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Aim: Periodontitis, a highly prevalent chronic inflammatory disease, progressively destroys tooth-supporting tissues, ultimately
leading to tooth loss, and significantly increases systemic risks such as cardiovascular disease and diabetic complications. Current
mechanical therapies effectively control clinical symptoms but fail to eradicate pathogenic microenvironments or restore periodontal
homeostasis. Mitochondrial dysfunction is a critical driver of periodontitis progression; however, the regulatory mechanisms of
mitochondria-related genes remain poorly defined.

Materials and Methods: This study integrated bulk transcriptome sequencing (bulk RNA-seq) and single-cell RNA-seq (scRNA-
seq) analyses to identify mitochondrial dysfunction-associated immune cell alterations in periodontitis. Key mitochondria-related
genes inducing disease progression were pinpointed through non-negative matrix factorization (NMF) and weighted gene coexpression
network analysis (WGCNA). By integrating ten machine learning algorithms with experimental validation using real-time quantitative
polymerase chain reaction (qQPCR) and immunofluorescence, peroxiredoxin 4 (PRDX4) was identified as the most crucial hub gene
governing mitochondrial homeostasis in periodontitis.

Results: Patient stratification based on PRDX4 expression revealed upregulated B cell-related pathways. Pseudotime analysis
demonstrated a synchronized upregulation of PRDX4 and B cell signature genes during late-stage disease progression. sScCRNA-seq
and immunofluorescence confirmed PRDX4 upregulation in B cells, particularly in plasma cells and memory B cells, and indicated its
involvement in B cell differentiation. Experiments in a mouse model further validated the conserved functional role of PRDX4 in
regulating B cells during periodontitis. Finally, we screened traditional Chinese medicinal compounds and identified aloe as a potential
PRDX4 inhibitor.

Conclusion: These findings establish PRDX4 as a key regulatory node linking mitochondrial dysfunction to periodontitis pathogen-
esis, providing insights into mitochondria-related genes and potential therapeutic strategies.

Keywords: periodontitis, mitochondria, B cell, multi-omics, PRDX4

Introduction
Periodontitis, a chronic inflammatory disease initiated by periodontal bacteria, is characterized by the progressive
destruction of tooth-supporting tissues, ultimately leading to tooth loss.'* It severely impairs the oral function, aesthetics,

and quality of life, while increasing systemic risks such as cardiovascular disease and diabetic complications.** The
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World Health Organization’s Global Oral Health Status Report (2022) highlights its pandemic scale, estimating that
nearly 3.5 billion people suffer from oral diseases, with periodontitis being the most prevalent.” These figures underscore
an urgent need for global prevention and early intervention strategies to mitigate its individual and societal burden.
Current therapeutic strategies for periodontitis, including mechanical debridement, antimicrobial agents, and regenerative
surgery, primarily aim to disrupt pathogenic biofilms and suppress local inflammation.®® However, these approaches
demonstrate inherent limitations: they achieve only transient control of clinical symptoms and fail to fundamentally
disrupt pathogenic host-microbe interactions, eradicate the persistent inflammatory microenvironment, or enable func-
tional tissue regeneration.”'" Consequently, while these interventions might slow disease progression, they cannot
restore disrupted periodontal homeostasis or prevent recurrence. This underscores the urgent need to elucidate the
molecular mechanisms underlying microenvironmental dysregulation and tissue destruction, thereby identifying novel
therapeutic targets to complement conventional mechanotherapies with precise, biology-driven interventions.
Mitochondrial dysfunction serves as a pivotal driver of periodontitis pathogenesis, bridging microbial aggression,
immune dysregulation, and tissue degeneration.'>'? Mitochondrial dysfunction—manifested by the mitochondrial
calcium (mito Ca’+) overload, accumulation of mitochondrial reactive oxygen species (mROS), adenosine triphosphate
(ATP) depletion, activation of the mitochondrial permeability transition (mPT), and impaired mitophagy—directly
contributes to inflammatory tissue damage and impaired tissue regeneration.'*'> Mitochondrial calcium signaling and
redox imbalance have been mechanistically linked to dysregulated osteoclast, osteoblast differentiation, and connective
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1617 mPT triggers the release of mitochondrial DNA (mtDNA), N-formyl peptides, and mROS,

which exacerbate immune cell activation and perpetuate inflammation.'® Although evidence underscores mitochondria as

tissue cell apoptosis.

