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The role of mitochondria-related
key genes in primary biliary
cholangitis was analyzed
based on transcriptome
sequencing data
Yanping Tao1†, Lei Zhong1†, Qihua Shen2†, Xiaofan Zhang1†,
Xuyun Xu1* and Runlin Feng3*

1Department of Emergency Medicine, Kunming Third People’s Hospital, Kunming, Yunnan, China,
2Department of Hepato-Pancreato- Surgery, Huzhou Central Hospital, Zhejiang, Huzhou, China,
3Department of Pathology, The Second Affiliated Hospital of Kunming Medical University, Kunming,
Yunnan, China
Introduction: Mitochondrial dysfunction is implicated in the pathogenesis of

primary biliary cholangitis (PBC), but the roles of mitochondria-related genes

(MRGs) remain unclear. We aimed to identify key MRGs associated with PBC and

validate their expression at transcriptional and protein levels.

Methods: Peripheral blood from PBC patients and healthy controls underwent

RNA-seq. MRGs were sourced from MitoCarta 3.0. After quality control,

differentially expressed genes were defined between PBC and controls and

integrated with weighted gene co -expression network analysis to obtain

candidate genes. LASSO and SVM-RFE selected hub genes, whose diagnostic

performance was assessed by ROC in both the discovery cohort and an

external validation dataset. Functional enrichment, immune-cell composition

analyses, and regulatory network construction (miRNA/lncRNA/TF) were

performed. Protein and mRNA expression were validated by liver -tissue

immunohistochemistry and peripheral-blood RT-qPCR, respectively. Disease

correlation and drug-prediction analyses were conducted.

Results: SHANK2 and TGM2 were identified as hub MRGs, showed higher

expression in PBC, and achieved AUC values >0.7. Enrichment linked SHANK2

to Bcell receptor, T-cell receptor, and Wnt signaling pathways, while TGM2

associated with oxidative phosphorylation and nucleotide metabolism. Immune-

cell profiles differed between PBC and controls, and selected cell types

correlated with hub-gene expression. Regulatory analyses suggested

modulation of SHANK2 and TGM2 by molecules including SLFN12L and

DNAH10OS. Immunohistochemistry revealed elevated, stage-associated
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protein expression of both genes in PBC liver tissues, and RT-qPCR confirmed

higher peripheralblood mRNA levels. Drug/disease analyses indicated

therapeutic potential for targeting these genes.

Discussion: SHANK2 and TGM2 emerge as key MRGs linking mitochondrial

dysfunction with immune dysregulation in PBC and may serve as diagnostic

biomarkers and therapeutic targets; further mechanistic and clinical validation

is warranted.
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Introduction

Primary biliary cholangitis (PBC), a chronic autoimmune

disorder affecting the liver, is marked by gradual intrahepatic bile

duct destruction, leading to cholestasis, fibrotic progression, and

eventual cirrhosis (1). Clinical manifestations encompass fatigue,

pruritus, and jaundice, with severe cases potentially progressing to

liver failure (2). Mitochondrial antigen-specific autoimmunity

(particularly targeting PDC-E2), combined with genetic

predisposition and environmental influences, constitutes the

tripartite etiological basis of PBC (3). Current therapeutic options,

including ursodeoxycholic acid (UDCA) and obeticholic acid, can

delay disease progression but are ineffective in approximately 30-

40% of patients, highlighting the critical need for novel therapeutic

strategies (4). Identification of key molecular drivers, especially

those associated with mitochondrial dysfunction, may provide

valuable insights into the pathogenesis of PBC and inform the

development of precision therapies.

Mitochondria are essential organelles that play a pivotal role in

energy production, cellular metabolism, and the regulation of

apoptosis. They are critical for maintaining cellular homeostasis

and are involved in numerous cellular processes, such as oxidative

phosphorylation, calcium homeostasis, and modulation of

apoptosis (5). Dysregulation of mitochondrial function has been

implicated in several diseases, including metabolic disorders,

neurodegenerative conditions, and autoimmune diseases (6). In

the context of PBC, mitochondrial dysfunction is hypothesized to

contribute to the loss of tolerance to mitochondrial antigens, a

central feature of the autoimmune component of the disease (7).

Previous studies have demonstrated that mitochondrial damage

and the presence of antimitochondrial antibodies are key factors in

the pathogenesis of PBC; however, the precise molecular

mechanisms underlying these associations remain largely elusive.

Although some studies have investigated mitochondria-related

genes (MRGs) in PBC, the full extent of their involvement and

the identification of key genes remain underexplored. Therefore, the

investigation of key MRGs in PBC is crucial to elucidate the

underlying mechanisms of the disease and to identify potential

therapeutic targets.
02
This study integrates transcriptomic profi l ing and

bioinformatics to identify mitochondrial-associated hub genes in

PBC. Utilizing blood-derived RNA sequencing data from 15 PBC

patients and 15 healthy controls, we delineated differentially

expressed mitochondrial-related genes (MRGs), validated their

diagnostic utility through machine learning techniques, and

explored their functional networks, immune correlations, and

regulatory mechanisms. Our analysis identified SHANK2 and

TGM2 as key MRGs enriched in immune-metabolic pathways,

demonstrating strong diagnostic accuracy with an AUC greater

than 0.7. Furthermore, we mapped their interactions with non-

coding RNAs, transcription factors, and immune cells, while

predicting repurposable drugs targeting these genes. These

findings provide a comprehensive roadmap for the development

of MRG-based biomarkers and therapeutic strategies, effectively

bridging the gap between mitochondrial biology and the

pathogenesis of PBC.
Materials and method

Data collection

All liver tissue and peripheral blood samples used in this study

were collected from the Second Affiliated Hospital of Kunming

Medical University, with a collection period from January 2020 to

December 2024. The samples included 40 liver biopsy samples from

patients with PBC and 40 liver biopsy samples from non-PBC

patients. In the PBC patient group, subgroup analysis was further

performed according to pathological staging. Additionally,

peripheral blood samples were obtained from 15 PBC patients

and 15 healthy controls. All samples were approved by the Ethics

Committee of the Second Affiliated Hospital of Kunming Medical

University (Approval Number: Review-PJ-Department-2023-296),

and informed consent was obtained from all patients. All samples

were stored and managed in compliance with the hospital’s biobank

regulations. The inclusion criteria were as follows: age ≥ 18 years;

meeting the EASL 2017 diagnostic criteria for primary biliary

cholangitis, including at least two of the following indicators:
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elevated ALP (≥1.5 times the upper limit of normal), positive AMA

or AMA-M2 antibodies, and liver tissue pathology showing small

bile duct damage and portal inflammatory infiltration. The

exclusion criteria were as follows: coexisting viral hepatitis,

autoimmune hepatitis, tumors, other severe systemic diseases, and

pregnancy, as well as other pathological conditions unrelated to the

study. All samples were obtained from patients at the Second

Affiliated Hospital of Kunming Medical University, ensuring the

representativeness and consistency of the experimental samples.

