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Background

Chronic apical periodontitis (CAP) is a prevalent oral inflammatory disease, yet the complex mechanisms underlying its etiology remain unclear. A recently identified cell death pathway known as cuproptosis may be linked to this condition.





Methods

Differentially expressed cuproptosis-related genes (DE-CRGs) were identified by integrating human CAP dataset (GSE237398) with health control (HC) dataset (GSE223924) from the Gene Expression Omnibus (GEO) database. Subsequently, single-cell RNA sequencing (scRNA-seq) data from clinical samples with CAP (n=3) and HC (n=3) from the GSE171213 dataset were analyzed to assess variations across different cell clusters. The association of CRGs with macrophages and fibroblasts in periodontitis was then explored. Fibroblasts and macrophages were selected for further analysis, which included subset classification, cell-chat analysis, and functional enrichment analysis. Additionally, Receiver Operating Characteristic (ROC) curves were employed to evaluate the discriminatory ability of gene features. Changes in DE-CRGs within the whole periodontitis tissue were confirmed through quantitative real-time PCR (qRT-PCR) and immumohistochemical staining (IHC).





Results

Eight CAP-related DE-CRGs were identified through bulk mRNA sequencing. Numerous interactions among these CRGs were observed, highlighting the complexity of protein-protein interactions. ROC curve analysis demonstrated strong diagnostic potential for these genes. ScRNA-seq sequencing revealed significant alterations in CRGs within fibroblasts and macrophages, along with close intercellular communication between these cell clusters. qRT-PCR and IHC analysis of clinical samples further confirmed DE-CRGs expression in CAP.





Conclusion

These findings suggest that CRGs are closely associated with the COL4A1-Fibro and APOE-Macro intercellular interactions, which may facilitate the occurrence and progression of cuproptosis in chronic apical periodontitis.





Keywords: cuproptosis, chronic apical periodontitis, single-cell RNA sequencing, copper homeostasis imbalance, cell-cell communication




1 Introduction

Apical periodontitis (AP) refers to an inflammatory reaction occurring in the tissues surrounding the apex of the tooth, commonly resulting from bacterial infection in the root canal. AP is typically diagnosed based on symptoms, radiographic findings, and pulp vitality tests. Reports indicate that the prevalence of AP is 52%, with a higher incidence observed in individuals with systemic conditions (1). The disease can progress in either an acute or chronic manner, often presenting as a chronic asymptomatic illness. Chronic apical periodontitis (CAP) is characterized by an exaggerated immune response to persistent irritants within the root canal, which primarily leads to the destruction of periapical tissues, resorption of alveolar bone, and the formation of inflammatory granulation tissue (2). Throughout this process, complex regulatory mechanisms govern the activity of host effector cells and signaling molecules during interactions with pathogenic microbes are involved (3).

In recent years, cuproptosis has been identified and implicated in various diseases. This newly defined form of programmed cell death is related to mitochondrial respiration and is distinct from apoptosis, pyroptosis, ferroptosis, and necrosis (4, 5). Copper, a trace element in the human body, has been strongly associated with various signaling pathways. Excess intracellular copper induces the aggregation of lipoylated dihydrolipoamide S-acetyltransferase (DLAT), which is linked to the mitochondrial tricarboxylic acid (TCA) cycle. This aggregation results in proteotoxic stress and leads to a novel form of cell death termed cuproptosis (6). Studies have demonstrated that cuproptosis plays a significant role in the pathogenesis of multiple diseases, including cancer (7), rheumatoid arthritis (8), and cardiovascular diseases (9). Additionally, it has been reported to be associated with the development of osteoporosis, suggesting that cuproptosis may serve as a potential target for osteoporosis treatment (10). Furthermore, in oral diseases, cuproptosis has been shown to be a crucial factor in the pathophysiological process of periodontitis (11, 12). Pulpal infection spreads through the apical foramen into the periapical tissues, ultimately leading to the development of AP (13). It has been demonstrated that cuproptosis exacerbates the progression of pulpitis by suppressing the pentose phosphate pathway (14). However, the role of cuproptosis in CAP and its underlying molecular mechanisms remains to be investigated.

The current study aimed to investigate the relationship of copper-dependent cell death with chronic apical periodontitis. Cuproptosis-related genes (CRGs) are implicated in this form of cell death. In our research, we screened 19 CRGs using conventional bulk sequencing and single-cell RNA sequencing (scRNA-seq) to detect expression changes of relevant genes across different cell clusters in chronic apical periodontitis. Additionally, we confirmed the alteration of key genes in human periapical tissues using quantitative real-time PCR (RT-PCR) and immumohistochemical staining (IHC). Our study provides insights into the characteristic imbalance of copper homeostasis in CAP, enhancing our understanding of its pathogenesis and contributing to the identification of effective therapeutic strategies.




2 Materials and methods



2.1 Bulk RNA sequencing



2.1.1 Data acquisition

We retrieved two microarray datasets from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/): GSE237398 (containing 10 CAP tissue samples) (15) and GSE223924 (comprising 10 healthy periodontal tissue samples) (16) from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). The 19 CRGs (NFE2L2, SLC31A1, FDX1, LIAS, DLD, DLAT, DBT, NLRP3, LIPT1, PDHA1, PDHB, ATP7A, ATP7B, GLS, MTF1, CDKN2A, SLC25A3, GCSH, and DLST) used in our study were based on previous studies (4, 17).




2.1.2 Determination of differentially expressed genes

Prior to conducting differential gene expression analysis, read counts for each sequenced library were adjusted using the edgeR program package through a single scaling normalization factor. The DEGs between healthy tissues and those affected by CAP were identified using the the edgeR package (3.40.2) (18) and presented in heat maps and volcano plots. In the current analysis, DEGs were identified using a significance threshold of adjusted p < 0.05 combined with an absolute log2 fold change (log2FC) > 1.




2.1.3 Protein-protein interaction network construction and module analysis

We utilized the STRING database (http://string-db.org/) (19), which is known for predicting Protein-Protein Interactions, to construct a PPI network of the CRGs. An interaction was deemed significant when the composite score exceeded 0.4.




2.1.4 Construction of the prognostic model

To evaluate the diagnostic performance of the predictive model, a Receiver Operating Characteristic (ROC) curve was generated. The area under the curve (AUC) was calculated to quantify the model’s discriminative ability. AUC values approaching 1 indicate superior diagnostic performance, while values near 0.5 suggest that the model performs no better than random chance.





2.2 Single-cell RNA sequencing



2.2.1 Ethics and clinical sample collection

Three periapical lesion samples were collected from extracted teeth using a sterile knife and were immediately transported to the laboratory on dry ice. Sample A was obtained from a 57-year-old male, Sample B from a 25-year-old female, and Sample C from a 51-year-old female. The inclusion criteria were as followed: (1) a confirmed diagnosis of chronic apical periodontitis; (2) systemically healthy individuals without diabetes mellitus, immunodeficiency, or malignancies; (3) no use of antibiotics or anti-inflammatory medications within three months prior to sampling; and (4) non-restorable affected teeth. The exclusion criteria were: (1) the presence of systemic diseases such as diabetes mellitus, immunodeficiency, or malignancies; (2) concurrent acute pulpitis or acute apical inflammation; and (3) pregnant or lactating women. Informed consent was obtained from all patients. This study was approved by the Ethics Committee of The Affiliated Hospital of Qingdao University (No. QYFY WZLL 28579) and was conducted in accordance with the principles outlined in the Declaration of Helsinki. The procedure for preparing single-cell suspensions was based on a previous study (20).




2.2.2 scRNA-seq

The cell suspension was loaded into Chromium microfluidic chips using 3’ chemistry (v2) and barcoded with a 10× Chromium Controller (10× Genomics). RNA from the barcoded cells was subsequently reverse-transcribed, and sequencing libraries were constructed using reagents from a Chromium Single Cell 3’ v2 reagent kit (10× Genomics), following the manufacturer’s instructions. Sequencing was conducted with Illumina platforms in accordance with the manufacturer’s guidelines (Illumina).




2.2.3 Two atlas cell datasets integration and single-cell sequencing data analysis

The scRNA-seq data from three healthy control (HC) samples, obtained from clinically healthy periodontal tissues, were sourced from the GSE171213 dataset (GSM5220921, GSM5220922, and GSM5220923) (21). The HC datasets were integrated with three datasets from chronic CAP cases using the Harmony package (22). Subsequently, principal component analysis (PCA) was performed with 30 dimensions, followed by clustering using the FindClusters function at a resolution of 0.6 to explore cell heterogeneity. A list of marker genes from the literature and the CellMarker 2.0 database (23) was utilized to annotate the cell subpopolations. Differential expression analysis conducted with the limma package led to the identification of differentially expressed genes, defined by an adjusted p-value < 0.05 and log2FC > 0.25. Additionally, the R package CellChat was employed to assess cell–cell interactions based on existing databases.




2.2.4 Functional analysis of DE-CRGs in fibroblast and macrophage

To validate the potential function of the DE-CRGs, we conducted Gene Ontology (GO) (24) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (25) enrichment analyses. The GO enrichment analysis of differentially expressed genes was performed using the clusterProfiler R package (4.6.2) (26), which corrected for gene length bias. GO terms with a corrected p-value of less than 0.05 were considered significantly enriched functions within the gene set. The KEGG database serves as a resource for understanding high-level functions and utilities of biological systems, including cells, organisms, and ecosystems, derived from molecular-level information, particularly large-scale molecular datasets generated by genome sequencing and other high-throughput experimental technologies (http://www.genome.jp/kegg/). We utilized the clusterProfiler R package to assess the statistical enrichment of differentially expressed genes in KEGG pathways.