a central node in periodontitis pathogenesis, the precise mechanisms by which the myriad mitochondrial genes
orchestrate the dysregulated microenvironment remain poorly defined. Given the strong correlation between mitochon-

drial structural damage in periodontal tissues and disease severity,'>'’

targeting mitochondria-associated molecular
pathways might represent a precise strategy to disrupt the vicious cycle of microenvironmental dysregulation.
Deciphering mitochondria-related gene networks thus emerges as an urgent priority to unravel the complexity of
mitochondrial contributions to periodontitis and identify novel therapeutic targets for restoring periodontal homeostasis.

With the rapid advancement of multiomics technologies, bulk RNA-seq enables the systematic capture of gene
expression signatures in periodontal tissues, particularly facilitating the identification of disease-specific upregulated
genes and their correlations with mitochondria-related genes.’®?' In parallel, scRNA-seq provides unprecedented
resolution to directly delineate the cell-type-specific expression patterns of key mitochondrial genes and their regulatory
networks across distinct cellular subpopulations, revolutionizing our understanding of cellular heterogeneity within
complex tissues such as periodontal tissues.”” Thus, the functional enrichment analysis of scRNA-seq data identifies
key biological pathways and processes dysregulated in disease states and further delineates dysregulated mitochondrial
pathways.”> Pseudotime analysis additionally reconstructs dynamic cellular trajectories, revealing the transitional states
and molecular drivers of disease progression.”* To harness the high dimensionality and complexity of these multiomics
datasets, multiple machine learning approaches are increasingly used.”>*® Supported by these machine learning meth-
odologies, the development of precision medicine has achieved unprecedented growth. These technologies also facilitate
the discovery of novel biomarker signatures that help elucidate the molecular underpinnings of disease. This synergistic
integration of bulk RNA-seq, scRNA-seq, trajectory inference, and advanced machine learning analytics provides
a powerful, multifaceted framework for dissecting the molecular pathophysiology of periodontitis.

Given the critical yet poorly defined role of mitochondrial dysfunction in the pathogenesis of periodontitis, we leveraged
an integrative framework combining multi-omics technologies and machine learning to systematically decipher mitochon-
dria-related molecular mechanisms. However, a comprehensive understanding of how mitochondrial gene networks regulate
the immune microenvironment and drive disease progression is still lacking. To address this need, this study was designed
to systematically identify and validate key mitochondrial regulators in periodontitis. We applied weighted gene coexpres-
sion network analysis and non-negative matrix factorization clustering to identify disease subtypes and key genes, employed
multiple machine learning algorithms to pinpoint peroxiredoxin 4 (PRDX4) as a central hub gene governing mitochondrial
homeostasis, and subsequently validated its critical role in B-cell function through single-cell analysis and animal models.
Furthermore, we explored the therapeutic potential of PRDX4 by screening natural compounds targeting this pathway.
Collectively, these findings establish PRDX4 as a key regulatory node linking mitochondrial dysfunction to periodontitis
pathogenesis and provide a foundation for novel therapeutic strategies.