Supplementary Table 1 provides details of the 15 PBC patients

and 15 normal blood samples used for transcriptome sequencing to

create the training set. The GSE119600 dataset (based on the

GPL10558 platform) was also downloaded from the Gene

Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/).

This dataset comprises whole blood samples from 90 PBC

patients and 47 controls and was used as the validation set for

this study. A total of 1,949 MRGs were downloaded fromMitoCarta

3.0 database (8).
Transcriptome sequencing and data
analysis

Data used for sequencing were evaluated by FastQC package

(version 0.11.9) (9). Before analysis, raw sequencing data underwent

quality control preprocessing to eliminate adapter sequences and

low-quality reads. The resulting clean reads were subsequently

aligned to the murine reference genome using HISAT2 (v2.2.1)

(10) with standard parameters. Transcript and gene expression

quantification were performed using StringTie ’s FPKM

normalization method. This approach accounted for both

mapped read counts and transcript length variations across

samples. Expression pattern disparities were subsequently

visualized through principal component analysis (PCA). The

DESeq2 package (version 1.36.0) (11) was used to identify DEGs

between PBC and control samples. Screening criteria were p < 0.05

and |log2FoldChange (FC)| > 1. Then ggplot2 (version 3.3.5) (12)

and pheatmap package (version 1.0.12) (13) were used to draft

volcano map and heatmap to display DEGs.
Weighted gene co-expression network
analysis

For further accessing genes associated with PBC, WGCNA was

conducted using the WGCNA package (version 1.70-3) (14).

Initially, hierarchical clustering of all samples was executed to

investigate outliers and determine whether their exclusion was

necessary to ensure subsequent analyses’ accuracy. Network

construction parameters were optimized by selecting a b value

that satisfied dual criteria (1): scale-free topology fit (R² ≥ 0.85) and

(2) minimal average connectivity. Gene relationship analysis then

proceeded through pairwise similarity computation, culminating in

phylogenetic tree construction via average linkage hierarchical

clustering. Module detection was performed through dynamic
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tree cutting algorithm implementation, enforcing a minimum

module size of 100 genes. Modules demonstrating the strongest

association (highest correlation coefficients) with phenotypic traits

were selected as pivotal modules, whose member genes were

classified as biologically relevant candidates.
Identification and analysis of candidate
genes

By taking the intersection of DEGs, key module genes and

MRGs, candidate genes were obtained. To find potential functions

and pathways enriched by candidate genes, GO and KEGG

enrichment analyses were performed by clusterProfiler package

(p < 0.05 and count ≥ 1) (version 4.0.2) (15).
Screening of hub genes

LASSO and SVM-RFE were carried out to screen signature

genes. Interaction of signature genes derived from 2 machine-

learning algorithms was identified as candidate hub genes.

Receiver operating characteristic (ROC) curves were then plotted

for all samples in the training and validation cohorts using the

pROC package (version 4.0.2) to evaluate the ability of the

candidate hub genes to distinguish between the PBC patient

group and the control group (16). Genes with an area under the

curve (AUC) of over 0.7 in both the training and validation sets

were selected as the final hub genes and their expression levels were

analyzed. Furthermore, correlation between hub genes was explored

by spearman correlation analysis. Cell-PLoc 2.0 performed

subcellular localization on proteins of hub genes (17).
Enrichment and function analysis

In order to explore the biological function of hub genes, GSEA

was carried out. Background gene set c5.go.v7.4.entrez.gmt and

c2.cp.kegg.v7.4.entrez.gmt were downloaded from GSEA website.

Samples were divided into high and low expression groups based on

expression median value of hub genes. GSEA of all genes in

2 expression groups was processed with threshold |NES| > 1,

NOM P < 0.05 and q < 0.25. Back-propagation neural network

(BPNN) was constructed by neuralnet package (version 4.0.2) (18)

to evaluate accuracy of hub genes.

The similarity of GO terms of hub genes was calculated by

GOSemSim package (version 2.18.1) (19).
Immune infiltration analysis

To analyze differences in the immune microenvironment

between the PBC and control groups, CIBERSORT (version 0.1.0)

was used to evaluate the infiltration levels of 22 immune cell

subpopulations (20) Gene and immune cell expression matrices
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were processed using a deconvolution algorithm to obtain an

immune infiltration profile, visualized using ggplot2 (version

3.3.5). To identify immune cells showing significant differences

between the two groups, we analyzed differences in immune cell

composition between samples using the Wilcoxon test, setting p <

0.05 as the significance threshold. The results were visualized using

ggplot2 (version 3.3.5).
Construction of regulatory network

MicroRNAs (miRNAs)-targeting hub genes predicted through

miRDB (http://mirdb.org) and miRWalk database. Key miRNAs

were acquired by overlapping miRNAs obtained from the 2

databases (energy < -30). Then, lncRNAs-targeting miRNAs were

obtained from the miRTarBase database. Finally, Cytoscape

software was used to visualize the lncRNAs-miRNA-mRNA

network. To further understand the regulatory effects of hub

genes in disease, TFs-targeting hub genes were predicted using

Cistrome database (RF score > 0.75), and the TF-mRNA-miRNA

network was constructed to visualize potential relationships.

Correlated diseases of hub genes were analyzed by DisGeNET

database (http://www.disgenet.org/), and the hub genes-diseases co-

expression network was visualized by NetworkAnalyst (http://

www.networkanalyst.ca). Based on hub genes, small molecule

drugs were found by DGIdb.
Immunohistochemical analysis

From January 2018 to October 2024, a total of 30 paraffin-

embedded liver tissue samples were collected from patients

diagnosed with primary biliary cholangitis (PBC) at the

Department of Pathology, The Second Affiliated Hospital of

Kunming Medical University. All diagnoses were confirmed by

pathological examination. For comparison, 17 normal liver tissue

samples were used as controls. PBC patients were stratified into four

histological stages according to Ludwig ’s classification.

Immunohistochemical staining was performed to assess the

protein expression of SHANK2 and TGM2. The staining protocol

strictly followed the instructions provided by the antibody

manufacturers. Sections were deparaffinized, rehydrated, and

subjected to antigen retrieval, followed by incubation with

primary antibodies against SHANK2 and TGM2, respectively.

Signal detection was achieved using an HRP-conjugated

secondary antibody and DAB chromogen. Expression levels were

semi-quantitatively assessed based on staining intensity and

percentage of positive cells. Comparisons between groups and

different stages were conducted using appropriate statistical

methods, with p-values < 0.05 considered significant.
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Quantitative real-time PCR

Peripheral blood samples were obtained from 10 patients with

PBC and 8 healthy controls. Peripheral blood mononuclear cells

(PBMCs) were isolated using Ficoll density gradient centrifugation.