2.3 Experimental verification



2.3.1 Real-time quantitative PCR

We collected three samples of periapical tissue and three healthy tissues for qRT-PCR. The criteria including X-ray results and operative exploration was described in previous study (27). Total RNA was extracted using Steadypure Total RNA Extraction Reagent (AG, Hunan, China). First-strand cDNA synthesis was performed using the Reverse Transcription System (AG, Hunan, China) according to the manufacturer’s instructions. qRT-PCR was performed with SYBR Green Premix Pro Taq HS qPCR Kit (AG, Hunan, China). The following genes were quantified: (NFE2L2, NLRP3, DLST, ATP7A, ATP7B, GLS, SLC25A3, and GCSH). GAPDH was used as the internal normalization control. Primer sequences are shown in Table 1. The expression of each gene was calculated using the 2-ΔΔCT methods. The gene expression ratio was shown as mean ± standard deviation from three independent experiments.


Table 1 | Oligonucleotide primer sequences used in qRT-PCR.
	Gene
	Sequence (5’-3’)



	NFE2L2
	Forward
	TCAGCGACGGAAAGAGTATGA


	Reverse
	CCACTGGTTTCTGACTGGATGT


	NLRP3
	Forward
	CGTGAGTCCCATTAAGATGGAGT


	Reverse
	CCCGACAGTGGATATAGAACAGA


	DLST
	Forward
	GGTTCCATCACCAGCAAA


	Reverse
	AGTCCCAATCCCAAGAGG


	ATP7A
	Forward
	TGTGTGCAGTCTATTGAGGGT


	Reverse
	TGACAAGGTAGCATCAAATCCC


	ATP7B
	Forward
	GGCCGTCATCACTTATCAGCC


	Reverse
	GGGAGCCACTTTGCTCTTGA


	GLS
	Forward
	ATTCAGTCCCGATTTGTGGGG


	Reverse
	AGAAGGGAACTTTGGTATCTCCA


	SLC25A3
	Forward
	TGGTGTTCGTGGTTTGGCTAA


	Reverse
	GATGTGCGCCAGAGATAAGTATT


	GCSH
	Forward
	GTCTCCCTGAAGTTGGGACA


	Reverse
	TCTGAAGGGTTACTCAGTGTCA










2.3.2 Immumohistochemical staining

Human tissues were fixed in 4% paraformaldehyde and subsequently embedded in paraffin. The sections were deparaffinized in xylene and rehydrated through a series of graded ethanol solutions. To block non-specific binding sites, 3% BSA was applied. The slides were incubated overnight at 4°C with primary antibodies against ATP7A (1:200, BIOSS), ATP7B (1:200, PTGLAB), NFE2L2 (1:200, BIOSS), and SLC25A3 (1:200, BIOSS). Following incubation, sections were washed with PBS and incubated with HRP-conjugated secondary antibodies for 30 minutes. Signal detection was carried out using DAB chromogen, followed by hematoxylin counterstaining. The slides were dehydrated, mounted, and examined under a light microscope. For each marker, staining intensity and the percentage of positive cells were scored semi-quantitatively in five randomly selected high-power fields per slide.





2.4 Statistical analysis

GraphPad Prism 9.5 and Seurat R v4.3.0.1 (https://www.R-project.org) were used for data processing nd analyses. Differences between groups were analyzed by Student’s t-test. All statistical p-values were two-tailed, and p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.005.





3 Results



3.1 Identifification of cuproptosis in chronic apical periodontitis

Figure 1 illustrates the overall study design framework. Ten samples from the GSE223924 dataset (GSM7006826, GSM7006827, GSM7006828, GSM7006829, GSM7006830, GSM7006831, GSM7006832, GSM7006833, GSM7006834, and GSM7006835) were selected as the control group, while ten samples from the GSE237398 dataset (GSM7610850, GSM7610851, GSM7610852, GSM7610853, GSM7610854, GSM7610855, GSM7610856, GSM7610857, GSM7610858, and GSM7610859) were designated as the apical periodontitis group. Utilizing the edgeR package, we identified a total of 8603 DEGs, which included 4332 upregulated genes and 4,271 downregulated genes (Figure 2A). A heatmap of differentially expressed genes revealed distinct expression patterns between the treatment and control groups, highlighting clusters of upregulated and downregulated genes (Figure 2B). Further details regarding the DEGs can be found in Supplementary Table 1.

[image: Flowchart comparing bulk RNA and single-cell RNA sequencing. Bulk RNA sequencing includes human periapical lesion and healthy control samples, leading to DE-CRGs analysis and experimental verification through qRT-PCR and IHC. Single-cell RNA sequencing involves lesion and control samples, data processing, clustering, and data analysis, focusing on CRG expressions and various analyses.]
Figure 1 | Flowchart of the whole study strategy on bioinformatic data. CRGs, cuproptosis-related genes; DEGs, differentially expressed genes; DE-CRGs, differentially expressed cuproptosis-related genes; PPI, protein-protein interaction.

[image: A composite image depicting multiple data visualizations related to gene expression:  A. A volcano plot showing differentially expressed genes with red and blue dots representing up-regulation and down-regulation.   B. A heatmap clustering gene expression levels in CAP and control groups with a color gradient from blue to red.   C. A Venn diagram displaying overlap between up-regulated, down-regulated, and differentially expressed genes (DE-CRGs).  D. Another heatmap focused on specific genes with color coding for expression levels.  E. A box plot comparing gene expression between CAP and control groups, highlighted with asterisks for significant differences.  F. A network diagram illustrating interactions between specific genes.  G. A correlation heatmap with Spearman’s coefficients, showing relationships between genes with a gradient from green to red.]
Figure 2 | Identification of differentially expressed cuproptosis-related genes (DE-CRGs) in CAP and HC. (A) Volcano plots of DEGs, and adj. p value < 0.05, the up-expressed mRNAs are shown in red and the down-expressed mRNAs are shown in blue, the X-axis represents log2FC, the Y-axis represents represents -log10 (adj. p value). (B) Clustered heatmap of DEGs. (C) Venn diagram, determination of 8 DE-CRGs. (D) Clustered heatmap of DE-CRGs. (E) The bar graph shows the mRNA expression of 8 DE-CRGs between control group and CAP group. (F) Protein-protein interaction (PPI) network of the CRGs. (G) Correlations of the CRGs in the CAP samples Red, positive correlation; Green, negative correlation. The color depth and the size reflect the strength of the relevance. *p < 0.05.

Nineteen CRGs were mapped to the DEG set, resulting in the identification of eight DE-CRGs associated with apical periodontal tissue. A Venn diagram was generated to illustrate the DE-CRGs using the VennDiagram R package (28) (Figure 2C). Among these, four CRGs were found to be down-regulated in chronic apical periodontitis (CAP), namely Nuclear Factor Erythroid 2-Related Factor 2 (NFE2L2), Dihydrolipoamide S-Succinyltransferase (DLST), Solute Carrier Family 25 Member (SLC25A3), and Glycine Cleavage H Protein (GCSH). In contrast, four CRGs were up-regulated in CAP, including NLR Family Pyrin Domain Containing 3 (NLRP3), Copper Transporting ATPases (ATP7A, ATP7B), and Glutaminase (GLS) (Figures 2D, E).




3.2 PPI analysis of CRGs

To identify protein relationships, we constructed a PPI network of CRGs. The results revealed multiple interactions among the CRGs, highlighting the complexity of protein interactions. Specifically, ATP7A, ATP7B, and MTF1 exhibited significant protein-protein interactions, while NFE2L2 and NLRP3 also demonstrated interactions. Furthermore, the remaining 14 CRGs displayed various protein-protein interactions (Figures 2F, G). These findings suggest a close relationship between cuproptosis and apical periodontitis.




3.3 scRNA-seq and cellular constitution of human apical periodontal tissues

To preliminarily investigate the composition of cell populations in human apical periodontal tissues, we conducted scRNA-seq analysis on human periapical tissues from three healthy controls and three patients with CAP. Following standard data processing and quality control procedures, we obtained single-cell transcriptomes from a total of 39,418 single cells, comprising 11,647 cells from healthy controls and 27,771 cells from patients with CAP.

T-SNE and UMAP dimensionality reduction techniques were employed for visualization. As illustrated in Figures 3A and 3B, the cells were classified into 21 distinct clusters. Utilizing the identified marker genes, these clusters were subsequently annotated into 12 major cell types: T lymphocytes, B lymphocytes, neutrophils, fibroblasts, endothelial cells, natural killer (NK) cells, monocytes-macrophages, dendritic cells (DC), basal cells, epithelial cells, mast cells, and osteoblasts (Figure 3C). Each cluster was annotated based on the principal markers, and the expression profiles of the representative marker genes across the cell populations were demonstrated. (Figures 3D, E, Supplementary Figure 1).

[image: Panel A displays a t-SNE plot showing clustering of cells; panel B shows a UMAP plot with similar clusters. Panel C contains a dot plot representing the expression of various features across different cell types. Panel D presents another UMAP plot with colored clusters labeled by cell type. Panel E features a heatmap describing relationships between cell types. Panel F includes a stacked bar chart indicating cell type distribution across conditions. Panel G shows violin plots comparing score distributions between control and CAP groups for several cell types, accompanied by p-values.]
Figure 3 | Clustering and differential analysis of scRNA-seq data. (A, B) Cells in scRNA-seq were classified into 21 clusters by dimensional reduction and clustering analysis. (C) Marker gene expression in each cluster. (D) The UMAP diagram diagram shows the distribution of the 13 major cell types in each sample. (E) A heatmap showing the top 5 differentially expressed genes in each cell type. (F) Histogram overlays display the proportion of cell types in each sample. (G) The expression of CRGs in each cell type.