Materials and Methods
Bulk RNA-Seq Data Processing and Analysis

Differential expression analysis between periodontitis patients and healthy controls was performed using the limma
R package.’” Genes with an adjusted p-value <0.05 (Benjamini-Hochberg method) were considered differentially
expressed. For pathway analysis, Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG)
enrichment analyses were conducted using the clusterProfiler software package.”® Three GO categories were examined:
biological process (BP), cellular components (CC), and molecular function (MF). Additionally, metabolism-related
pathway analysis was performed using gene set variation analysis (GSVA) and single-sample gene set enrichment
analysis (ssGSEA) with R package GSVA?’ and ssGSEA,* with metabolism-related gene sets obtained from the
R package scMetabolism.*'

A comprehensive correlation analysis was performed using the Spearman rank correlation to explore relationships
among mitochondrial, immune, and metabolism-related genes. WGCNA was conducted on the differentially expressed
genes to identify gene modules associated with periodontitis, using the WGCNA R package.*> Module eigengenes were
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calculated and correlated with clinical traits via Pearson correlation. The WGCNA analysis used several R packages:
matrixStats, Hmisc, foreach, doParallel, fastcluster, DynamicTreeCut, survival, and WGCNA.

Network Analysis and Disease Subtyping

Potential molecular isoforms were identified through the non-negative matrix factorization (NMF) clustering of differ-
entially expressed genes using the survival and NMF R packages.>* The optimal number of clusters was determined by
evaluating the cophenetic correlation coefficient, dispersion, and silhouette width metrics. The clustering results were
visualized using t-distributed stochastic neighbor embedding. Sample pseudotime indexing was performed by applying
principal component analysis (PCA) with a three-knot B-spline fit to the first two components, assigning each sample
a developmental time units value scaled from 0.0 to 10.0.

Immune Microenvironment Analysis

The immune landscape was characterized using multiple computational approaches. CIBERSORT, with the LM22 signature
matrix, was used to estimate the relative abundance of 22 immune cell subtypes within the mixed cell populations.** To
validate these results, xCell was applied for cell type enrichment analysis, and ssGSEA was performed to quantify immune-
related pathway activities.”> The analysis incorporated 29 immune-related gene signatures, and results were compared
between periodontitis and healthy control groups using linear models with empirical Bayes moderation.

Machine Learning Analysis

The integrated dataset was analyzed using a comprehensive set of ten distinct machine learning algorithms to ensure
robust feature selection.® The models employed were Logistic Regression (LR), Support Vector Machine (SVM), Neural
Network (NNET), Gradient Boosting Machine (GBM), Random Forest (RF), Extreme Gradient Boosting (XGB),
K-Nearest Neighbors (KNN), Adaptive Boosting (ADA), Classification and Regression Trees (CART), and Multilayer
Perceptron (MLP). To identify the most predictive features, we performed feature selection using Least Absolute
Shrinkage and Selection Operator (LASSO) regression (Table 1). The performance of each model was rigorously
evaluated via 10-fold cross-validation. The assessment was based on multiple metrics derived from Receiver
Operating Characteristic (ROC) curve analysis, confusion matrices, calibration curves, and Decision Curve Analysis
(DCA). The optimal model was subsequently selected based on its comprehensive performance for further biological
validation.

RT-gPCR Analysis

Total RNA was extracted using the TRIzol reagent (Invitrogen, USA) to validate the reliability of key prognostic genes in
periodontal tissues. Human samples were obtained from periodontitis-affected gingival tissues and adjacent healthy gingival
tissues collected during tooth extraction. Mouse samples were collected from periodontitis-induced lesions and contralateral

Table | R Packages Employed for Each Machine Learning

Algorithm
Algorithm R Package
Logistic Regression (LR) Stats, glmnet
Support Vector Machine (SVM) el071, kernlab
Neural Network (NNET) nnet
Gradient Boosting Machine (GBM) gbm
Random Forest (RF) RandomForest
Extreme Gradient Boosting (XGB) xgboost
K-Nearest Neighbors (KNN) Class, kknn
Adaptive Boosting (ADA) adabag
Classification and Regression Trees (CART) | rpart
Multilayer Perceptron (MLP) nnet
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healthy periodontal tissues. RT-qPCR analysis was performed using the primers listed in Table 2, with glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as the endogenous control for human samples and B-actin for mouse samples.