Total RNA was extracted from PBMCs using TRIzol reagent, and

the RNA concentration and purity were determined using a

Nanodrop spectrophotometer. Complementary DNA (cDNA) was

synthesized using a reverse transcription kit, and qPCR was

performed using SYBR Green Master Mix on a real-time PCR

system. The relative mRNA expression levels of SHANK2 and

TGM2 were quantified using the 2^−DDCt method and

normalized to GAPDH as an internal control. Statistical

comparisons between groups were conducted using a t-test, and a

p-value of < 0.05 was considered statistically significant.
Statistical analysis

All statistical analyses were conducted in R software and

Microsoft Excel. The Wilcoxon test and t test were utilized to

assess the differences between different groups. The P value less than

0.05 was considered statistically significant.
Results

Totally 1,905 DEGs were identified
between PBC and control groups

Alignment rate of 30 sequencing samples was all above 90%

through alignment analysis and base error rate was less than 1/1000

(Supplementary Table 2). And FPKM distribution of each samples

showed that sample sequencing effect was decent (Figure 1A). PCA

diagram and Boxplot showed that overall sequencing quality was

high (Figures 1B-C). Furthermore, 1,905 DEGs were identified

between PBC and control samples, of which 1,706 up-regulated

and 199 down-regulated (Figures 1D-E).
Totally 7 candidate genes were identified
and analyzed

We performed WGCNA to identify key module genes

associated with PBC. Based on hierarchical clustering of all

sequencing samples, one outlier (YQKM2B14) was detected and

excluded from downstream analyses (Figure 2A). Subsequently, we

selected the optimal soft-thresholding power (b = 9), which yielded

a scale-free topology fit index R² greater than 0.85 with mean

connectivity close to zero, indicating that the constructed network
frontiersin.org
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closely approximated a scale free topology (Figure 2B). Using this

parameter, a gene co-expression network was established and a total

of 10 distinct modules were identified, each containing at least 100

genes (Figure 2C). Lastly, Module–trait relationship analysis

revealed that the MEroyalblue module showed the strongest
Frontiers in Immunology 05
positive correlation with PBC(|cor| = 0.44, P < 0.05), and 257

genes within this module were considered key module genes

(Figures 2D, E). Byoverlapping the 1,905 DEGs, the 257

MEroyalblue module genes, and 1,949 mitochondria-related genes

(MRGs), weidentified seven candidate genes: AURKA, C1QC,
FIGURE 1

Quality control and differential-expression overview for RNA-seq in PBC vs. controls. (A) Density distribution of gene expression (log2(FPKM+1)
across all 30 samples (15 PBC, 15 controls), showing consistent overall patterns. (B) PCA plot indicating separation between PBC and control
groups. (C) Boxplots of normalized expression after QC, demonstrating comparable distributions across samples. (D) Volcano plot of DEGs
identified by DESeq2 (p < 0.05 and |log2FC| > 1); in total 1,905 DEGs, including 1,706 upregulated and 199 downregulated genes. (E) Heatmap
of DEGs revealing distinct expression signatures between groups. Note: Read alignment rate exceeded 90% and base error rate was <1/1000
(see Supplementary Table).
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FIGURE 2

WGCNA identifies a PBC-associated module and mitochondria-related candidate genes, with functional enrichment. (A) Sample clustering
dendrogram with trait heatmap (PBC status). One outlier sample (YQKM2B14) was identified and removed from downstream analyses. (B) Soft-
threshold power selection for scale-free topology: b = 9 was chosen (scale-free topology fit R2 > 0.85; mean connectivity ~0). (C) Clustering of
module eigengenes showing relationships among co-expression modules. (D) Gene dendrogram with dynamic tree cut and merged modules; a
total of 10 co-expression modules were obtained (minimum module size = 100 genes). (E) Module–trait relationships heatmap. The MEroyalblue
module shows the strongest positive correlation with PBC (|r| = 0.44, P < 0.05). (F) Venn diagram intersecting DEGs (n = 1,905), MEroyalblue genes
(n = 257), and mitochondria-related genes (MRGs, n = 1,949), yielding 7 candidate genes: AURKA, C1QC, MAOA, RAD51, SHANK2, SPARCL1, and
TGM2. (G) GO and KEGG enrichment of the 7 candidate genes. Top enriched terms indicate associations with histone modification, transaminase/
oxidoreductase activity, and tyrosine metabolism (representative top terms across BP/CC/MF and KEGG are displayed; bar length denotes –log10(P-
value), point size denotes gene count).
Frontiers in Immunology frontiersin.org06
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FIGURE 3

Identification of SHANK2 and TGM2 as final hub genes using machine learning and validation. (A) LASSO regression identified three candidate genes
(MAOA, SHANK2, and TGM2) at lambda.min = 0.08. (B) SVM-RFE algorithm selected six candidate genes (TGM2, AURKA, C1QC, MAOA, SHANK2, and
RAD51) with maximal accuracy (0.633) and minimal RMSE (0.367). (C) Intersection of LASSO and SVM-RFE results yielded three overlapping genes
(MAOA, SHANK2, and TGM2), which were considered candidate hub genes. (D) ROC curves for candidate genes in the training set showed SHANK2
and TGM2 achieved AUC values above 0.7, while MAOA had lower diagnostic performance (AUC = 0.607). (E) ROC validation further confirmed the
diagnostic value of SHANK2 (AUC = 0.85) and TGM2 (AUC = 0.81). (F) Boxplots revealed significantly higher expression levels of SHANK2 and TGM2
in PBC patients compared with controls.
Frontiers in Immunology frontiersin.org07
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FIGURE 4

Functional analyses of hub genes SHANK2 and TGM2. (A) Spearman correlation analysis revealed a significant positive correlation between SHANK2
and TGM2 (r = 0.42, p < 0.05). (B) Similarity analysis showed that SHANK2 and TGM2 had a similarity score >0.4, indicating strong similarity. (C)
Subcellular localization predicted that TGM2 is mainly distributed on the plasma membrane, while SHANK2 is located in both the nucleus and
plasma membrane. (D) A back propagation neural network (BPNN) was constructed based on the hub genes; the prediction correlation was 0.8199
with a mean error of 0.1326, suggesting good predictive performance. (E) GSEA results indicated that SHANK2 was enriched in 921 GO terms and 56
KEGG pathways, mainly including B cell receptor signaling, T cell receptor signaling, and Wnt signaling pathways. (F) GSEA showed that TGM2 was
enriched in 1364 GO terms and 74 KEGG pathways, including oxidative phosphorylation, pyrimidine metabolism, and purine metabolism.
Frontiers in Immunology frontiersin.org08
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MAOA, RAD51, SHANK2, SPARCL1, and TGM2 (Figure 2F;