We subsequently compared the proportions of each cell cluster between the CAP and HC samples (Figure 3F). Our analysis revealed significant reductions in the fractions of T cell and NK clusters within the CAP group relative to the HC group. Notably, the abundance of B cells was slightly elevated in the CAP group compared to the HC group. Additionally, the percentages of endothelial cells, monocytes-macrophages, and basal cells were markedly increased in the CAP group when compared to the HC group.




3.4 The interaction between macrophages and fibroblasts represents a potential mechanism regulating cuproptosis in CAP

To investigate the expression changes of CRGs across various cell types within apical periodontal tissue and healthy tissue, we analyzed the scRNA-seq data. The expression levels of CRGs in B lymphocytes, neutrophils, fibroblasts, endothelial cells, monocyte-macrophages, DC, basal cells and mast cells were significantly different between the CAP group and control group (p < 0.05) (Figure 3G). Featureplot heatmap of each DE-CRGs were demonstrated in Supplementary Figure 2.

Significant variations in the expression of CRGs were observed in 2 cell clusters: fibroblast-CAP and macrophage-CAP. To further elucidate the relationship between CRGs and apical periodontiti s, we compared the expression of CRGs in fibroblast and macrophage cell clusters between the CAP and healthy control groups. The expression levels of CRGs in these two cell types are depicted in Figures 4A and 4B. Most CRGs exhibited differential expression, with the exception of DBT, PDHB, LIAS, CDKN2A, DLAT, SLC25A3, ATP7B, DLST, and PDHA1 in macrophages (p < 0.05). We utilized CellChat (29), a tool that employs a database of ligand-receptor interactions to analyze cell-cell communication from scRNA-seq data, to identify noteworthy cell subsets. Our findings revealed significant differences in cell-cell interactions between the control and CAP samples, with an increased number of interactions observed in the CAP group (Figures 4C, D). Notably, the intensity of cell-cell interactions between fibroblasts and macrophages was significantly enhanced in the CAP group (Figures 4E, F).

[image: Violin plots (A, B) compare cell type expression between CAP and Control groups, with blue and red representing each group respectively. Network diagrams (C, D) illustrate interactions among various cell types, connected by lines of varying thickness indicating interaction strength. Heatmaps (E, F) contrast differential interaction strength and number of interactions among cell types, with a gradient from blue to red showing intensity levels.]
Figure 4 | Intercellular communication between clusters and CRGs expression in fibroblasts and macrophages. (A) The expression of CRGs in fibroblasts. (B) The expression of CRGs in macrophage. (C) Differential interaction strength between the clusters by CellChat. Red line represents the CAP group, Blue line represents the control group. (D) Differential interaction number between the clusters by CellChat. Red line represents the CAP group, Blue line represents the control group. (E) The heatmap shows the differential interaction strength. (F) The heatmap shows the differential interaction number.




3.5 Cell subsets of macrophage and fibroblast and correlation analysis of CRGs

We identified six distinct subclusters of fibroblasts, each characterized by multiple differentially expressed genes (Figures 5A–C). These subclusters include COLA1-Fibro, COL11A1-Fibro, CTHRC1-Fibro, IGHG4-Fibro, EBF1-Fibro, and PLPP1-Fibro. In chronic apical periodontal tissues, the fibroblast subpopulations COL4A1-Fibro and EBF1-Fibro were found to occupy a more dominant position. Furthermore, we identified six subclusters of macrophages, each characterized by multiple differentially expressed genes (Figures 5D–F). These subclusters are APOE-Macro, PTGDS-Macro, VCAN-Macro, ATF3-Macro, HLA-DQB1-Macro, and SPP1-Macro. During the inflammatory cell infiltration associated with chronic apical periodontitis, the macrophage subpopulation APOE-Macro became more predominant. We conducted cell-chat analysis on the subpopulations of fibroblasts and macrophages, revealing that the intensity of cell-cell interactions among APOE-Macro, PTGDS-Macro, VCAN-Macro, SPP1-Macro, and COLA1-Fibro was significantly enhanced in the CAP group (Figures 5G–J). Moreover, ligand-receptor pair analysis indicated that various signaling pathways were involved in these intercellular interactions (Supplementary Figure 3).

[image: A series of scientific data visualizations comparing CAP and Control groups. Panels A and B show UMAP plots with cell types differentiated by color. Panel C presents bar charts comparing proportions of cell types in CAP and Control groups. Panels D and E display additional UMAP plots for a different dataset, while Panel F provides corresponding bar charts. Panels G and H are network diagrams illustrating interactions between various cell types. Panels I and J feature heatmaps highlighting differential interaction strengths. Each panel contrasts CAP and Control groups, emphasizing differences in cellular composition and interactions.]
Figure 5 | Clustering subtypes and Intercellular communication of fibroblasts and macrophages in scRNA-seq data. (A) The UMAP diagram shows the fibroblast cells were classified into 6 clusters using dimensional reduction and clustering analysis in CAP group. (B) The UMAP diagram shows the fibroblast cells were classified into 6 clusters using dimensional reduction and clustering analysis in control group. (C) Histogram overlays display the proportion of cell clusters in CAP and control group. (D) The UMAP diagram shows the macrophage cells were classified into 6 clusters using dimensional reduction and clustering analysis in CAP group. (E) The UMAP diagram shows the macrophage cells were classified into 6 clusters using dimensional reduction and clustering analysis in control group. (F) Histogram overlays display the proportion of cell clusters in CAP and control group. (G) Differential interaction strength between the clusters by CellChat. Red line represents the CAP group, Blue line represents the control group. (H) Differential interaction number between the clusters by CellChat. Red line represents the CAP group, Blue line represents the control group. (I) The heatmap shows the differential interaction strength. (J) The heatmap shows the differential interaction number.

The relationship between DE-CRGs and the fibroblast and macrophage subpopulations in CAP was analyzed to further investigate the potential mechanisms by which CRGs influence the progression of CAP. The expression of CRGs in fibroblast and macrophage cell subsets within the CAP and control groups is depicted in Figures 6A and 6B. We found that the cuproptosis scores of CTHRC1-Fibro, EBF1-Fibro, PLPP3-Fibro, PTGDS-Macro, VCAN-Macro, ATF3-Macro, and SPP1-Macro exhibited significant differences (p < 0.05), highlighting a close relationship between these cell subsets and cuproptosis (Figures 6C, D). Several CRGs were strongly correlated with fibroblast and macrophage cell subsets. For example, NFE2L2 demonstrated a distinct positive correlation with VCAN-Macro, but a negative correlation with fibroblast subsets, except for COL11A1. FDX1 showed a positive correlation with COL4A1-Fibro, CTHRC1-Fibro, and PLPP3-Fibro. GLS exhibited a positive correlation with IGHG4-Fibro and VCAN-Macro, but a negative correlation with PLPP3-Fibro, EBF1-Fibro, and COL4A1-Fibro. CDKN2A was positively correlated with both PLPP3-Fibro and COL4A1-Fibro. SLC25A3 and GCSH demonstrated positive correlations with PLPP3-Fibro, CTHRC1-Fibro, and COL4A1-Fibro. Additionally, GCSH was also positively associated with COL11A1-Fibro (Figures 6E–G). These findings indicate that CRGs are generally upregulated across different cell clusters, exhibiting significant variations between macrophage and fibroblast populations, which contrasts with the results of the differential expression analysis of CRGs in the overall tissue.

[image: Panel of scientific visualizations comparing features between CAP and Control groups. Panels A and B display UMAP scatter plots showing cell distribution by velocity and DL4A signaling. Panels C and D present violin plots illustrating expression levels of various genes, with CAP and Control groups colored differently. Panel E is a dot plot with average expression and significance of genes across cell categories. Panels F and G are heatmaps of gene expression, indicating variations between CAP and Control groups with a gradient from blue to red.]
Figure 6 | The CRGs expression in cell subsets of fibroblasts and macrophages. (A) Featureplot heatmap of CRGs between CAP and Control in fibroblasts. (B) Featureplot heatmap between CRGs in CAP and Control in macrophages. (C) Violin plots showing the expression of CRGs between fibroblast cell subsets. (D) Violin plots showing the expression of CRGs between macrophage cell subsets. (E) The bubbleplot of cell subsets. (F) The heatmap shows the differential expression of CRGs in macrophage cell subsets. (G) The heatmap shows the differential expression of CRGs in fibroblast cell subsets.




3.6 Enrichment analysis of fibroblast and macrophage cell subsets in CAP

We conducted GO and KEGG enrichment analyses to further elucidate the potential functional roles of fibroblast and macrophage cell subsets. The results indicated that, within the CAP group, the fibroblast cell subsets exhibited significantly higher enrichment levels related to organelle and mitochondrial inner membrane functions, cell adhesion, neuron projection development, and kinase activity. In contrast, the primary functions of the macrophage cell subsets were associated with GTPase activator activity, nucleoside-triphosphatase regulator activity, structural molecule activity, proton-transporting ATPase, and ribosome-related functions (Supplementary Figures 4, 5).




