an abnormality in copper metabolism. Liver fibrosis, 
and potentially cirrhosis, induced by copper accumulation are critical factors in the pathogenesis of WD. CircRNAs exhibit high 
stability and play crucial roles in numerous biological processes.
Methods: RNA-seq technology was employed to conduct transcriptome sequencing of the liver from 12 homozygous (TX) mice in 
the model group (NL group) and 12 wild-type (WT) mice in the control group (N group). Differentially expressed circular RNAs (DE- 
circRNAs) were identified, and following GO and KEGG analysis, a competitive endogenous RNA (ceRNA) regulatory network was 
constructed. The identified DE-circRNAs were then randomly validated using RT-qPCR.
Results: Utilizing RNA sequencing (RNA-seq), the study identified 54 DE-circRNAs in TX-j mice with WD-induced liver fibrosis 
model, among which 19 were up-regulated and 35 were down-regulated. GO analysis revealed multiple biological processes, including 
single-organism process, cellular process, and metabolic process. Further pathway identification using KEGG implicated several 
pathways, including the HIF-1, PI3K-Akt, AMPK, FoxO, signaling pathway regulating pluripotency of stem cells, phospholipase D, 
mTOR, Ras, cGMP-PKG, and MAPK signaling pathway, among others. A ceRNA regulatory network was constructed with 20 
circRNAs, 7 miRNAs, and 75 mRNAs as crucial core components. Additionally, RT-qPCR validation was performed on randomly 
selected DE-circRNAs, yielding consistent results (P<0.05).
Conclusion: The findings provide a significant molecular biology foundation for understanding the pathogenesis of liver fibrosis in 
WD and offer new insights for exploring potential diagnostic and therapeutic targets.
Keywords: circRNA, circRNA-miRNA-mRNA, ceRNA, Wilson’s disease, liver fibrosis

Introduction
Wilson’s Disease (WD), also referred to as Hepatolenticular degeneration (HLD), is a congenital autosomal recessive 
genetic disorder characterized by impaired copper ion metabolism.1 This impairment is primarily due to mutations in the 
ATP7B gene, which leads to dysfunction of the P-type ATPase protein. As a result, there is a reduction in copper 
transport capacity, causing decreased synthesis of ceruloplasmin in the patient’s plasma and an obstruction in copper 
excretion through the bile duct.2 The abnormal accumulation of copper can induce cellular, tissue, and organ damage and 
dysfunction, affecting multiple areas such as the liver, brain, kidneys, and cornea.3 The activation of hepatic stellate cells 
(HSCs) triggered by copper accumulation, along with the metabolic imbalance of the extracellular matrix (ECM), leads 
to ECM deposition in the liver and tissue structural remodeling.4 These processes contribute to liver fibrosis and, 
ultimately, cirrhosis, which are pivotal factors in the pathogenesis of WD. As the disease progresses, patients may 
encounter life-threatening liver failure.5 Consequently, anti-fibrotic therapy emerges as a crucial focus in the treatment of 
WD, holding significant potential for improving survival rates and prognosis.
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Circular RNA (circRNA) is a type of nucleic acid molecule characterized by a closed loop RNA structure, which was 
first identified in plant viruses during the 1970s.6 Subsequently, Hsu et al7 reported the presence of circRNA in the 
cytoplasm of eukaryotic organisms. Notably, the majority of circRNAs are non-coding RNAs, with only a small fraction 
possessing protein-coding capabilities.8 Historically, circRNA was considered a byproduct of aberrant pre-mRNA 
splicing. However, with the advancement of high-throughput sequencing technology and bioinformatics engineering, 
circRNAs have been identified and characterized across various species.9,10 Compared to other nucleic acid molecules, 
the circular structure of circRNA confers resistance to cleavage and degradation by RNA proteases, demonstrating 
enhanced stability. The significant role of circular RNA in various biological processes, such as tissue development, cell 
transformation, and intercellular communication, has garnered increasing attention.11