Immunofluorescence

Paraffin sections were blocked with bovine serum albumin and then incubated overnight in a humidified chamber at 4°C
with primary antibodies (anti-PRDX4 and anti-CD20). The slides were subsequently incubated with a fluorescein-
conjugated secondary antibody for 1 h under dark conditions at room temperature. Cell nuclei were counterstained
with 4',6-diamidino-2-phenylindole (DAPI). Imaging was performed using a ZEISS confocal microscope. The antibodies
used were anti-PRDX4 (Proteintech, Wuhan, China; 60286-1-Ig) and anti-CD20 (Abcam, Cambridge, UK; ab64088).

Animal Experimental Periodontitis Models

All animal experiments were approved by the Animal Ethics Committee of Zhejiang Center of Laboratory Animals
(ZICLA-IACUC-20011430) and were conducted in accordance with the Guide for the Care and Use of Laboratory
Animals (National Research Council, 1996). Seven-week-old male C57BL/6 mice were randomly assigned to two
groups: Group C (untreated control) and Group P (experimental periodontitis induction). Periodontitis was induced by
ligating a 5-0 silk suture around the cervical region of the maxillary second molar for 7 d. Briefly, mice were
anesthetized and immobilized, and the suture was positioned at the cervical margin of the target molar using ophthalmic
forceps. Sutures were inspected every 2 d, and if loosening was detected, religation was performed immediately.

Collection of Human Periodontal Tissues

All human gingival tissue samples were collected under a protocol approved by the relevant Ethics Committee (Approval
No: EC2025-LW-016-01(K)), with written informed consent obtained from all participants. Strict exclusion criteria were
applied, including smoking, diabetes, cardiovascular diseases, chronic inflammatory or autoimmune conditions, recent
antibiotic use, long-term medication history, and other systemic factors that could confound periodontal inflammation.
Participants were divided into two groups: Healthy controls, whose tissues were obtained from sites with probing depth
(PD) <3 mm, no bleeding on probing (BOP), no clinical attachment loss (CAL), and no radiographic evidence of bone
loss; and Periodontitis patients, whose tissues were collected from diseased sites with PD >5 mm, CAL >3 mm, and
significant radiographic bone resorption exceeding the coronal third (during flap surgery or extraction of periodontally
compromised teeth). Gingival biopsies (approximately 5%2.5 mm) were immediately placed in sterile saline-containing
specimen bags, labeled with patient identifiers, and stored with recorded clinical parameters.

Statistical Methods

All statistical analyses were performed using R (version 4.2.1) and GraphPad Prism (version 9.0). Continuous variables
were compared between two groups using Student’s ¢-test for normally distributed data or the Mann—Whitney U-test for
non-normally distributed data. The Spearman correlation coefficient was used to assess rank correlations between
variables. Bivariate associations for nonparametric data were also evaluated using Spearman rank correlation. Survival

Table 2 All the Primers Used in the RT-qPCR Analysis

Forward: 5' to 3’ Reverse Primer: 3' to 5’

PRDX4 CGAAGATTTCCAAGCCAGCG ATTGGCCCAAGTCCTCCTTG
AMCRX3 | AATCCCTGCAGTGGGTCCAA TTCTTTTGCCTGGCGTTGTG
SLC25A45 | CCGAGGAAGGCTGTGTTTCT ACCACAGCTATGCTGGCAAT
GAPDH AATGGGCAGCCGTTAGGAAA GCGCCCAATACGACCAAATC
Prdx4 GATCTCCAAGCCAGCACCTTATT CCAAGTGGGTAAACTGAGAGTCA
Armex3 AGGCAAGAGAAGAGGAAGGAAATT | AGTCACTTCAAGGCCACAGTAAT
Slc25a45 GCACCCATTCGACACTGTAAAG GAAGAAACCCAGGACTGACTCAT
B-actin GCTGTCCCTGTATGCCTCTG TTGATGTCACGCACGATTTCCC

Clinical, Cosmetic and Investigational Dentistry 2025:17 https: 665



Tu et al

analyses were conducted using the Kaplan—Meier method with between-group differences assessed by the Log rank test.
A p-value <0.05 was considered statistically significant.