Supplementary Table 3). To further explore the biological roles of

these candidate genes, GO and KEGG enrichment analyses were

performed. In total, 4 biological process (BP), 12 cellular

component (CC), 17 molecular function (MF), and 13 KEGG
Frontiers in Immunology 09
pathways were significantly enriched. The top representative

terms included histone modification, synapse organization,

oxidoreductase activity, and tyrosine metabolism Figure 2G,

These findings indicate that the candidate genes are functionally

linked to epigenetic regulation, energy metabolism, and amino acid
FIGURE 5

Immune microenvironment analysis in PBC and its association with hub genes. (A) Stacked bar plots showing the proportion of immune infiltrating
cells in PBC and control samples. (B) Boxplots of immune cell abundance revealed significant differences between groups: CD8+ T cells, resting NK
cells, and M2 macrophages were enriched in controls, whereas central memory CD4+ T cells and undifferentiated M0 macrophages were enriched
in PBC. (C) Correlation heatmap of immune cells. Activated NK cells were positively correlated with activated mast cells (r > 0.4, p < 0.05), while
monocytes were negatively correlated with neutrophils (r < –0.4, p < 0.05). (D) Correlation analysis of hub genes with differential immune cells.
SHANK2 was positively correlated with M0 and M1 macrophages, whereas TGM2 showed a significant positive correlation with monocytes.
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FIGURE 6

Regulatory network analyses of hub genes SHANK2 and TGM2 (A) Construction of the lncRNA–miRNA–mRNA network, including 45 key miRNAs
and 21 lncRNAs. SHANK2 was regulated by SLFN12L, COLCA1, and LINC00598 through hsa-miR-665, while TGM2 was regulated by DNAH10OS,
SLFN12L, TSPEAR-AS2, and HTR5A-AS1 via hsa-miR-6720-5p. (B) TF–mRNA–miRNA regulatory network. Seventeen transcription factors were
predicted; TFAP2C, REST, and PPARG regulated TGM2, whereas SHANK2 was regulated only by TP53. (C) Disease predictions by DisGeNET. A total
of 49 diseases were associated with the hub genes, with bipolar disorder being predicted by both SHANK2 and TGM2. (D) Drug predictions based on
hub genes. Forty-one small molecule drugs were identified, including 39 targeting TGM2 (e.g., cisplatin, vitamin A) and 2 targeting SHANK2 (calcium
and NMDA).
Frontiers in Immunology frontiersin.org10
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metabolism, suggesting their potential involvement in the

pathogenesis of PBC.
SHANK2 and TGM2 were final hub genes

LASSO regression algorithm was used to select MAOA, SHANK2

and TGM2 as signature genes (lambda.min = 0.08) (Figure 3A). Then

SVM-RFE algorithm screened 6 signature genes2 (TGM2, AURKA,

C1QC, MAOA, SHANK2 and RAD51) when maximal accuracy was

0.633, minimal RMSEwas 0.367 (Figure 3B). Intersection of signature

genes (MAOA, SHANK2 and TGM2) was taken and identified as

candidate hub genes (Figure 3C). To evaluate these hub genes’ ability
Frontiers in Immunology 11
to distinguish PBC from control samples, ROC curves were plotted

for all samples in the training and validation sets. The results showed

that the AUC for both SHANK2 and TGM2 exceeded 0.7, whereas

the AUC value for MAOA was 0.607 in the training set. Thus,

SHANK2 and TGM2 were obtained as hub genes for subsequent

analysis (Figures 3D, E). Expression of SHANK2 and TGM2 was

higher in PBC group (Figure 3F).
Function analysis of SHANK2 and TGM2

Spearman correlation analysis was used to determine whether

there was correlation between hub genes. Results indicated that
FIGURE 7

Immunohistochemical validation of SHANK2 and TGM2 protein expression in liver tissues of PBC patients. (A) Representative immunohistochemistry
(IHC) images and quantitative analysis of SHANK2 expression in control and PBC liver tissues at different pathological stages (I–IV). SHANK2 was
significantly upregulated in PBC stages I, II, and III compared with controls (P < 0.05). (B) Representative IHC images and quantitative analysis of
TGM2 expression in control and PBC liver tissues. TGM2 expression was significantly elevated across all four stages of PBC compared with controls
(P < 0.05). *P < 0.05; **P < 0.01; ***P < 0.001. 期, denotes the different stages of primary biliary cholangitis (PBC) (stage I, II, III, and IV), which are used to
distinguish the pathological progression of the disease.
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SHANK2 and TGM2 had a significant positive correlation (r = 0.42,

p < 0.05) (Figure 4A). Similarity analysis showed that the similarity

score of SHANK2 and TGM2 was greater than 0.4, which indicated

that hub genes had strong similarity (Figure 4B). Subcellular

localization showed TGM2 was mainly expressed in the plasma

membrane, while SHANK2 was mainly expressed in nucleus and

plasma membrane (Figure 4C). Based on hub genes, a BPNN was

constructed and prediction correlation and error respectively were

0.8199 and 0.1326, indicating a small prediction bias of the BPNN

model (Figure 4D). Through GSEA, SHANK2 correlated with 921

GO terms and 56 KEGG pathways which mainly were B cell

receptor signaling pathway, T cell receptor signaling pathway and

wnt signaling pathway (Figure 4E). TGM2 enriched in 1364 GO

terms and 74 KEGG pathways , inc lud ing ox ida t ive

phosphoryla t ion, pyr imidine metabol ism and purine

metabolism (Figure 4F).
Immune microenvironment played a
crucial role in PBC patients

The percentage abundance of immune infiltration cells for PBC

and control samples is shown in Figure 5A. Immune profiling

identified five differentially abundant leukocyte subsets between

cohorts. The control group demonstrated CD8+, dormant NK cells,

and M2 macrophages, contrasting with PBC specimens, which

displayed enrichment of central memory CD4+ T cells and

undifferentiated M0 macrophages (Figure 5B). In these immune

cells, activated NK cells positively correlated with activated mast

cells (r > 0.4, p < 0.05), while monocytes were negatively related

with neutrophils (r < -0.4, p < 0.05) (Figure 5C). Finally, hub genes

correlated with differential immune cells. SHANK2 was positively

related to M0 and M1 macrophages, while TGM2 had significant

positive correlation with monocytes (Figure 5D).
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Regulatory network analysis