In recent years, an increasing number of studies have elucidated the precise roles and mechanisms of circRNA in liver 
diseases. Recent high-throughput RNA-seq data suggested that the circAno6/miR-296-3p/TLR4 signaling axis may 
contribute to liver fibrosis by modulating inflammatory responses and activating hepatic stellate cells.12 Furthermore, 
research has revealed that circRNA IRF2 can engage with the N6-methyladenosine (m6A) reader protein YTHDF2, 
influencing liver fibrosis through the promotion of FOXO3 nuclear translocation.13 Wei et al14 identified genes associated 
with kidney injury through RNA-seq of kidney tissues from TX mice. Nevertheless, reports on potential circRNA- 
mediated mechanisms in the pathogenesis of liver fibrosis in WD models remain scarce. Consequently, this study 
employed high-throughput RNA sequencing to detect differentially expressed circular RNAs (DE-circRNAs) in the 
livers of TX mice and constructed a competing endogenous RNA (ceRNA) regulatory network involving circRNA- 
miRNA-mRNA interactions to decipher the pathological mechanisms of liver fibrosis in WD. This work aims to provide 
a molecular foundation for diagnosing and treating WD-induced liver fibrosis. A research design diagram based on this 
study was presented in Figure 1.

Materials and Methods
Animal Models, Grouping, and Specimen Collection
The animal model employed in this study consisted of 4-month-old mice with toxic milk syndrome (TX-j), sourced from 
Jackson Laboratories. Research has demonstrated that 4-month-old TX mice exhibit distinct hallmarks of WD-induced 
liver fibrosis, making them the most ideal WD animal model currently available.15 Twelve homozygous (TX) mice were 
used as the model group (NL group), and twelve wild-type (WT) mice served as the control group (N group). RNA-seq 
analysis was performed on four mice from each group, while RT-qPCR analysis was conducted on eight mice. The mice 
were housed in independent air supply isolation cages with free access to food and water. The light/dark cycle was 
maintained at 12 hours, and the mice were continuously fed for 16 weeks. Death was induced through cervical 
dislocation to obtain mouse liver tissue. Subsequently, a portion of the liver tissue was soaked in a polyformaldehyde 
solution for specimen fixation, followed by routine paraffin embedding for pathological examination. The remaining 
mouse liver tissue was promptly sealed, placed in a liquid nitrogen box, and then transferred to a −80°C freezer for 
immediate freezing.

Total RNA Extraction and Sequencing
Initially, total RNA was extracted utilizing the TRIzol reagent. Subsequent to this, various reagent kits and methodologies 
were employed for purification and quantification to ensure the integrity and quality of the RNA. Specifically, microRNA 
was isolated using the MiRNeasy Mini Kit (Qiagen, Germany). This was followed by a further purification step using the 
RNA Clean XP Kit (Cat # A63987, Beckman Coulter, USA). Additionally, a DNase Set without RNase (Cat # 79254, 
Qiagen, Germany) was utilized to eliminate potential DNA contamination. The content and quality of the RNA were 
assessed using two advanced instruments: the NanoDrop 2000 (Thermo Fisher Scientific, USA) and the Agilent 
Bioanalyzer 2100 (Agilent Technologies, USA). For library construction, standardized testing and preparation were 
conducted in accordance with the TruSeq protocol. This step is pivotal for sequencing experiments as it influences the 
quality of sequencing data and the accuracy of subsequent analysis. Ultimately, transcriptome sequencing was performed 
on the Illumina HiSeq 6000 (Illumina, USA) instrument.
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Identification and Functional Enrichment Analysis of Differential Expression of 
CircRNA
The study employed the CIRI (CircRNA Identification) tool16 for the identification of circRNAs. Initially, the BWA- 
MEM algorithm was utilized to split and align sequences. Subsequently, the resulting SAM files were analyzed for PCC 
(Paired Chip Clipping) and PEM (Paired End Mapping) sites. Both these methods are crucial for detecting circRNA, and 
by examining the information from these loci, a preliminary determination of the possible presence of circRNA can be 
made. During the analysis, emphasis was also placed on GT-AG splicing signals and GTAG splicing signals, which are 
significant features in the formation process of circRNA. Analyzing these signals further verifies the authenticity of the 
identified circRNA. To ensure the reliability of the identified circRNA, a dynamic programming algorithm was applied to 
rematch sequences with splice sites.