3.7 Experimental verification

To confirm the differences in differentially expressed DE-CRGs in whole tissue, we conducted qRT-PCR to evaluate the expression levels of DE-CRG mRNA in human chronic apical periodontitis tissues compared to healthy tissues. With the exception of the NFE2L2 and SLC25A3 genes, the mRNA expression levels of DE-CRGs in human apical periodontal tissue were consistent with the findings from our bioinformatic analysis. Notably, the mRNA expression levels of NFE2L2 and SLC25A3 were found to be upregulated in CAP tissues (Figures 7A–H).

[image: Bar charts in panels A-H compare mRNA expression levels of various genes between control and CAP groups, showing significant differences. Panel I displays stained tissue samples for ATP7A, ATP7B, NFE2L2, and SLC25A3, contrasting control with CAP. Panel J features a bar graph of average optical density (AOD) for the same genes, with CAP showing higher density. Panel K presents a receiver operating characteristic (ROC) curve for different genes, indicating specificity and sensitivity, with several genes achieving perfect AUC values.]
Figure 7 | Expression analysis of CRGs in CAP and control.(A–H) Expression of 8 DE-CRGs in human healthy control tissue (n = 5) and CAP tissue (n = 5) evaluated by qRT-PCR. (I, J) The expression of ATP7A, ATP7B, NFE2L2 and SLC25A3 in human healthy control tissue (n = 5) and CAP tissue (n = 5) evaluated by IHC. (K) ROC curve of the19 CRGs. *p < 0.05, **p < 0.01, ***p < 0.005.

We employed IHC staining to validate the protein expression of four candidate genes: ATP7A and ATP7B, which showed significant differential expression in qPCR analysis, as well as NFE2L2 and SLC25A3, whose bioinformatics predictions conflicted with initial experimental observations. Notably, while bioinformatics analysis predicted downregulation of NFE2L2 and SLC25A3, immunohistochemical results demonstrated significantly increased positive signal areas for both proteins, consistent with qPCR findings. The positive signals were predominantly localized in the nucleus, exhibiting either diffuse or focal distribution patterns (Figure 7I). The average optical density (AOD) of the IHC results was analyzed. The AOD values of ATP7A, ATP7B, NFE2L2, and SLC25A3 were significantly higher in the CAP group compared to the HC group (p < 0.005) (Figure 7J).




3.8 Construction of the prognostic model with CRGs

To evaluate the diagnostic value of CRGs in CAP, we performed a univariate logistic regression analysis for each gene. The results indicated that CRGs demonstrated strong diagnostic performance in the training set except DLST, GCSH or LIAS (AUC > 0.8, Figure 7K). These findings suggest that the cuproptosis model should be considered in the diagnosis of CAP.





4 Discussion

CAP is a prevalent oral disease characterized by periodontal inflammation resulting from an odontogenic infection, which ultimately leads to bone loss (30). The immune-inflammatory response in AP is a complex and dynamic process (31). Although nonsurgical endodontic treatment is the recommended therapeutic approach for AP and demonstrates a high success rate, there are instances where periapical lesions persist despite standard endodontic interventions. A deeper understanding of the inflammatory microenvironment associated with AP could facilitate the development of adjunct therapies aimed at enhancing the healing outcomes of periapical tissues following standardized endodontic treatment procedures, as well as inspire novel approaches to the treatment of apical periodontitis.

The discovery of cuproptosis provides new insights into the study of CAP. To elucidate the relationship between CAP and cuproptosis, we conducted bulk RNA sequencing on ten healthy apical periodontitis tissue samples and ten chronic apical periodontitis samples. Our analysis revealed a decrease in the expression of four CRGs in CAP: NFE2L2, DLST, SLC25A3, and GCSH. Conversely, the expression of four additional CRGs, namely NLRP3, ATP7A, ATP7B, and GLS, was found to be increased in CAP. Notably, NLRP3 and NFE2L2 have previously been associated with apical periodontitis (32, 33).

NLRP3 is primarily expressed in immune cells, where it detects pathogen- and damage-associated signals, thereby initiating inflammatory responses (34). The NLRP3 inflammasome complex is implicated in several pathways of cell death. Its activation is triggered by the release of oxidized mitochondrial DNA (mtDNA) and caspase-3/7-dependent potassium (K+) efflux (35). Reports indicate that NLRP3 plays a crucial role in the development and regulation of apical periodontitis (32). This involvement may lead to the degradation associated with apical periodontitis and bone destruction, consequently accelerating the progression of CAP. NFE2L2, commonly referred to as Nrf2, activates the expression of genes driven by antioxidant response elements that are involved in glutathione metabolism, detoxification enzymes, and antioxidant proteins, thus maintaining cellular redox homeostasis (36). It plays a crucial role in regulating the cellular response to oxidative and metal stress in various human diseases (37). Cells lacking NFE2L2 exhibit increased spontaneous apoptosis (38), and the dysfunction of NFE2L2 signaling within the periodontium may contribute to alveolar bone resorption (39). Additionally, NFE2L2 has been implicated in mitochondrial biogenesis disorders that promote refractory apical periodontitis (33). The dysfunction of NFE2L2 signaling in the periodontium could significantly influence alveolar bone resorption, potentially facilitating the progression of CAP (40).

The other six DE-CRGs have not been found to be associated with apical periodontitis; however, they have been implicated in various biological processes. GLS and DSLT have been reported to participate in the inflammatory process associated with periodontitis (41). Furthermore, GLS has been shown to be related to sensitivity to cell cuproptosis and is also involved in maintaining glutamate homeostasis (4). SLC25A3, functioning as the inner mitochondrial membrane phosphate transporter, has the capacity to transport copper from the intermembrane space of mitochondria across the inner membrane into the mitochondrial matrix. It has been reported to negatively regulate NLRP3 inflammasome activation in HEK293T cells (42). Additionally, ATPases, including ATP7A and ATP7B, are associated with the extracellular excretion of copper and export Cu ions bound to metal-binding sites in the presence of ATP (43). A mutation in ATP7A has resulted in decreased pro-inflammatory cytokine expression, suggesting its potential as a therapeutic target for inflammatory vascular disease (44).

We identified the diagnostic signatures associated with cuproptosis through logistic regression and subsequently established a diagnostic model. The 19 CRGs were selected to construct this model. Although there is insufficient evidence to suggest a strong association between these genes and CAP, they demonstrated a satisfactory diagnostic efficacy.

Additionally, we confirmed their expression levels in control and CAP tissues using qPCR. Our findings indicate that the expression changes of DE-CRGs align with the bioinformatics analysis of the entire CAP tissue, with the exception of NFE2L2 and SLC25A3. The observed discrepancies between experimental findings and bioinformatics predictions for these two genes may be attributed to sample heterogeneity. The pathogenesis and progression of CAP involve intricate interactions between inflammatory and anti-inflammatory mediators, which influence the process of CAP. Notably, dynamic variations in gene expression occur at different stages of apical periodontitis (45). NFE2L2, a master transcriptional regulator of cellular stress responses, is primarily governed by the KEAP1-Nrf2-ARE pathway. Under oxidative stress conditions, NFE2L2 becomes transiently activated to initiate antioxidant defenses; however, its activity is subsequently downregulated through self-regulatory mechanisms to establish negative feedback loops. This stress-responsive plasticity correlates closely with fluctuating NFE2L2 expression patterns (46). Regarding SLC25A3, this mitochondrial phosphate transporter may undergo dynamic modulation by inflammatory microenvironmental cues such as hypoxia and nutrient deprivation. While bioinformatics analyses capture static molecular “snapshots”, experimental samples likely represent heterogeneous metabolic states (47). Importantly, immunohistochemical validation revealed spatial expression patterns of both NFE2L2 and SLC25A3 in apical periodontitis lesions. Quantitative analysis demonstrated significantly upregulated expression compared to healthy controls, consistent with RT-PCR results.

Multiple cell types play a crucial role in balancing pro- and anti-inflammatory responses within the periapical microenvironment, which ultimately influences the progression and regression of CAP (48). Therefore, it is essential to assess the expression of DE-CRGs across the various cell types that constitute the CAP microenvironment. We conducted scRNA-seq analysis of CAP. Unlike conventional bulk sequencing, scRNA-seq enables the identification of specific cell clusters at the single-cell level (49). Our findings indicate that CAP induces alterations in the cellular composition of the apical periodontal tissue. Additionally, we examined the expression levels of CRGs across different cell types and observed significant differences in CRG expression among endothelial cells, fibroblasts, monocytes-macrophages, and dendritic cells. Notably, these four cell types also demonstrated an increased proportion in CAP. These results suggest that DE-CRGs may play a role in the establishment of CAP. Furthermore, we analyzed intercellular communication differences between various cell clusters in both CAP and healthy groups. The enhanced intercellular interactions between macrophages and fibroblasts in CAP underscore their role in connecting immune and non-immune cells, highlighting their significance in the pathogenesis of CAP.

We further selected fibroblasts and macrophages for a detailed analysis, classifying these two cell types into six distinct subgroups, respectively. Our findings indicate that the proportions of different subsets varied within CAP tissue. Further examination of the ligand-receptor interactions between macrophage and fibroblast subgroups revealed that macrophages engage with fibroblasts through pathways such as Notch signaling, which has been previously associated with copper (7). Notably, the largest proportions were observed in the COL4A1-Fibro and APOE-Macro subgroups within the CAP group. Collagen α-1 (IV) chain (COL4A1) serves as a critical component of the basement membrane across various tissues and cell types in the human body, playing a role in multiple pathological and physiological processes (50, 51). Apolipoprotein E (ApoE) is an essential constituent of lipoproteins, facilitating the binding of lipoproteins to receptors and contributing to the hepatic clearance of triglyceride-rich lipoproteins. As reported, macrophage expression of APOE reduces the expression of inflammatory cytokines and co-stimulatory molecules on the cell surface, thereby collectively limiting lesion inflammation (52–54).