In order to explore involved regulatory mechanism of hub

genes, lncRNA-miRNA-mRNA network was constructed with 45

key miRNAs and 21 lncRNAs. SLFN12L, COLCA1 and LINC00598

regulated SHANK2 through hsa-miR-665, and DNAH10OS,

SLFN12L, TSPEAR-AS2 and HTR5A-AS1 regulated TGM2 by

hsa-miR-6720-5p (Figure 6A). Then 17 TFs were predicted, and

TF-mRNA-miRNA network was constructed. In TF-mRNA-

miRNA network, TFAP2C, REST, PPARG, etc regulated TGM2,

while only TP53 regulated SHANK2 (Figure 6B). Based on hub

genes, 49 diseases were predicted by DisGeNET, bipolar disorder

was disease predicting by SHANK2 and TGM2 simultaneously

(Figure 6C). In addition, 41 small molecule drug types were

predicted by hub genes, 39 types-targeting TGM2 (CISPLATIN,

VITAMIN A, etc) and 2 types-targeting SHANK2 (calcium, N-

Methyl-D-aspartic acid (NMDA)) were included (Figure 6D).
SHANK2 and TGM2 protein expression in
liver tissues

To further validate the bioinformatics findings at the protein

level, immunohistochemistry was employed to evaluate SHANK2

and TGM2 expression in liver tissues. SHANK2 was significantly

overexpressed in the liver tissues of PBC patients compared to

the control group, with prominent expression differences observed

in stages I, II, and III of PBC (P < 0.05) (Figure 7A). Similarly,

TGM2 protein expression was markedly elevated in the PBC group,

with statistically significant increases noted across all four

pathological stages (P < 0.05) (Figure 7B). These results suggest

that both SHANK2 and TGM2 proteins are upregulated in the

progression of PBC and may be involved in stage-specific

pathological processes.
FIGURE 8

Validation of SHANK2 and TGM2 mRNA expression in peripheral blood. (A) Quantitative PCR (qPCR) analysis of SHANK2 expression in peripheral
blood mononuclear cells (PBMCs) from PBC patients and healthy controls. SHANK2 expression was significantly elevated in the PBC group
(P < 0.05). (B) qPCR analysis of TGM2 expression in PBMCs. TGM2 expression was markedly increased in the PBC group compared with controls
(*P < 0.01; **P < 0.01).
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SHANK2 and TGM2 mRNA expression in
peripheral blood

To investigate SHANK2 and TGM2 expression at the

transcriptional level, qPCR analysis was performed on RNA

extracted from PBMCs of PBC patients and healthy controls. The

results demonstrated significantly elevated mRNA expression levels

of both SHANK2 and TGM2 in the PBC group compared to

controls (P < 0.05) (Figure 8A, B). These findings confirm the

upregulation of SHANK2 and TGM2 in PBC not only in liver tissue

but also in peripheral immune cells, indicating a potential systemic

involvement in disease pathogenesis.
Discussion

PBC is an organ-specific autoimmune disorder targeting small-

to-medium intrahepatic bile ducts, pathologically characterized by

progressive nonsuppurative destructive cholangitis that inevitably

progresses to ductopenia and secondary biliary cirrhosis (21).

Accumulating evidence suggests that mitochondrial dysfunction

plays a pivotal role in the pathogenesis of PBC. One of the hallmarks

of PBC is the presence of AMAs that specifically target

mitochondrial components, particularly PDC-E2, thereby

contributing to bile duct damage (22) Additionally, oxidative

stress, apoptosis, and metabolic dysregulation involving

mitochondria significantly contribute to the disease process.

Given these mitochondrial abnormalities in PBC, we performed a

bioinformatics-based transcriptomic analysis to identify key

mitochondrial-related genes associated with PBC.

The identification of DEGs, key modular genes, and

mitochondria-related genes revealed that SHANK2 and TGM2

are key mitochondrial-related genes in PBC. Functional

enrichment analysis revealed that they were involved in apoptotic

clearance, oxidative phosphorylation, and nucleotide (pyrimidine

and purine) metabolism. Apoptotic clearance is especially in PBC,

and ineffective clearance of apoptotic cholangiocytes leads to the

persistence of mitochondrial antigens and chronic immune

activation. Similarly, oxidative phosphorylation impairment was

associated with mitochondrial dysfunction in various liver diseases,

which further supporting our findings. Both SHANK2 and TGM2

showed significantly higher expression levels in PBC patients

compared to controls. SHANK2, a scaffold protein primarily

studied in neurological disorders, has recently been implicated in

immune modulation and cellular signaling (23). It was enriched in

pathways related to T-cell receptor signaling and Wnt signaling,

both of which have been reported to be dysregulated in PBC (24).

TGM2, a multifunctional enzyme involved in the oxidative stress

response, has been associated with oxidative phosphorylation,

suggesting its role in mitochondrial function in PBC (25).

Interestingly, TGM2 has also been implicated in extracellular

matrix remodeling and fibrosis, potentially contributing to disease

progression.SHANK2 is involved in the T-cell receptor and Wnt

signaling pathways, which are intricately linked to mitochondrial

energy metabolism and cellular development and differentiation
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processes. These complex interactions are likely to disrupt the

normal dynamic balance of mitochondria, thereby adversely

affecting immune cell function (23, 24). TGM2, a multifunctional

enzyme, participates in oxidative stress responses and oxidative

phosphorylation processes. On one hand, it may protect

mitochondria from oxidative damage while regulating energy

metabolism (25). On the other hand, when TGM2 function is

impaired, it can lead to mitochondrial dysfunction, affecting the

energy supply of immune cells. Moreover, its involvement in

extracellular matrix remodeling is closely associated with disease

progression (26) Mitochondria not only provide energy support to

immune cells but also participate in immune regulation through

various pathways (27). The reactive oxygen species (ROS) generated

by mitochondria can activate the NLRP3 inflammasome to promote

the release of pro-inflammatory cytokines such as IL-1b.
Additionally, mitochondrial DNA (mtDNA) released into the

cytoplasm can be recognized by the cGAS-STING pathway,

triggering type I interferon responses. The activation of immune

cells, including T cells and macrophages, relies on mitochondrial

metabolic reprogramming, such as the shift from oxidative

phosphorylation to glycolysis (28). These studies suggest that

mitochondrial dysfunction may contribute to the development of

autoimmune diseases by disrupting immune homeostasis (29, 30).

In PBC, mitochondrial dysfunction breaks immune system

homeostasis, and SHANK2 and TGM2, through their interactions

with mitochondria, play critical roles in bridging immunity and

mitochondrial function, opening up new avenues for understanding

the pathogenesis of PBC.