Data Source

Data were collected and consolidated from three Gene Expression Omnibus (GEO) datasets (GSE16134 and GSE23586),
comprising 316 samples (72 healthy controls and 244 periodontitis patients). All datasets were generated using the
GPL570 platform, facilitating seamless data integration. To address potential heterogeneity arising from integrating
multiple patient cohorts, including variations in patient demographics and study protocols, we implemented
a comprehensive bioinformatic correction approach. First, non-biological technical variations (batch effects) were
adjusted using the ComBat function from the sva R package. Furthermore, for differential expression analysis, we
incorporated available clinical covariates (such as age and sex where applicable) into the linear models using the limma
R package to account for potential confounding factors. Raw expression data were processed in R, including probe-to-
gene mapping, log2 transformation, and quantile normalization.

Results
Correlation Analysis Between Periodontitis and Mitochondria, Immunity and

Metabolism

We performed a comprehensive transcriptomic analysis of gingival tissue samples from healthy controls (CTL) and
periodontitis patients (PD) using the data from the GEO datasets (GSE16134 and GSE23586). After correcting for batch
effects with ComBat, PCA revealed clear separation between healthy and periodontitis samples (Figure 1A), indicating
distinct gene expression profiles associated with the disease state. Enrichment analysis reveals significant enrichment of
multiple mitochondria-related pathways in periodontitis samples than that of controls, highlighting differential expression
patterns between the two groups, which underscore the critical role of mitochondrial dysfunction in periodontitis
pathogenesis (Figures 1B and S1A, B). Differential expression analysis identified numerous genes with altered expres-
sion in PD compared to the CTL group (Figure 1C). Functional enrichment analysis of these differentially expressed
genes further illustrates key pathway alterations between CTL and PD samples (Figure 1D). The primary enrichment is
related to immune cell and metabolic pathways, indicating that periodontitis is closely linked to immune regulation and
metabolic processes. To characterize the immune landscape in periodontitis, we used multiple computational approaches
to estimate immune cell composition and activity from the bulk RNA-seq data. CIBERSORT analysis reveals significant
differences in immune cell proportions between healthy and periodontitis samples (Figures 1E, F, and SIC-SI1E).
Notably, plasma cells, naive B cells, and neutrophils are increased in periodontitis, whereas resting dendritic cells,
resting mast cells, and macrophages are decreased. Further characterization of the metabolic profiles of periodontitis and
control groups via GSVA and ssGSEA reveals significant differences in metabolic pathways (Figures 1G and H).
Specifically, the synthesis pathways of glycosaminoglycans such as keratin sulfate are markedly suppressed in the PD
group, while pathways related to amino acid and lipid metabolism are significantly upregulated in the PD group.
Correlation analysis between mitochondrial and immune-related genes reveals strong associations (Figures 1I, SIF
and S1G).

|dentification of Periodontitis Molecular Subtypes

To explore potential heterogeneity among periodontitis patients, we performed NMF clustering analysis. Based on the
NMF consensus map and other quality metrics, we identified two distinct molecular subtypes of periodontitis, designated
as Class 1 (C1) and Class 2 (C2) (Figure S2A—-S2C). The glycosaminoglycan pathway is significantly inhibited in GSVA
and ssGSEA scores, suggesting that C2 exhibits stromal metabolic defects potentially linked to tissue repair disorders
(Figure 2A-D). To investigate differences in mitochondrial function between C1 and C2 groups, we performed the
CIBERSORT algorithm (Figure 2E). Interestingly, significant mitochondrial function differences between C1 and C2
(Figure 2F) were observed. In the C2 group, mitochondrial fission, autophagy, and fusion are upregulated, whereas
mitochondrial immune responses and mitochondrial organelle contact sites are downregulated. The CIBERSORT
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Figure | Correlation analysis between periodontitis, mitochondrial dysfunction, and immune cells. (A) PCA plot of batch-corrected data distinguishing healthy control
(CTL, blue) and periodontitis (PD, Orange) samples, revealing clear separation between groups. (B) Enrichment analysis results of the mitochondria-related pathway. (C)
Volcano plot of differentially expressed genes (DEGs) between healthy and periodontitis samples. Significantly upregulated (orange) and downregulated (purple) genes in
periodontitis are highlighted (adjusted p-value < 0.05). (D) Function analysis of differential genes between healthy and periodontitis samples. (E and F) Boxplots showing
immune cell composition in healthy and periodontitis samples as estimated by xCell (E) and CIBERSORT (F) algorithms. (G and H) Bar plots showing log, fold change of
immune cell types between healthy and periodontitis samples for GSVA (G) and ssGSEA (H) results. (I) Correlation analysis between mitochondrial function scoring and
immune cell based on the CIBERSORT algorithm. *p < 0.05, **p < 0.01, ***p < 0.001.