The patterns of cell-cell communication observed in the COL4A1-Fibro and APOE-Macro subsets were both quantitatively and qualitatively significant. The results from GO and KEGG pathway analyses revealed that in CAP, COL4A1-Fibro exhibits strong enrichment in organelles and mitochondrial inner membrane components, suggesting a heightened susceptibility to copper-mediated mitochondrial toxicity. Given that cuproptosis is triggered by the copper-dependent aggregation of lipoylated TCA cycle proteins (e.g., DLAT, FDX1) (4), we propose that COL4A1-Fibro may serve as a primary site for copper accumulation and the initiation of cuproptosis in CAP. In contrast, APOE-Macro showed enrichment in GTPase activation and NTPase regulatory activity, indicating a role in regulating copper homeostasis. ApoE has been reported to increase intracellular copper levels by reducing the levels and delaying the trafficking of the copper transport protein, ATP7A, which may lead to impaired cellular copper export (55). GTPases regulate intracellular trafficking, lysosomal function, and mitochondrial dynamics, all of which are pertinent to copper metabolism and cuproptosis. Rab7, a small GTPase, controls lysosomal maturation and autophagy. It has been reported that mitochondria-lysosome contacts regulate mitochondrial fission via Rab7 GTP hydrolysis (56). Analysis of the expression of CRGs demonstrated differential expression between COL4A1-Fibro and APOE-Macro subsets. The differential expression of CRGs between these two cell subsets suggests cell-type-specific roles in cuproptosis. These findings indicate that CRGs are intricately related to the intercellular interactions between COL4A1-Fibro and APOE-Macro, thereby facilitating the onset and progression of cuproptosis in CAP.

As illustrated in Figure 8, single-cell RNA sequencing analysis elucidates the mechanism of cuproptosis in CAP tissues. Clinically, this research bridges an important gap between copper metabolism and CAP. AP typically develops as a sequel to untreated or inadequately treated pulpitis (13). It has been reported that LTA-induced pulpitis was alleviated when the cells or mice were treated with the copper chelator, tetrathiomolybdate (14). Our research identifies a gene signature that not only provides discriminative biomarkers but also reveals actionable therapeutic targets. Notably, the overlap between our top CRGs and the key regulators of cuproptosis (e.g., FDX1) (4) suggests translational potential, raising intriguing possibilities for the development of topical therapies.

[image: Diagram illustrating the relationship between copper homeostasis imbalance, inflammatory microenvironment, and cuproptosis. Cells involved include macrophages, T and B lymphocytes, neutrophils, NK cells, dendritic cells, basal cells, epithelial cells, and more. The process involves copper homeostasis regulation by genes such as APOE-Macro and VCAN-Macro, leading to accumulation and cuproptosis initiation with genes like COLA1-Fibro. A tooth is depicted with a labeled area “CAP” indicating its involvement in the process.]
Figure 8 | Schematic diagram illustrating the mechanism of cuproptosis in CAP. The CAP tissues consists of 12 major cell types, with particularly prominent interactions between macrophages (APOE-Macro subset) and fibroblasts (COL4A1-Fibro subset). Data were derived from single-cell RNA sequencing analysis.

In conclusion, we have identified CRGs associated with CAP for the first time through the integration of bulk and scRNA-seq, and we have further analyzed the involved cell clusters. This study suggests that cuproptosis plays a crucial role in the pathophysiological processes of CAP. Moreover, these findings provide important theoretical basis for developing novel CAP therapies targeting copper metabolism. However, we have to acknowledge that the current study has certain limitations, including a relatively limited sample size and substantial inter-individual heterogeneity. Additionally, targeted analyses are lacking, which hinders a more comprehensive understanding of the development of CAP and its underlying mechanisms. Future investigations will supplement clinical samples to enhance statistical power and conduct targeted analyses stratified by the severity of CAP.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: PRJNA1213680 (SRA).





Ethics statement

The studies involving humans were approved by Ethics Committee of The Affiliated Hospital of Qingdao University. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

CZ: Writing – original draft, Conceptualization, Data curation, Investigation, Methodology, Validation. JZ: Data curation, Formal analysis, Writing – original draft. KP: Supervision, Writing – review & editing. LL: Writing – review & editing, Supervision. MJ: Data curation, Formal analysis, Writing – original draft. CY: Project administration, Resources, Supervision, Writing – review & editing. CW: Writing – review & editing, Project administration, Resources, Supervision.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This work was supported by grants from Youth Innovation Team Project for Talent Introduction and Cultivation in Universities of Shandong Province (2022KJ297).




Acknowledgments

We would like to thank Chi Biotech Co., Ltd for assisting in the scRNA-seq and bioinformatics analyses.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1559220/full#supplementary-material




References

	 Tibúrcio-MaChado CS, Michelon C, Zanatta FB, Gomes MS, Marin JA, Bier CA. The global prevalence of apical periodontitis: a systematic review and meta-analysis. Int Endodontic J. (2021) 54:712–35. doi: 10.1111/iej.13467, PMID: 33378579


	 Chan LT, Zhong S, Naqvi AR, Self-Fordham J, Nares S, Bair E, et al. MicroRNAs: new insights into the pathogenesis of endodontic periapical disease. J Endodontics. (2013) 39:1498–503. doi: 10.1016/j.joen.2013.08.032, PMID: 24238436


	 Marton IJ, Kiss C. Overlapping protective and destructive regulatory pathways in apical periodontitis. J endodontics. (2014) 40:155–63. doi: 10.1016/j.joen.2013.10.036, PMID: 24461396


	 Tsvetkov P, Coy S, Petrova B, Dreishpoon M, Verma A, Abdusamad M, et al. Copper induces cell death by targeting lipoylated TCA cycle proteins. Science. (2022) 375:1254–61. doi: 10.1126/science.abf0529, PMID: 35298263


	 Tang D, Chen X, Kroemer G. Cuproptosis: a copper-triggered modality of mitochondrial cell death. Cell Res. (2022) 32:417–8. doi: 10.1038/s41422-022-00653-7, PMID: 35354936


	 Wang Y, Zhang L, Zhou F. Cuproptosis: a new form of programmed cell death. Cell Mol Immunol. (2022) 19:867–8. doi: 10.1038/s41423-022-00866-1, PMID: 35459854


	 Xie J, Yang Y, Gao Y, He J. Cuproptosis: mechanisms and links with cancers. Mol Cancer. (2023) 22:46. doi: 10.1186/s12943-023-01732-y, PMID: 36882769


	 Zhao J, Guo S, Schrodi SJ, He D. Cuproptosis and cuproptosis-related genes in rheumatoid arthritis: Implication, prospects, and perspectives. Front Immunol. (2022) 13:930278. doi: 10.3389/fimmu.2022.930278, PMID: 35990673


	 Wang D, Tian Z, Zhang P, Zhen L, Meng Q, Sun B, et al. The molecular mechanisms of cuproptosis and its relevance to cardiovascular disease. BioMed Pharmacother. (2023) 163:114830. doi: 10.1016/j.biopha.2023.114830, PMID: 37150036


	 Li D, Gao Z, Li Q, Liu X, Liu H. Cuproptosis-a potential target for the treatment of osteoporosis. Front Endocrinol (Lausanne). (2023) 14:1135181. doi: 10.3389/fendo.2023.1135181, PMID: 37214253


	 Fu Y, Zhong C, Cui J, Xie S, Guo C. A comprehensive analysis of the role of cuproptosis in periodontitis through integrated analysis of single-cell and bulk RNA sequencing. Arch Med Sci. (2024) 20:1349–57. doi: 10.5114/aoms/192414, PMID: 39439704


	 Liu S, Ge J, Chu Y, Cai S, Wu J, Gong A, et al. Identification of hub cuproptosis related genes and immune cell infiltration characteristics in periodontitis. Front Immunol. (2023) 14:1164667. doi: 10.3389/fimmu.2023.1164667, PMID: 37215133


	 Graunaite I, Lodiene G, Maciulskiene V. Pathogenesis of apical periodontitis: a literature review. J Oral Maxillofac Res. (2012) 2:e1. doi: 10.5037/jomr.2011.2401, PMID: 24421998


	 Zhou L, Mao HQ, Wen YH, Chen Z, Zhang L. Cuproptosis aggravates pulpitis by inhibiting the pentose phosphate pathway. J Dent Res. (2025) 104:541–50. doi: 10.1177/00220345251313797, PMID: 39953718


	 Patel B, Eskander MA, Fang-Mei Chang P, Chapa B, Ruparel SB, Lai Z, et al. Understanding painful versus non-painful dental pain in female and male patients: A transcriptomic analysis of human biopsies. PloS One. (2023) 18:e0291724. doi: 10.1371/journal.pone.0291724, PMID: 37733728


	 Oh JM, Kim Y, Son H, Kim YH, Kim HJ. Comparative transcriptome analysis of periodontitis and peri-implantitis in human subjects. J Periodontol. (2024) 95:337–49. doi: 10.1002/JPER.23-0289, PMID: 37789641


	 Li P, Li J, Wen F, Cao Y, Luo Z, Zuo J, et al. A novel cuproptosis-related LncRNA signature: Prognostic and therapeutic value for acute myeloid leukemia. Front Oncol. (2022) 12. doi: 10.3389/fonc.2022.966920, PMID: 36276132


	 Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics. (2010) 26:139–40. doi: 10.1093/bioinformatics/btp616, PMID: 19910308