Gene expression was comprehensively measured using FPKM (Fragments Per Kilobase of exon model per Million 
mapped fragments), where an FPKM value greater than 0.5 indicates expression across all groups. Following the 
acquisition of FPKM expression values for genes or transcripts, differential gene expression analysis between samples/ 
groups was conducted using the edgeR software package, and P-values were calculated. The fold change (FC) based on 
FPKM values is commonly referred to as log2(FC). In this experiment, a P-value of less than 0.05 and an absolute 
log2FoldChange value greater than 1 were used as screening criteria.

Subsequently, GO (Gene Ontology, http://geneontology.org/) and KEGG (Kyoto Encyclopedia of Genes and 
Genomes, http://www.kegg.jp/) were utilized to annotate and analyze the biological functions and pathways associated 
with the DE-circRNA.

Figure 1 Overall Research design Diagram.
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Prediction and Annotation of circRNA Targeting miRNA and mRNA Networks
RNAhybrid (bibiserv.cebitec.uni-bielefeld.de/rnahybrid/), miRanda (www.miranda.org), and TargetScan (www.targetscan. 
org) software were used to predict the interactions between circRNAs, mRNAs, and miRNAs. Additionally, Cytoscape 
software (version 3.7.0) was employed to construct regulatory network diagrams for circRNA-miRNA, circRNA-mRNA, 
and ceRNA interactions, thereby illustrating the complex interplay and regulatory relationships among these targets.

Validation of Sequencing Data Using RT-qPCR
To verify the accuracy of the sequencing results, we randomly detected the expression levels of the identified DE- 
circRNA using RT-qPCR. After extracting the total RNA, reverse transcription reaction was performed on the sample to 
generate the corresponding cDNA. Next, PCR amplification was performed on each type of cDNA using specific 
primers, with each reaction using two microliters of cDNA template. For quantitative analysis, we used the 2-CT relative 
quantification method and selected β - actin as the endogenous control. Firstly, the CT values of the target and reference 
genes for each sample were accurately recorded. Using the standard formula ΔCT = CT (target gene) - CT (reference 
gene), we calculated the ΔCT values for each sample. Furthermore, by comparing the ΔCT values of the model group 
samples with those of the control group samples, using the formula ΔΔCT = ΔCT (model) - ΔCT (control), we evaluated 
the differences between the two groups. Ultimately, based on the formula 2^(-ΔΔCT), we calculated the relative 
expression levels of the target gene in each sample.17

Statistical Analysis
Data were statistically analyzed using SPSS 23.0 software. The Student’s t-test was employed, and a P-value of less than 
0.05 was considered statistically significant. The Benjamini-Hochberg method was used for the enrichment analysis of 
GO and KEGG, where a P-value of less than 0.05 indicated significant enrichment.

Results
Genotyping and Pathological Observation of Liver Tissue in TX Mice
Initially, the genotype of WD model TX mice was identified. The gene testing results for the normal group mice were 
presented in Figure 2A, while those for the model group mice were shown in Figure 2B. Additionally, pathological 
evaluations were conducted on the mouse liver tissue. Following HE staining, it was observed that the liver tissue 
structure of the N group mice exhibited no abnormalities, with hepatic cell cords neatly arranged radiating from the 
central vein to the periphery. In contrast, the NL group displayed disorganized hepatic cellular arrangement, accompanied 
by moderate to severe edema and degeneration. The liver parenchyma presented with partial infiltration of inflammatory 
cells, and focal areas exhibited hepatocyte degeneration and necrosis. (Figure 2C and D).