In this study, immune infiltration analysis revealed significant

differences in immune cell populations between PBC patients and

controls. Notably, CD8+ T cells and resting NK cells were reduced

in PBC patients, while M0 macrophages and resting memory CD4+

T cells were increased (31–33). The reduction in CD8+ T cells

suggests that these cytotoxic T cells, which play a crucial role in the

immune response to damaged bile ducts, may be functionally

impaired or deficient in PBC. This dysregulation of CD8+ T cells

has been previously been linked to autoreactive T cells contributing

to bile duct injury, a hallmark of PBC (34). Similarly, the decrease in

resting NK cells supports the hypothesis of immune dysfunction in

PBC. NK cells are essential for immune surveillance and

cytotoxicity, playing a protective role by targeting and eliminating

infected or transformed cells (32). The observed reduction in resting

NK cells suggests that their immune surveillance capacity may be

compromised in PBC, facilitating disease progression.

An interesting finding was the elevation of M0 macrophages in

PBC patients, which are immature, pro-inflammatory macrophages

often seen in the early stages of immune activation. M0

macrophages have been implicated in inflammation and fibrosis

in various chronic liver diseases, including PBC (35) These cells

may contribute to the inflammatory microenvironment that drives

the progression of bile duct damage in PBC. Furthermore, M2

macrophages, which are associated with tissue repair and fibrosis,

were also significantly elevated in PBC compared to controls (36,

37). It has been shown that M2 macrophages play a crucial role in

resolving inflammation and facilitating tissue remodeling. However,
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in the context of chronic inflammation, their activation can lead to

excessive fibrosis (38). This study found that in PBC, there is a

notable shift toward M2 macrophage polarization, which may

contribute to the fibrosis observed in advanced stages of the

disease. This finding is consistent with previous evidence

suggesting an imbalance between M1 and M2 macrophages in

autoimmune and chronic inflammatory conditions, where M2

macrophages promote fibrotic responses by secreting profibrotic

cytokines and extracellular matrix components.

Regulatory network analysis revealed that SHANK2 is modulated

by hsa-miR-665, while TGM2 is regulated by hsa-miR-6720-5p.

Additionally, COLCA1, a gene previously associated with PBC

susceptibility, was found to interact with these regulatory elements

(39). The transcription factor TP53, a critical regulator of apoptosis

and immune responses, was predicted to regulate SHANK2 (40, 41).

These findings suggest that mitochondrial-related genes are under

complex regulatory control in PBC, potentially linking metabolic

dysfunction with immune dysregulation. Drug prediction analysis

has identified vitamin A and calcium as potential therapeutic agents

for PBC (42–45). Vitamin A deficiency has been documented in PBC

patients, and supplementation may improve disease outcome.

Similarly, abnormalities in calcium metabolism in PBC have been

associated with osteoporosis and bone pain, making calcium

supplementation a relevant therapeutic approach. Further

experimental validation is required to determine the efficacy of

these agents in the management of PBC.

To further validate the bioinformatics findings at both the

protein and mRNA levels, we conducted immunohistochemical

and RT-qPCR assays. Immunohistochemical analysis of liver tissue

samples revealed that SHANK2 and TGM2 were significantly

overexpressed in PBC patients compared to controls. Notably,

SHANK2 expression showed a progressive increase from stage I

to stage III of PBC, whereas TGM2 expression was elevated across

all four histological stages, suggesting its continuous involvement

throughout disease progression. These findings support the

hypothesis that SHANK2 and TGM2 may not only participate in

the early immune activation but also contribute to the chronic

fibrotic remodeling observed in advanced PBC. Moreover,

peripheral blood samples demonstrated significantly higher

mRNA expression of both SHANK2 and TGM2 in PBC patients

relative to healthy controls, reinforcing the systemic nature of their

dysregulation. The consistent upregulation observed at both tissue

and peripheral levels underscores the potential utility of SHANK2

and TGM2 as diagnostic biomarkers or therapeutic targets. These

results corroborate the computational predictions and suggest that

the dysregulated expression of SHANK2 and TGM2 may bridge

mitochondrial dysfunction with immune dysregulation in PBC.

This study identified SHANK2 and TGM2 as key genes involved

in the pathogenesis of PBC through transcriptome data and

bioinformatics analysis. SHANK2 plays a role in immune

regulation, while TGM2 is involved in mitochondrial function,

including oxidative phosphorylation and metabolism. Both genes

represent potential therapeutic targets for mitochondrial dysfunction

in PBC. While these findings are promising, they require further

validation. The role of SHANK2 and TGM2 in PBC should be
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confirmed using in vitro or animal models, and clinical validation in

larger patient cohorts is necessary to assess their potential as

biomarkers for diagnosis or prognosis. Future studies should focus

on elucidating how SHANK2 and TGM2 interact with immune cells

in PBC, particularly macrophages and T cells, and explore the

regulatory networks that control their expression. This study

performed transcriptomic analysis based on blood samples, with

blood serving only as an “indirect surrogate” for liver pathology.

Although the pathogenesis of PBC is associated with the abnormal

activation of intrahepatic immune cells, the migration of these cells

through the bloodstream allows the blood immune cell transcriptomic

features to partial ly reflect the intrahepatic immune

microenvironment. However, peripheral blood contains almost no

cholangiocytes, which are the main target cells in PBC and whose

damage and proliferation are core features of the disease. Therefore,

the expression of cholangiocyte-related genes in the blood does not

directly reflect intrahepatic pathological changes. Additionally, the

gene expression patterns between the liver and blood

microenvironments are significantly different. In the future, we plan

to supplement our study with transcriptomic sequencing of liver

biopsy samples and single-cell transcriptomic sequencing to further

validate the reliability of our findings at both the gene and cellular

levels and to precisely analyze the role of mitochondria-related genes

in the intrahepatic pathological processes. Despite the limitations, our

findings provide important insights into the molecular mechanisms of

PBC and suggest potential avenues for targeted therapies.
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 in the article/Supplementary Material.
Ethics statement

The studies involving humans were approved by Ethics

Committee of the Second Affiliated Hospital of Kunming Medical

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

YT: Formal analysis, Visualization, Project administration,

Writing – original draft, Supervision, Data curation, Writing –

review & editing, Conceptualization. LZ: Writing – original draft,

Formal analysis, Data curation, Methodology, Visualization,

Conceptualization. QS: Formal analysis, Writing – original draft,

Visualization, Data curation, Validation. XZ: Writing – original

draft, Visualization, Formal analysis, Validation. XX: Writing –

original draft, Project administration, Resources, Conceptualization,

Supervision, Data curation, Writing – review & editing. RF: Writing –
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1644682
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tao et al. 10.3389/fimmu.2025.1644682
original draft, Supervision, Project administration, Writing – review &

editing, Methodology, Conceptualization.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This research was

supported by the Scientific Research Foundation Project of the

Education Department of Yunnan Province, China (Grant No.:

2025J0796). Talent Echelon Cultivation Project of the Second

Affiliated Hospital of Kunming Medical University, Yunnan

Province (Grant No.: RCTDHB-202305).
Acknowledgments

We thank all the participants in this study and the staff at the

Department of Pathology, The Second Affiliated Hospital of Kunming

Medical University, for their support in collecting liver tissue samples.