	 Szklarczyk D, Nastou K, Koutrouli M, Kirsch R, Mehryary F, Hachilif R, et al. The STRING database in 2025: protein networks with directionality of regulation. Nucleic Acids Res. (2024) 53:D730–D737. doi: 10.1093/nar/gkae1113, PMID: 39558183


	 Wen S, Lv X, Li P, Li J, Qin D. Analysis of cancer-associated fibroblasts in cervical cancer by single-cell RNA sequencing. Aging (Albany NY). (2023) 15:15340–59. doi: 10.18632/aging.205353, PMID: 38157264


	 Chen Y, Wang H, Yang Q, Zhao W, Chen Y, Ni Q, et al. Single-cell RNA landscape of the osteoimmunology microenvironment in periodontitis. Theranostics. (2022) 12:1074–96. doi: 10.7150/thno.65694, PMID: 35154475


	 Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, Wei K, et al. Fast, sensitive and accurate integration of single-cell data with Harmony. Nat Methods. (2019) 16:1289–96. doi: 10.1038/s41592-019-0619-0, PMID: 31740819


	 Hu C, Li T, Xu Y, Zhang X, Li F, Bai J, et al. CellMarker 2.0: an updated database of manually curated cell markers in human/mouse and web tools based on scRNA-seq data. Nucleic Acids Res. (2023) 51:D870–D6. doi: 10.1093/nar/gkac947, PMID: 36300619


	 Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontology analysis for RNA-seq: accounting for selection bias. Genome Biol. (2010) 11:R14. doi: 10.1186/gb-2010-11-2-r14, PMID: 20132535


	 Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. (2000) 28:27–30. doi: 10.1093/nar/28.1.27, PMID: 10592173


	 Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A universal enrichment tool for interpreting omics data. Innovation (Camb). (2021) 2:100141. doi: 10.1016/j.xinn.2021.100141, PMID: 34557778


	 Wan C, Wang Y, Li L, Liu L, Guan Q. SMAD2/3 Phosphorylation is correlated with matrix metalloproteinase 9 expression in human periapical lesions. Arch Oral Biol. (2023) 155:105796. doi: 10.1016/j.archoralbio.2023.105796, PMID: 37657158


	 Chen H, Boutros PC. VennDiagram: a package for the generation of highly-customizable Venn and Euler diagrams in R. BMC Bioinf. (2011) 12:35. doi: 10.1186/1471-2105-12-35, PMID: 21269502


	 Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, et al. Inference and analysis of cell-cell communication using CellChat. Nat Commun. (2021) 12:1088. doi: 10.1038/s41467-021-21246-9, PMID: 33597522


	 Luo X, Wan Q, Cheng L, Xu R. Mechanisms of bone remodeling and therapeutic strategies in chronic apical periodontitis. Front Cell Infect Microbiol. (2022) 12:908859. doi: 10.3389/fcimb.2022.908859, PMID: 35937695


	 Wen YH, Lin YX, Zhou L, Lin C, Zhang L. The immune landscape in apical periodontitis: From mechanism to therapy. Int endodontic J. (2024) 57:1526–45. doi: 10.1111/iej.14125, PMID: 39087849


	 Ran S, Liu B, Gu S, Sun Z, Liang J. Analysis of the expression of NLRP3 and AIM2 in periapical lesions with apical periodontitis and microbial analysis outside the apical segment of teeth. Arch Oral Biol. (2017) 78:39–47. doi: 10.1016/j.archoralbio.2017.02.006, PMID: 28193569


	 Wang J, Chen Y, Yuan H, Zhang X, Febbraio M, Pan Y, et al. Mitochondrial biogenesis disorder and oxidative damage promote refractory apical periodontitis in rat and human. Int endodontic J. (2024) 57:1326–42. doi: 10.1111/iej.14106, PMID: 38881187


	 Chun J, Chung H, Wang X, Barry R, Taheri ZM, Platnich JM, et al. NLRP3 localizes to the tubular epithelium in human kidney and correlates with outcome in igA nephropathy. Sci Rep. (2016) 6:24667. doi: 10.1038/srep24667, PMID: 27093923


	 Fan X, Chen H, Jiang F, Xu C, Wang Y, Wang H, et al. Comprehensive analysis of cuproptosis-related genes in immune infiltration in ischemic stroke. Front Neurol. (2023) 13. doi: 10.3389/fneur.2022.1077178, PMID: 36818726


	 Ma Q. Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol Toxicol. (2013) 53:401–26. doi: 10.1146/annurev-pharmtox-011112-140320, PMID: 23294312


	 Tang D, Kang R. NFE2L2 and ferroptosis resistance in cancer therapy. Cancer Drug Resistance. (2024) 7:41. doi: 10.20517/cdr.2024.123, PMID: 39534872


	 Li J, Jin J, Li M, Guan C, Wang W, Zhu S, et al. Role of Nrf2 in protection against triptolide-induced toxicity in rat kidney cells. Toxicol Lett. (2012) 213:194–202. doi: 10.1016/j.toxlet.2012.07.008, PMID: 22820427


	 Li J, Li Y, Pan S, Zhang L, He L, Niu Y. Paeonol attenuates ligation-induced periodontitis in rats by inhibiting osteoclastogenesis via regulating Nrf2/NF-kappaB/NFATc1 signaling pathway. Biochimie. (2019) 156:129–37. doi: 10.1016/j.biochi.2018.09.004, PMID: 30213522


	 Stanev E, Vasileva RI. Influence of osteoporosis on the course of apical periodontitis. Eur J Dent. (2024) 18:997–1003. doi: 10.1055/s-0044-1785533, PMID: 38759999


	 Wenjie W, Xiuan Z, Donglin Z. GLS as a key cuproptosis-related gene in periodontitis: insights from single-cell RNA sequencing. Int Dent J. (2024) 75:1360–1369. doi: 10.1016/j.identj.2024.10.001, PMID: 39428264


	 Xiao F, Jia Y, Zhang S, Liu N, Zhang X, Wang T, et al. SLC25A3 negatively regulates NLRP3 inflammasome activation by restricting the function of NLRP3. J Biol Chem. (2024) 300:107233. doi: 10.1016/j.jbc.2024.107233, PMID: 38552738


	 La Fontaine S, Ackland ML, Mercer JFB. Mammalian copper-transporting P-type ATPases, ATP7A and ATP7B: Emerging roles. Int J Biochem Cell Biol. (2010) 42:206–9. doi: 10.1016/j.biocel.2009.11.007, PMID: 19922814


	 Sudhahar V, Das A, Horimatsu T, Ash D, Leanhart S, Antipova O, et al. Copper transporter ATP7A (Copper-transporting P-type ATPase/menkes ATPase) limits vascular inflammation and aortic aneurysm development: role of microRNA-125b. Arterioscler Thromb Vasc Biol. (2019) 39:2320–37. doi: 10.1161/ATVBAHA.119.313374, PMID: 31554420


	 Wan CY, Li L, Liu LS, Jiang CM, Zhang HZ, Wang JX. Expression of matrix metalloproteinases and tissue inhibitor of matrix metalloproteinases during apical periodontitis development. J Endod. (2021) 47:1118–25. doi: 10.1016/j.joen.2021.04.005, PMID: 33895237


	 Yamamoto M, Kensler TW, Motohashi H. The KEAP1-NRF2 system: a thiol-based sensor-effector apparatus for maintaining redox homeostasis. Physiol Rev. (2018) 98:1169–203. doi: 10.1152/physrev.00023.2017, PMID: 29717933


	 Palmieri F, Agrimi G, Blanco E, Castegna A, Di Noia MA, Iacobazzi V, et al. Identification of mitochondrial carriers in Saccharomyces cerevisiae by transport assay of reconstituted recombinant proteins. Biochim Biophys Acta. (2006) 1757:1249–62. doi: 10.1016/j.bbabio.2006.05.023, PMID: 16844075


	 Weber M, Ries J, Buttner-Herold M, Geppert CI, Kesting M, Wehrhan F. Differences in inflammation and bone resorption between apical granulomas, radicular cysts, and dentigerous cysts. J endodontics. (2019) 45:1200–8. doi: 10.1016/j.joen.2019.06.014, PMID: 31400944


	 Sun D, Guan X, Moran AE, Wu LY, Qian DZ, Schedin P, et al. Identifying phenotype-associated subpopulations by integrating bulk and single-cell sequencing data. Nat Biotechnol. (2022) 40:527–38. doi: 10.1038/s41587-021-01091-3, PMID: 34764492


	 Wang H, Liu Z, Li A, Wang J, Liu J, Liu B, et al. COL4A1 as a novel oncogene associated with the clinical characteristics of Malignancy predicts poor prognosis in glioma. Exp Ther Med. (2021) 22:1224. doi: 10.3892/etm.2021.10658, PMID: 34539820


	 Chen L, Bai J, Li Y. miR−29 mediates exercise−induced skeletal muscle angiogenesis by targeting VEGFA, COL4A1 and COL4A2 via the PI3K/Akt signaling pathway. Mol Med Rep. (2020) 22:661–70. doi: 10.3892/mmr.2020.11164, PMID: 32467996


	 Curtiss LK, Boisvert WA. Apolipoprotein E and atherosclerosis. Curr Opin Lipidol. (2000) 11:243–51. doi: 10.1097/00041433-200006000-00004, PMID: 10882339


	 Bonacina F, Coe D, Wang G, Longhi MP, Baragetti A, Moregola A, et al. Myeloid apolipoprotein E controls dendritic cell antigen presentation and T cell activation. Nat Commun. (2018) 9:3083. doi: 10.1038/s41467-018-05322-1, PMID: 30082772