Quantitative Detection of circRNA Expression
To precisely quantify the expression levels of circRNAs in the hepatic tissues of mice from groups N and NL, and to 
meticulously contrast and analyze the differential gene expression patterns between these two groups, we carried out an 
exhaustive quantitative assessment focused on circRNA expression profiles. This investigation led to the identification of 
2032 circRNA transcripts. Of these, 1436 circRNAs were detected in the model group and 1194 in the control group, with 
an overlap of 598 circRNAs between both groups (Figure 3A). Furthermore, we analyzed the distribution of the identified 
circRNAs across mouse chromosomes. The 2032 circRNA transcripts were found to be distributed across all chromosomes, 
including ChrX and ChrY, with chromosome 2 harboring the highest number of circRNAs. All chromosomes represented in 
the figure (excluding ChrMT, ChrX, and ChrY) are associated with at least 50 circRNAs each (Figure 3B). As illustrated in 
the Circos plots presented in Figure 3C and D, the chromosome distribution of circRNA expression in two groups of mouse 
liver samples was depicted. In these figures, the outermost lines are segmented according to different chromosomes, while 
the four distinct colored rings in the center represent different samples. By analyzing the distribution of each chromosome, 
we can discern the specific distribution pattern of circRNA in each sample.
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Identification of DE-circRNAs
To elucidate the role of circRNA expression in liver fibrosis induced by Wilson’s disease, we conducted 
a comprehensive screening to identify DE-circRNAs in the liver tissues of TX mice from both the N and NL 
groups. Applying the screening criteria of Log2| fold change (FC) | ≥ 1 and P value < 0.05, we identified a total of 
54 DE-circRNAs, comprising 19 that were up-regulated and 35 that were down-regulated. The top 10 DE-circRNAs 
were summarized in Table 1. The scatter plot and volcano plot were depicted in Figure 4A and B, respectively. Blue 
scatter points represent down-regulated DE-circRNAs, red scatter points represent up-regulated DE-circRNAs, and 
gray dots indicate no significant statistical significance. In Figure 4C, different colors represent the distribution of 
data across different groups, with the red line indicating the difference in means. The heat map shown in Figure 4D  

Figure 2 Genotyping Analysis and Histopathological Assessment of Liver Tissue in TX Mice. (A) Genetic Profile of the N Group Mice; (B) Genetic Profile of the NL Group 
Mice; (C) Histopathological Findings in the Liver of N Group Mice (×400); (D) Histopathological Findings in the Liver of NL Group Mice (×400). Red arrow, cellular edema 
and degeneration; Green arrow, cell necrosis; Blue arrow, infiltration of inflammatory cells.
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illustrates the expression levels of the identified DE-circRNAs across different samples from the two groups, with 
light blue representing the N group and pink representing the NL group. A redder color indicates a stronger positive 
correlation, while a bluer color signifies a stronger negative correlation.

Figure 3 Overall Contour of circRNA Expression Detection in TX Mouse Liver. (A) Venn diagram of the distribution of circRNA quantity in the liver of two groups; (B) 
Histogram of the overall distribution of circRNA chromosomes in the liver of two groups; (C) Circos diagram of chromosome distribution of circRNA expression in the 
liver of N group; (D) Circos diagram of chromosomal distribution of circRNA expression in the liver of NL group.

Table 1 Detailed Information on the Up-Regulated and Down-Regulated Top 10 DE-circRNAs Identified in the 
Liver of TX Mice

Circrna_id Known_circrna Gene_id Gene_name Log2fc Pvalue Up/down

CircRNA.2602 - ENSMUSG00000093803 Ppp2r3d 5.533 3.41E-07 UP

CircRNA.2710 MMU_CIRC_0001829 ENSMUSG00000032413 Rasa2 3.577 0.005 UP

CircRNA.1078 - ENSMUSG00000052942 Glis3 3.107 0.026 UP

CircRNA.2478 - ENSMUSG00000005534 Insr 1.425 0.007 UP

(Continued)
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GO Analysis of DE-circRNAs
To delve deeper into the functionalities and distinctive attributes of the identified DE-circRNAs, our analysis revealed 
a marked enrichment in GO categories. This enrichment encompassed 20 biological process (BP), 14 cellular component 
(CC), and 7 molecular function (MF) items. Within the BP category, significant enrichments were detected across 
a diverse array of GO terms, including multicellular organismal process, multi-organism process, regulation of biological 
process, biological_process, immune system process, response to stimulus, locomotion, signaling, biological adhesion, 
reproductive process, single-organism process, localization, positive regulation of biological process, reproduction, 
negative regulation of biological process, cellular process, growth, cellular component organization or biogenesis, 
metabolic process, and developmental process. In the CC category, the identified DE-circRNAs were significantly 
associated with cell junction, membrane, organelle, membrane-enclosed lumen, cell, organelle part, extracellular region, 
cell part, synapse part, extracellular region part, macromolecular complex, synapse, membrane part, and supramolecular 
complex. Meanwhile, within the MF category, the enriched terms included those related to structural molecule activity, 
binding, catalytic activity, molecular function regulator, nucleic acid binding transcription factor activity, molecular 
transducer activity, and signal transducer activity (Figure 5A). The graphical representation of the interactive network 
between the Top 30 DE-circRNAs and their corresponding proteins was depicted in Figure 5B.