We also appreciate the bioinformatics assistance provided by the at

Kunming Medical University.
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.
Frontiers in Immunology 15
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.
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.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.

1644682/full#supplementary-material

SUPPLEMENTARY TABLE 1

Clinical and demographic information of 15 primary biliary cholangitis (PBC)

patients and 15 healthy controls included in the training cohort for
transcriptome sequencing.

SUPPLEMENTARY TABLE 2

Summary of sequencing quality metrics for 30 samples in the training cohort,

including alignment rates (>90% for all samples) and base error rates
(<1/1000).

SUPPLEMENTARY TABLE 3

Candidate hub genes identified by overlapping 1,905 differentially expressed
genes (DEGs), 257 key module genes (from MEroyalblue), and 1,949

mitochondria-related genes (MRGs), yielding seven candidates: AURKA,

C1QC, MAOA, RAD51, SHANK2, SPARCL1, and TGM2.
References
1. Tanaka A, Ma X, Takahashi A, Vierling JM. Primary biliary cholangitis. Lancet.
(2024) 404 :1053–66. doi: 10.1016/S0140-6736(24)01303-5

2. Huang CY, Liu YM, Liu H, Xu B, Yan HP, Zhang HP, et al. Study of clinical
characteristics in patients with gp210 antibody-positive primary biliary cholangitis.
Zhonghua Gan Zang Bing Za Zhi. (2022) 30 :419–25. doi: 10.3760/cma.j.cn501113-
20210501-00216

3. Yamashita M, Honda A, Shimoyama S, Umemura M, Ohta K, Chida T, et al.
Breach of tolerance versus burden of bile acids: Resolving the conundrum in the
immunopathogenesis and natural history of primary biliary cholangitis. J Autoimmun.
(2023) 136:103027. doi: 10.1016/j.jaut.2023.103027

4. Beuers U, Wolters F, Oude Elferink RPJ. Mechanisms of pruritus in cholestasis:
understanding and treating the itch. Nat Rev Gastro Hepat. (2023) 20:26–36.
doi: 10.1038/s41575-022-00687-7

5. Kathiresan DS, Balasubramani R, Marudhachalam K, Jaiswal P, Ramesh N,
Sureshbabu SG, et al. Role of mitochondrial dysfunctions in neurodegenerative
disorders: advances in mitochondrial biology. Mol Neurobiol. (2025) 62:6827–55.
doi: 10.1007/s12035-024-04469-x

6. Tian HY, Yu DJ, Xie T, Xu MX, Wang YH, Sun XL, et al. Cordycepin alleviates
metabolic dysfunction-associated liver disease by restoring mitochondrial homeostasis
and reducing oxidative stress via Parkin-mediated mitophagy. Biochem Pharmacol.
(2025) 232:116750. doi: 10.1016/j.bcp.2025.116750
7. Someya S, Uchiyama A, Arai K, Kon K, Yamashina S, Watanabe S, et al. Gender-
specific development of experimental autoimmune cholangitis induced by double-
stranded RNA. Biochem Bioph Res Co. (2022) 588:90–6. doi: 10.1016/j.bbrc.2021.12.011

8. Rath S, Sharma R, Gupta R, Ast T, Chan C, Durham TJ, et al. MitoCarta3.0: an
updated mitochondrial proteome now with sub-organelle localization and pathway
annotations. Nucleic Acids Res. (2021) 49 :D1541–7. doi: 10.1093/nar/gkaa1011

9. Singla D, Yadav IS. GAAP: A GUI-based genome assembly and annotation
package. Curr Genomics. (2022) 23 :77–82. doi: 10.2174/1389202923666220128155537

10. Gangaraj KP, Rajesh MK. Dataset of dual RNA-sequencing of Phytophthora
palmivora infecting coconut (Cocos nucifera L.). Data Brief. (2020) 30:105455.
doi: 10.1016/j.dib.2020.105455

11. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15 :550.
doi: 10.1186/s13059-014-0550-8

12. Cao T, Li Q, Huang Y, Li A. plotnineSeqSuite: a Python package for visualizing
sequence data using ggplot2 style. BMC Genomics. (2023) 24 :585. doi: 10.1186/s12864-
023-09677-8

13. Zheng X, Ma Y, Bai Y, Huang T, Lv X, Deng J, et al. Identification and validation
of immunotherapy for four novel clusters of colorectal cancer based on the tumor
microenvironment. Front Immunol . (2022) 13:984480. doi : 10.3389/
fimmu.2022.984480
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1644682/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1644682/full#supplementary-material
https://doi.org/10.1016/S0140-6736(24)01303-5
https://doi.org/10.3760/cma.j.cn501113-20210501-00216
https://doi.org/10.3760/cma.j.cn501113-20210501-00216
https://doi.org/10.1016/j.jaut.2023.103027
https://doi.org/10.1038/s41575-022-00687-7
https://doi.org/10.1007/s12035-024-04469-x
https://doi.org/10.1016/j.bcp.2025.116750
https://doi.org/10.1016/j.bbrc.2021.12.011
https://doi.org/10.1093/nar/gkaa1011
https://doi.org/10.2174/1389202923666220128155537
https://doi.org/10.1016/j.dib.2020.105455
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s12864-023-09677-8
https://doi.org/10.1186/s12864-023-09677-8
https://doi.org/10.3389/fimmu.2022.984480
https://doi.org/10.3389/fimmu.2022.984480
https://doi.org/10.3389/fimmu.2025.1644682
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tao et al. 10.3389/fimmu.2025.1644682
14. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinf. (2008) 9:559. doi: 10.1186/1471-2105-9-559

15. Yu G,Wang LG, Han Y, HeQY. clusterProfiler: an R package for comparing biological
themes among gene clusters. OMICS. (2012) 16 :284–7. doi: 10.1089/omi.2011.0118

16. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez JC, et al. pROC: an
open-source package for R and S+ to analyze and compare ROC curves. BMC Bioinf.
(2011) 12:77. doi: 10.1186/1471-2105-12-77

17. Peng S, Zhang T, Zhang S, Tang Q, Yan Y, Feng H. Integrated bioinformatics
and validation reveal IL1B and its related molecules as potential biomarkers in chronic
spontaneous urticaria. Front Immunol . (2022) 13:850993. doi: 10.3389/
fimmu.2022.850993

18. Li S, Que Y, Yang R, He P, Xu S, Hu Y. Construction of osteosarcoma diagnosis
model by random forest and artificial neural network. J Pers Med. (2023) 13:447 .
doi: 10.3390/jpm13030447