	 Tenger C, Zhou X. Apolipoprotein E modulates immune activation by acting on the antigen-presenting cell. Immunology. (2003) 109:392–7. doi: 10.1046/j.1365-2567.2003.01665.x, PMID: 12807485


	 Blades B, Hung YH, Belaidi AA, Volitakis I, Schultz AG, Cater MA, et al. Impaired cellular copper regulation in the presence of ApoE4. J Neurochemistry. (2024) 168:3284–307. doi: 10.1111/jnc.16198, PMID: 39135362


	 Wong YC, Ysselstein D, Krainc D. Mitochondria–lysosome contacts regulate mitochondrial fission via RAB7 GTP hydrolysis. Nature. (2018) 554:382–6. doi: 10.1038/nature25486, PMID: 29364868







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Zhang, Zhao, Pan, Liu, Jiao, Yuan and Wan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1559220-g005.jpg
CAP Control =

0.751

COL4A1_Fibro
COL11A1_Fibro

e COL4AT_Fibro  0.50 4 CTHRC1_Fibro

® COL11A1_Fibro

® COL4A1_Fibro
® COL11A1_Fibro

©® CTHRC1_Fibro ® CTHRC1_Fibro IGHG4_Fibro
* IGHG4_Fibro * IGHG4_Fibro EBF1_Fibro
® EBF1_Fibro ® EBF1_Fibro )
® PLPP3 Fibro ® PLPP3 Fibro PLPP3 Fibro
0.25 4
0.00 4
CAP Control
D CAP E F 100
Control
0.75
APOE_Macro
PTGDS_Macro
©® APOE_Macro ® APOE_Macro 0.50 | VCAN_Macro
© PTGDS_Macro © PTGDS_Macro | | ATF3_Macro
@ VCAN_Macro ® VCAN_Macro
 ATF3_Macro  ATF3_Macro HLA-DQB1_Macrc
® HLA-DQB1_Macro ® HLA-DQB1_Macro SPP1_Macro
® SPP1_Macro © SPP1_Macro B
0.25
0.00

CAP Control

| D7
s %% \W
[ AL

N>
o,

| Differential interaction strength J Differential number of interactions

600
T AN

- N
ATF3_Macro ATF3_Macro I
PTGDS_Macro I PTGDS_Macro I
IGHG4_Fibro I IGHG4_Fibro .
CTHRC1_Fibro \ . CTHRC1_Fibro .
- -
® ! 5
° - o o g 150
= APOE_Macro l 3 K & APOE_Macro 38
O P Q s M 100
.
@, % 1 2 £ s0
0 COL4A1_Fibro B L0 172} COL4A1_Fibro - -]
g o i g i
£ ' e
= P
o EBF1_Fibro - [} EBF1_Fibro
(%) (2]
PLPP3_Fibro . PLPP3_Fibro .
VCAN_Macro I 'VCAN_Macro I
SR . Y . .! .
4LA-DQB1_Macro . I 4LA-DQB1_Macro I
- e
eg ) ° o o o o o ° o o ° o
§ § § 5 5 § 5 3 & § 3 % § F E & & §F & & & F & §
g i i g [ [ [ g [ £ -4 = d J = 1 I | = 1
- T TR = = R = S T | f ¢ ¢ & 5 & 3 § ¢ 'z
i £ g 2 8 ¢ ¢ B OE oz fos i £ g § 2 3 3 B OE 3 % o8
P E f g f gt o o2 og 8 T8
e 5
3 3





OEBPS/Images/fimmu-16-1559220-g003.jpg
Score

0.6

0.4

0.2

0.0

e 0 e 11
e 1 e 12
e2 e 13
e3 e 14
®e 4 o 15
®e5 © 15
e © 47
® 7 © g3
@ g @ 19
® g9 © 20
® 10 '® 2

e 0 e
e1 e 12
®e2 e 13
®e3 e 14
e 4 @ 15
®e5 e 16
e 6 o 17
e 7 o 18
@3 ® 19
@9 @ 2
e 1

osteoclast basal/stromal cells endothelial cells epithelial cells osteocytes B cells Tcells  monocytes mast cells fibroblast macrophage DC NK  eutroph osteoblast hatic endothelial
214
20 @
194 ®
181 ( X X
174
164
15
0
14 . 25
13 ® 50
> 1?1 @® 75
-;C—; 114
S 104 5
94
1
84 o000
71 0
64 -1
5 ®
44
34
24
14 ® e
e e
ol i W S v Z 9 o = JLL, JIOG S o ¢ s (o [T (s < © Q X < <+ N AN = - = o O A = ™ © m Qz‘—<(0> T, 4
= - v b s R « S < W @ g S g = T i S = < o o émow = 3= m m < < 5 mwg m m O 4 o <12 X X Ww - 7
~ W = O 9o == = ¥§D< ok B 8T A ~ 0 Y OFinY a, » < o = OE"’ @ O Z o900 e = A3
bbb Baz2%E §~283 gEER s §o F&®6 3 €38 2 cge 83¢% 58 32383 gsER
n Z o 4 = o 5 g hs O
TR w
z = I I
= =
e
E I e l3 = 1.00 1
@
@0 2
s
I iy 1
ey
il ol 0
o
7 Soms L1
1oona T_cells
(=] Sooe 1 =
o 2 i B_cells
ool -3 =
wy Neutrophil
= von
® T_cells = - Fibroblast
® B_cells I by D ”
® Neutrophil oo Endothelial cells
* Fibroblast . e DK
b 0.50 - =
: E‘rl\(dothehal ol = — ?g:' | Monocytes_Macrophae
© Monocytes_Macrophae ot DC
o DC Gros —~
1 | Basal Stromal cell
© Basal Stromal cells ;C:;%:‘ o onRicals
o Unknown vess Unknown
@ Epithelial cells oo Epithelial cells
©® Mast cells o2 025 4 1
@ Osteoblast iy | Mast cells
l i Osteoblast
iy
e
e
. stomz
b
Focs
Teess
l e 0.00
s
A —r - — — - ——
l::,f: CAP1  CAP2  CAP3 Control1 Control2 Control3
s
9 9= X Q0 8 c ooy
$552 83288835553 2
L. O O OO = o 0 0.0
B B = o = £ — Lo
o35 88 Lo fEZS g e
2e: o 5o2f8
E 4 2w
Q ©
w o %
5 @
=
p=<2e-16 p=0.067 p=0.00052 p=0.0046 p=0.46 p=5.4e-13 p=0.069 p=0.005 p=0.047 p=0.15 p=0.035 p=0.27 p=0.65 . CAP
[l Control
B_cells Basal Stromal cells DC Endothelial cells  Epithelial cells Fibroblast Mast_cells Monocytes_Macrophage Neutrophil NK Osteoblast T_cells Unknown





OEBPS/Images/cover.jpg
’ frontiers | Frontiersin Immunology

Identification of cuproptosis-related genes in
chronic apical periodontitis based on bulk
and single-cell RNA sequencing analyses

and experimental validation





OEBPS/Images/fimmu-16-1559220-g008.jpg
EE— Cuproptosis

Copper I
Homeostasis
Regulation CRGs

Copper Accumulation and
Cuproptosis Initiation

3

onment

1 PTGDS Macro _'

, VCAN-Macro | 'HEE CTHRCI- ibro |
ATF3-Macro . Notch I IGHGA4-Fibro |
HLA-DQB1-Macro -' 'H EBF1-Fibro '
SPP1-Macro . 'l| PLPP3-Fibro |

Blympocyte neutrophil  endothelial cell ﬁbro'bl’ast

@ %5l

NK cells DC cells basal cell  epithelial cell mast cell osteoblast






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1559220-g004.jpg
N

Gene expression

-
"

Gene expression

Endothelial_cells

NK

Mast_cells

Epithelial_cells

Osteoblast

T T
= @ @ & o €& % &4 X & & a 3z °9ee
E 2 S 2 Q s ] 2 2 2 2 2 ]

§ 8 £ 38 O S 8 8 8 =
3§ = B E § T T 3 =T ¢
z 8 w S 2 g 2 e}
=z 7} 2 a
g = 2 w
< i 3
8 @
o
2

NK
Endothelial_cells

I
m - ”!-IH

Mast_cells

Epithelial_cells

Osteoblast

_ Iq‘ﬂll

Neutrophil

B_cells

T_cells

Monocytes_Macrophage

DC

Unknown

Fibroblast

Basal_Stromal_cells

Mast_cells

Endothelial_cells

Osteoblast

Epithelial_cells

T

888
ST o

B cAP [l Control
p=1.5e7 p=0.00033 p=1.6et p=8.2e1" p=<2e® p=<2e6 p=5.2e"10 p=6.7e10 p=<2e16 p=<2e18 p=1.3e® p=<2e-16 p=1.2e® p=<2e-16 p=0.044 p=0.00019 p=<2e16 p=4.1e® p=0.0015
MTF1 DBT NLRP3 LIPT1 NFE2L2 GLS PDHB LIAS DLD CDKN2A SLC31A1 FDX1 DLAT SLC25A3 ATP7B DLST GCSH PDHA1 ATP7A
Il CAP Il Control
p=3.2e® p=0.087 p=0.0077 p=0.00019 p=<2e16 p=<2e® p=0.92 p=0.14 p=0.037 p=0.12 p=2.4e% p=6.1e1 p=0.44 p=0.97 p=0.46 p=0.12 p=1.7e5 p=0.78 p=0.0048
MTF1 DBT NLRP3 LIPT1 NFE2L2 GLS PDHB LIAS DLD CDKN2A SLC31A1 FDX1 DLAT SLC25A3 ATP7B DLST GCSH PDHA1 ATP7A
Pl
‘\ i
‘\Y/’/
/ A
LA A
; s
20 TS,
‘A‘u\/‘bA A
K e
r WSz
"A'/ :
‘\%é'
=
‘\\/J
Differential interaction strength Differential number of interactions
400
|l W TR -l |
B_cells l BLcslls I
Monocytes_Macrophage I Monocytes:Macrophage . I
T_cells I T_cells n I
{0 . : !
— S —
[5) @ Unknown
g Unknown l X{Ia g ‘I § 150
302 ) | 'S {100
% Fibroblast -g 1 % Fibroblast I L. ,:;; 50
5 a0 L 2
= el 2 L
é Basal_Stromal_cells il - (% Basal_Stromal_cells J | .