KEGG Classification and Enrichment Analysis Based on DE-circRNAs
To delineate the functional significance and biological roles of the identified DE-cicRNAs, we subjected the dataset to 
a KEGG pathway analysis utilizing a sophisticated cluster analyzer. The enriched pathways were classified under existing 
classification conditions, which include cellular processes such as cell motility, cell growth, and death; metabolic 
categories encompassing carbohydrate metabolism, global and overview maps, metabolism of cofactors and vitamins, 
amino acid metabolism, lipid metabolism, nucleotide metabolism; environmental information processing involving 
signaling molecules and interaction, and signal transduction; organizational systems comprising endocrine system, 
immune system, circulatory system, nervous system, and Excretory system (Figure 6A). In the KEGG pathway analysis, 
the integrated differential genes were predominantly enriched in pathways such as the HIF-1, PI3K-Akt, AMPK, FoxO, 
signaling pathway regulating stem cell pluripotency, phospholipase D, mTOR, Ras, cGMP-PKG, MAPK, and Rap1 
signaling pathway. The top 30 KEGG enrichment pathways obtained have been visualized (Figure 6B).

Construction of CircRNA-miRNA Interaction Network and CircRNA-mRNA 
Co-Expression Network
In the present study, we employed RNA-seq analysis to identify a total of 1788 miRNAs in the NL and N groups. In 
comparison to the N group, NL group exhibited differential expression for 182 miRNAs. By predicting the targets of 
these miRNAs, we were able to delineate the interactions between miRNAs and circRNAs. Subsequently, we utilized 
Cytoscape software to construct a comprehensive circRNA-miRNA regulatory network, highlighting the intricate inter-
play between these regulatory molecules. Moreover, our investigation uncovered 3379 DE-mRNA transcripts. Through 

Table 1 (Continued). 

Circrna_id Known_circrna Gene_id Gene_name Log2fc Pvalue Up/down

CircRNA.665 - ENSMUSG00000055737 Ghr −4.688 0.001 DOWN

CircRNA.393 - ENSMUSG00000047454 Gphn −3.908 0.008 DOWN

CircRNA.1150 MMU_CIRC_0000921 ENSMUSG00000096370 Gm21992 −3.619 0.022 DOWN

CircRNA.1494 MMU_CIRC_0001017 ENSMUSG00000052155 Acvr2a −3.166 0.033 DOWN

CircRNA.97 - ENSMUSG00000047638 Nr1h4 −2.489 0.043 DOWN

CircRNA.1927 - ENSMUSG00000005373 Mlxipl −2.317 0.014 DOWN
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the prediction of mRNA targets, we identified multiple circRNA-mRNA co-expression networks, each exhibiting varying 
degrees of connectivity and centered on distinct circRNAs. The interactive and co-expression relationships between 
circRNA-mRNA pairs were illustrated in Figures 7A and B.

Construction of CeRNA Regulatory Network for CircRNA-miRNA-mRNA
Through the prediction of circRNA-miRNA and circRNA-mRNA interactions between two distinct groups, we eluci-
dated a critical ceRNA regulatory network comprising 20 circRNAs, 7 miRNAs, and 75 mRNAs as pivotal nodes. The 

Figure 4 Expression and distribution characteristics of DE-circRNA in the liver of two groups of TX mice. (A) Scatter plot of the identified DE-circRNAs; (B) Volcano map 
of the identified DE-circRNAs; (C) Distribution map of log2 (SRPBM) for the identified DE-circRNAs; (D) Heat map of the distribution of the identified DE-circRNAs.
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comprehensive circRNA-miRNA-mRNA interaction network diagram for the liver of TX mice was depicted in Figure 8, 
providing a visual representation of the intricate regulatory landscape.

RT qPCR Validation
To ascertain the validity of the identified DE-circRNAs, a random validation via RT-qPCR was performed. The 
outcomes revealed a significant up-regulation of mmu_circ_0000897, mmu_circ_0000943, and mmu_circ_0001829, 
whereas a notable down-regulation was observed for mmu_circ_0000847, mmu_circ_0001017, and mmu_-
circ_0000652. Statistical analysis confirmed that these discrepancies were significant (P<0.05), thereby substantiat-
ing the dependability of the sequencing analysis findings (Figure 9).