19. Yu G, Li F, Qin Y, Bo X, Wu Y,Wang S. GOSemSim: an R package for measuring
semantic similarity among GO terms and gene products. Bioinformatics. (010) 26:976–
8. doi: 10.1093/bioinformatics/btq064

20. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods. (2015)
12:453–7. doi: 10.1038/nmeth.3337

21. Cheng XY, Jin R, Yang YY, Wang J, Li JN. Clinical features of primary sclerosing
cholangitis and inflammatory bowel disease. Zhonghua Nei Ke Za Zhi. (2023) 62:532–8.
doi: 10.3760/cma.j.cn112138-20220425-00309

22. Poyatos E, Morandeira F, Climent J, Mas V, Castellote J, Bas J. Detection of anti-
mitochondrial 2-oxoacid dehydrogenase complex subunit’s antibodies for the diagnosis of
Primary Biliary Cholangitis. Clin Immunol. (2024) 268:108749. doi: 10.1016/j.clim.2021.108749

23. Xu L, Li P, Hao X, Lu Y, Liu M, Song W, et al. SHANK2 is a frequently amplified
oncogene with evolutionarily conserved roles in regulating Hippo signaling. Protein
Cell. (2021-) 12:174–93. doi: 10.1007/s13238-020-00742-6

24. Li D, Ye C, Liu P, Sun T, Qin Y, Wan X. PGC1a deficiency reverses cholestasis-
induced liver injury via attenuating hepatic inflammation and promoting bile duct
remodeling. Acta Histochem. (2023) 125 :152097. doi: 10.1016/j.acthis.2023.152097

25. Lee HJ, Jung YH, Choi GE, Kim JS, Chae CW, Lim JR, et al. Urolithin A
suppresses high glucose-induced neuronal amyloidogenesis by modulating TGM2-
dependent ER-mitochondria contacts and calcium homeostasis. Cell Death Differ.
(2021) 28:184–202. doi: 10.1038/s41418-020-0593-1

26. Zhang S, Fu B, Xiong Y, Zhao Q, Xu S, Lin X, et al. Tgm2 alleviates LPS-induced
apoptosis by inhibiting JNK/BCL-2 signaling pathway through interacting with Aga in
macrophages. Int Immunopharmacol. (2021) 101 :108178. doi: 10.1016/j.intimp.2021.108178

27. Faas MM, de Vos P. Mitochondrial function in immune cells in health and
disease. Bba-Mol Basis Dis. (2020) 1866:165845. doi: 10.1016/j.bbadis.2020.165845

28. Cai S, Zhao M, Zhou B, Yoshii A, Bugg D, Villet O, et al. Mitochondrial
dysfunction in macrophages promotes inflammation and suppresses repair after
myocardial infarction. J Clin Invest. (2023) 133:e159498. doi: 10.1172/JCI159498

29. Qiu S, Zhong X, Meng X, Li S, Qian X, Lu H, et al. Mitochondria-localized cGAS
suppresses ferroptosis to promote cancer progression. Cell Res. (2023) 33 :299–311.
doi: 10.1038/s41422-023-00788-1

30. Kim J, Kim HS, Chung JH. Molecular mechanisms of mitochondrial
DNA release and activation of the cGAS-STING pathway. Exp Mol Med. (2023)
55:510–519.254014. doi: 10.1038/s12276-023-00965-7
Frontiers in Immunology 16
31. Han Y, Bian ZH, Yang SY, Wang CB, Li L, Yang YQ, et al. Single-cell
characterization of hepatic CD8+ T cells in a murine model of primary biliary
cholangitis. Front Immunol. (2022) 13:860311. doi: 10.3389/fimmu.2022.860311

32. Hydes TJ, Blunt MD, Naftel J, Vallejo AF, Seumois G, Wang A, et al. Constitutive
activation of natural killer cells in primary biliary cholangitis. Front Immunol. (2019)
10:2633. doi: 10.3389/fimmu.2019.02633

33. Leon MP, Bassendine MF, Gibbs P, Thick M, Kirby JA. Immunogenicity of
biliary epithelium: study of the adhesive interaction with lymphocytes.
Gastroenterology. (1997) 112:968–77. doi: 10.1053/gast.1997.v112.pm9041260

34. Huang B, Lyu Z, Qian Q, Chen Y, Zhang J, Li B, et al. NUDT1 promotes the
accumulation and longevity of CD103+ TRM cells in primary biliary cholangitis.
J Hepatol. (2022) 77 :1311–24. doi: 10.1016/j.jhep.2022.06.014

35. Gallucci GM, Alsuwayt B, Auclair AM, Boyer JL, Assis DN, Ghonem NS.
Fenofibrate downregulates NF-kB signaling to inhibit pro-inflammatory cytokine
secretion in human THP-1 macrophages and during primary biliary cholangitis.
Inflammation. (2022) 45 :2570–81. doi: 10.1007/s10753-022-01713-1

36. Cai SY, Ge M, Mennone A, Hoque R, Ouyang X, Boyer JL. Inflammasome is
activated in the liver of cholestatic patients and aggravates hepatic injury in bile duct-
ligated mouse. Cell Mol Gastroenterol Hepatol. (2020) 9:679–88. doi: 10.1016/
j.jcmgh.2019.12.008

37. Koda S, Zhang B, Zhou QY, Xu N, Li J, Liu JX, et al. b2-adrenergic receptor
enhances the alternatively activated macrophages and promotes biliary injuries caused
by helminth infection. Front Immunol . (2021) 12:754208. doi: 10.3389/
fimmu.2021.754208

38. Yan L, Wang J, Cai X, Liou YC, Shen HM, Hao J, et al. Macrophage plasticity:
signaling pathways, tissue repair, and regeneration. MedComm. (2024) 5:e658.
doi: 10.1002/mco2.658

39. Hitomi Y, Aiba Y, Kawai Y, Kojima K, Ueno K, Nishida N, et al. rs1944919
on chromosome 11q23.1 and its effector genes COLCA1/COLCA2 confer
susceptibility to primary biliary cholangitis. Sci Rep. (2021) 11:4557. doi: 10.1038/
s41598-021-84042-x

40. Tornesello ML, Buonaguro L, Izzo F, Buonaguro FM. Molecular alterations in
hepatocellular carcinoma associated with hepatitis B and hepatitis C infections.
Oncotarget. (2016) 7:25087–102. doi: 10.18632/oncotarget.7837

41. Kim H, Oh BK, Roncalli M, Park C, Yoon SM, Yoo JE, et al. Large liver cell
change in hepatitis B virus-related liver cirrhosis. Hepatology. (2009) 50 :752–62.
doi: 10.1002/hep.23072
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