OEBPS/Images/fimmu-16-1559220-g006.jpg
Geneset feature score

0.50

0.25

0.00

-0.25;

Control Control
4.
. %
R e
2+ ‘_Qf_'. N:i". ":",.
Y] 5' o ‘.:’ (%
) * "," e th B
N G ¥ 2 "
02 Se0os o 5 0:2 0.25 0.25
0.0 01 eyt . 0.0 0.00 0.00
-0.2 3 Fay e N 58 es -0.2
et e . . A - -0.25 - -0.25
- Dty ’
... t‘,." °‘ 5 CHRIR
_Z'I '.“'.. .': &
oo RS
e
_41 B
-6 -3 0 3 6
I CAP B Control EICAP I Control
0.75
p=0.45 p=0.007 p=0.0023 p=0.83 p=0.011 p=0.0067 p=0.19 p=0.013 p=0.0019 p=0.4.7e® p=0.97 p=0.0029
o 050
o
a
o
5 025
8
§ 0.00
3
5
o
-0.25
COL4A1_Fibro COL11A1_Fibro CTHRC1_Fibro IGHG4_Fibro EBF1_Fibro PLPP3 Fibro APOE_Macro PTGDS_Macro VCAN_Macro ATF3_Macro HLA-DQB1_Macro SPP1_Macro

CAP Control

SPP1_Macro 2 2o R & % R o= 0% %R = - 2 2o R o%e) |
HLA-DQB1_Macro 4 B & o= g8 o= K = ® 3] = = = = ® = ® s ‘
®Om R o= = (X)) ® %] R = ® = .
ATF3_Macro 1 = & & avg.exp.scaled
' 2
VCAN_MaCfO ® B = X = L] B B = B B = ® . ® = .
PTGDS_Macro 7 < B o T o . H & N - o o . ) I:;
APOE_Macro X R = b2 v = = = B = . . ® . v %« | label
H = Not-significant
PLPP3 Fibro 5 © i I ® o H ° = 2 R = = | « Significant
5 ct.ex
EBF1_Fibro 7 © & 2 & i L = IR P N P
B
IGHG4_Fibro X = = : % e « ®m = & . T ® 50
® s
. @ 100
CTHRC1_Fibro 5 @ & 2 X ® [} el = . |
COL11A1_Fibro 700 & 4 b2 ® u " |
COL4A1_Fibro b4 & e <} | S ©oom ® . |
N — o0 ~ o) L ol ~ -
3 Ix235bE8rh ISR 2328% J2x29kEEbEIERRASTS
Wes,@IdbgogbgaiIpntooggo NggdidgorgkbdozrTsnnozgo
L Q = “ETEE g9 Eze™ = S Qakk  XO0O
o Z o =1
»n »n %) %)
— APOE_Macro APOE_Macro
- m - NFE2L2 PTGDS_Macro NFE2L2 PTGDS_Macro
- SLC31A1 VCAN_Macro VCAN_Macro
. ATF3_Macro SN ATF3_Macro
FDX1 HLA-DQB1_Macro - FDX1 HLA-DQB1_Macro
LIAS SPP1_Macro LIAS SPP1_Macro
‘ DLD DLD
i B DLAT 3 DLAT 3
= l DBT 3 DBT 2
H = NIRP3 | NLRP3 2
., MTF1 0 MTF1 0
Bl DLST y DLST P
H m e il
=2 PDHA1 5 PDHA1 3
L PDHB PDHB
nil ! ATP7A ATP7A
_ ATP7B ATP7B
i - GLS GLS
| CDKN2A CDKN2A
| %- SLC25A3 SLC25A3
GCSH ) GCSH
o 5 &L BT L B 4 BT o BT o B (¥ 35 o S o S B Ie) o 3 o 35
< 5 £ 5 £ 5 £ 5 < 5 <5 [ = o o o =
@ 28 EB £ 68 2@ g 9 & B 2 8 2 &8 E B B & B O E
O O O (&) O (&) 1S 5] S S 3 3





OEBPS/Images/fimmu-16-1559220-g001.jpg
Bulk RNA sequencing Single-cell RNA sequencing
|

Human periapical lesion Healthy controls Human periapical lesion Healthy controls
samples (n=10), obtained (n=10), obtained from samples (n=3), obtained (n=3), obtained from
from dataset GSE237398 dataset GSE223924 from clinical patients dataset GSE171213

27,771 cells, 11,647 cells,
Batch effect removed 10x Genomics BD Rhapsody
19 CRGs (Obtained 8603 DEGs
from previous studies) Data quality | | Dimensionality reduction Batch
control and clustering correction

8 DE-CRGs
21 clusters
Data analysis Experimental verification Data analysis

1.qRT-PCR 1.CRGs expression in clusters
1.DE-CRGsS expression

2.IHC 2.Cell-chat analysis

2.PPI analysis of CRGs

3.Cell Subsets of macrophage and fibroblast and
correlation analysis of CRGs

3.Construction of the prognostic

model with DE-CRGs

4.Enrichment analysis





OEBPS/Images/fimmu-16-1559220-g002.jpg
290 B Q
: =:D;;»|4
= = |E
200 1 = | =
= — — g1 0
== = ;
—_—— 2
150 CAP vs Control DEGs (8603) = = = .‘—I
= -_E = L‘: = 4
e down-regulated (4271) ———— =—= =
lated (4332) o -
® up-regulate e
100 ) . g =—— e ——— =
“ not-significant —=—"% = =——, _; :;E =
= —
= = =
50 1 —
b =_—=
1 =
= =

-20 -10 0 10

EERREEEEL R
log2 (Fold Change) 58388883883
D il DLD 2
MTF1 i
PDHA1
up-regulated down-regulated

. PDHB 0
DLAT o
 oer y

CDKN2A

FDX1
GLS
LIPT1
SLC31A1
ATP7B
NLRP3
ATP7A
NFE2L2
SLC25A3
LIAS

DLST

DE-CRGs | 0 B cosn

300

200

Gene expression

100

o~ [sg) ™ n < = = (7)) om m (=) = = = EE = AT = <
= o < — N~ [4)) < ~ — L m k= x < N
3 s Re®REd 53 EgeE 38 g R E ¢
L z 9 < o < ° o = 9 B
O
%) »
G Correlation Heatmap of Spearman

_—— NFE2L2
SLC25A3
DLST

1

NLRP3
PDHA1
LIAS
GLS
PDHB
MTFA1
DLD

LS
NLRP3 DLAT
NFE2L2 e
e ATP7A

DBT
ATP7B
GCSH

G

v 5 0 2 1 ] o ¢

5 B S
11X 29 | B
| W w

GCSH

et (g I I G O 5T
swczsw: 50 1 0

PDHA1.. (5]





OEBPS/Images/fimmu-16-1559220-g007.jpg
CAP

= Control

[

O

m

<

&k

A

A

[7) < ] N -~ S

uoissaldxa YNYW V/d 1V

0 S 0 S
- - o o
uoissal dxe VYNHW 1S71d

0 © <t N o

co_wwmawm VNHW 44N

o 0 (=) e} o

o~ - - o o

uoissaldxe YNHW g1¢34N

CAP

Control

Control CAP

Control CAP

CAP

Control

L

**k

w o 1w o ®© o
N

o~ - - o o

uoissaldxa YNYW HSDO

wn o n o

- o o o

O  uoissaidxe YNYW £VSZO1S

L

¥k

n < ™ N - ©

Co_wwm._axm YNHW ST19

0 o n o

LW uoissaidxe YNYHW 9/d1V

CAP

Control CAP Control CAP Control

Control CAP

r] F| r| W i

80

* %k %k

%k %k %k

% %k %k

%k %k %

o o I~
© = N
aoy

ATP7B NFE2L2 SLC25A3

ATP7A

Gene

— ATP7A AUC =1.00
— ATP7B AUC =1.00
— DBT AUC =1.00
— FDX1AUC =1.00
— GLS AUC =1.00

1.00

— LIPT1 AUC =1.00
— NFE2L2 AUC =1.00

0.75

NFE2L2

— NLRP3 AUC =1.00

— SLC31A1 AUC =1.00

—— DLAT AUC =0.95
— DLD AUC =0.94

o
0

o

ANANISUas

o

-

&

A
-
%

)8
L

N

-

—— PDHB AUC =0.93
— MTF1 AUC =0.92

~— SLC25A3 AUC =0.90
— CDKN2A AUC =0.88
— PDHA1 AUC =0.83
— LIAS AUC =0.63
—— DLSTAUC =0.61

0.25

3]
<
0O
N
O
|
(¢)p)

0.00

— GCSH AUC =0.60

0.50 0.25 0.00
specificity

0.75

1.00