Figure 5 GO analysis of DE-circRNA in the liver of TX mice. (A) GO classification bar chart of DE-cicRNA in the liver of TX mouse; (B) GO enriched Sangi plot of DE- 
cicRNA in the liver of TX mice.
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Discussion
The rarity of genetic features associated with WD has historically impeded comprehensive and in-depth research on the 
condition. Nonetheless, the advent and swift progress of high-throughput sequencing technologies in recent years have 
unlocked new avenues for exploring the intricate molecular and biological underpinnings of liver fibrosis instigated by 
WD. The expression and pivotal roles of various circRNAs in liver fibrosis have been identified and corroborated using 
RNA-seq technology.18 In the current investigation, we utilized transcriptome sequencing technology to screen 54 DE- 
circRNAs, including 19 that were up-regulated and 35 that were down-regulated within the liver tissue of TX mice. The 
gene functions and attributes enriched by GO mainly include single organic process, cellular process, metabolic process, 
cell, cell part, organelle, binding, catalytic activity, etc. Further identification of relevant pathways using KEGG involves 
the HIF-1, PI3K-Akt, AMPK, FoxO, signaling pathway regulating stem cell pluripotency, phospholipase D, mTOR, Ras, 
cGMP PKG, MAPK, Rap1 signaling pathway, etc. The circRNA-miRNA-mRNA interaction network has been estab-
lished to elucidate the key mechanisms of the ceRNA ternary regulatory network. Additionally, the expression levels of 

Figure 6 KEGG analysis of DE-circRNA in the liver of TX mice. (A) KEGG classification diagram of DE-circRNA in the liver of TX mice; (B) KEGG Bubble Chart of DE- 
circRNA Expression in the liver of TX mice.
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Figure 7 Interaction and co-expression network diagram of circRNA-miRNA and circRNA-mRNA in the liver of TX mice. (A) The circRNA-miRNA interaction network in 
the liver of TX mice; (B) The circRNA-mRNA co-expression interaction network in the liver of TX mice.
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six arbitrarily selected DE-circRNAs were confirmed by RT-qPCR detection, and consistent results were obtained. 
Therefore, the identified DE-circRNA and ceRNA networks can serve as important targets for studying WD-induced 
liver fibrosis, laying the foundation for further exploration of its pathological mechanisms.

The DE-circRNAs identified in this study have been validated to be implicated in glucose metabolism, lipid 
metabolism, and other related processes. GLIS family zinc finger 3 (GLIS3), a nuclear protein, has been found to 
selectively participate in the regulation of insulin gene expression.19 It is worth noting that the insulin receptor (INSR) 
plays a crucial role in maintaining glucose homeostasis.20 Research has shown that long-term inhibitory stress can 
alleviate liver fibrosis caused by carbon tetrachloride through the INSR/PI3K/AKT/AMPK signaling pathway.21 

Similarly, studies have confirmed that G6pc (glucose-6-phosphatase catalytic subunit), Abhd2 (acyl-CoA binding domain 
containing 2), Scp2 (sterol carrier protein 2), growth hormone receptor (GHR), and MLX interacting protein-like 
(MLXIPL) are all associated with liver glucose and lipid metabolism.22–26

Furthermore, the regulatory roles of activin receptor type-2A (ACVR2A) and nuclear receptor subfamily 1, group H, 
member 4 (NR1H4) genes in liver fibrosis have been elucidated in this study. Specifically, ACVR2A is primarily 

Figure 8 The circRNA-miRNA-mRNA interaction network diagram in TX mouse liver.
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responsible for mediating the biological effects of the transforming growth factor-β 1 (TGF-β1) superfamily. Research 
has demonstrated that downregulation of ACVR2A inhibits the activation of HSC, thereby exerting an antifibrotic effect 
on the liver.27 Additionally, NR1H4 plays a significant role in regulating inflammation and fibrosis. By inhibiting HSC 
activation, NR1H4 effectively alleviates liver fibrosis.28,29

In addition, the identified Ppp2r3d and Staphylococcal nuclease and tudor domain containing 1 (SND1) have been 
found to be associated with certain liver diseases. Ppp2r3d primarily originates from the serine/threonine protein 
phosphatase 2A (PP2A) family, which plays a key role in regulating cell division, growth, and differentiation 
signaling.30 Research has shown that PP2A inhibitors can participate in the progression of non-alcoholic fatty liver 

Figure 9 RT-qPCR validation of the selected DE-circRNA. (A) mmu circ 0000897; (B) mmu circ 0000943; (C) mmu circ 0001829; (D) mmu circ 0000847; (E) mmu circ 
0001017; (F) mmu circ 0000652.
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disease (NAFLD) by triggering miR21 activation in a NADPH oxidase 2 (NOX2)-dependent manner.31 SND1 is 
a conserved multifunctional protein that has been implicated in mitochondrial autophagy and specific liver 
pathologies.32 However, there is limited research on the role of certain DE-circRNAs identified in liver fibrosis. 
RASA2, as a RAS GTPase-activating protein (RasGAP), mainly inhibits the downstream RAS signaling pathway 
activated by T cell receptors (TCR), suggesting potential immune regulatory mechanisms.33 Gephyrin, also known as 
Gphn, can prevent the accumulation of neurotransmitter receptors on the postsynaptic membrane of nerve cells. This 
protein has been found in non-neuronal liver cells34 and is affected by serine phosphorylation when the mTOR signaling 
pathway is inhibited.35 The Gm21992 locus is believed to be a spontaneous transcription event that connects adjacent 
Rbm14 (RNA binding motif protein 14) and Rbm4 (RNA binding motif protein 4) genes.36 This study observed 
differential expression of Gphn and Gm21992 in the liver of WD, and their potential mechanisms need further 
clarification.

The roles of certain signaling pathways identified in this study have been previously reported in the pathogenesis of 
WD. Research has demonstrated that the activation of HIF-1 signal can improve hepatic steatosis in zebrafish ATP7B 
deficiency (WD model).37 The autophagy regulated by the PI3K/Akt/mTOR signaling pathway is considered a possible 
mechanism of traditional Chinese medicine compound intervention in WD-induced liver fibrosis.38 The research 
indicated that P38mapk was linked to the onset of acute liver damage in the WD model LEC (Long Evans Cinnamon) 
rats.39 Further elucidation of the precise mechanisms underlying the other identified signaling pathways in liver fibrosis 
triggered by Wilson’s disease is warranted.

In addition, this study constructed a ceRNA regulatory network based on DE-circRNAs by predicting circRNA- 
miRNA interactions and circRNA-mRNA co-expression relationships. This research contributes to the molecular 
understanding of the pathogenesis of WD-induced liver fibrosis. Moreover, by directly targeting specific nodes 
within the circRNA or ceRNA network, the expression of other RNA molecules (such as lncRNAs, miRNAs, etc.) in 
the network can be modulated. This approach restores the regulatory function of circRNA genes and rebalances the 
entire ceRNA network, thereby exerting a positive effect on the pathological and physiological processes associated 
with WD. This has significant implications for the development of treatment strategies for WD-induced liver 
fibrosis.

This study has several limitations. Primarily, the sample size employed is relatively small, necessitating additional 
research with expanded samples. While we have identified DE-circRNA in the livers of TX mice, and performed GO 
and KEGG analysis, constructing a competing ceRNA regulatory network, the implicated targets and pathways remain 
extensive and intricate. Due to limitations in our research design, we were unable to validate additional targets. 
Moving forward, we are committed to conducting a more in-depth investigation. Moreover, conventional transcriptome 
sequencing fails to provide detailed cellular data, spatial localization, or morphological information. Future studies 
should incorporate single-cell and spatial transcriptome sequencing to more comprehensively elucidate these 
mechanisms.

Conclusion
In summary, this study utilized RNA-seq to determine the differential expression of circRNAs in the liver of TX mice. 
We further explored the biological properties, functions, and signaling pathways of these genes through GO and KEGG 
analysis. Building on these findings, we constructed a ceRNA regulatory network involving circRNA, miRNA, and 
mRNA. This research lays the groundwork for investigating the molecular mechanisms underlying WD-induced liver 
fibrosis and offers novel strategies for identifying potential diagnostic and therapeutic targets.

Data Sharing Statement
The datasets generated and/or analysed during the current study are available from the corresponding author on reason-
able request.
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