analysis results reveal significant differences in immune cell proportions between C1 and C2 groups (Figure 2G and H).

Notably, memory B cells, resting mast cells, follicular helper T cells, and naive T cells increase in C2, while naive

B cells, resting natural killer (NK) cells, and CD8+ T cells are decreased. Further characterization of the immune features

of these subtypes using xCell and ssGSEA reveals significant differences in immune-related gene set activities

(Figure 21-L). Class 2 exhibits higher expression of genes associated with NK and regulatory T cells, whereas Class 1

exhibits elevated expression of genes related to macrophages, Thl cells, and human leukocyte antigen (HLA) molecules.

These distinct immune profiles might have important implications for disease progression and therapeutic responses

across patient subgroups.
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Identification of PRDX4 Based on Multiple Machine Learning Algorithms

To further elucidate the gene expression patterns associated with periodontitis, we performed WGCNA on the differentially
expressed genes between healthy and periodontitis samples (Figures 3A and S3A-D). This analysis identified several gene
modules with significant correlations to the disease state. The brown module shows a strong positive correlation with period-
ontitis, likely representing coregulated gene networks that play key roles in disease pathogenesis. By intersecting these genes
with NMF-derived genes, we identified seven candidates (Figure 3B). To further prioritize the most critical gene, we system-
atically evaluated these candidates using 10 machine learning algorithms. Notably, PRDX4 emerged as the top consensus gene,
ranking as the most important feature in seven out of ten models (Figure 3C and 3G-M). All ten models demonstrated robust
predictive performance on the training set (Figures 3D-F and S4A—S4C). Although ARMCX3 and SLC25A45 were identified as
relatively important by the three models, RT-qPCR validation revealed that PRDX4 exhibited the most significant upregulation in
periodontitis than the controls (Figures 3N and S4D—S4F). This finding was further corroborated by immunofluorescence, which
demonstrated pronounced PRDX4 protein upregulation in periodontitis tissues (Figure 30). Collectively, these results establish
PRDX4 as the most relevant mitochondrial dysfunction—associated gene in the progression of periodontitis.
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Pseudotime Analysis Reveals the Coordinated Expression of Mitochondrial and

Immune Genes During Periodontitis Progression

To gain insights into the temporal dynamics of gene expression during periodontitis progression, we performed
pseudotime analysis using a B-spline curve fitted to all genes (Figure 4A). The results indicate that the C2 subtype
corresponds to the late stage of periodontitis. Pseudotime analysis further simulated gene expression trends during
periodontitis progression, revealing that metabolic and HLA-related genes display increased expression in the late stage
(C2 group) (Figure 4B and C). Temporal expression profiles of a representative mitochondrial gene (PRDX4) and B cell
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Figure 4 Pseudotime Analysis Reveals Coordinated Expression of Mitochondrial, and Immune Genes During Periodontitis Progression. (A) PCA plot of samples fitted with
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marker (MS4A1) also show elevated expression as the disease advanced (Figure 4D and E). Correlation analysis between
mitochondrial and immune-related genes reveals strong associations (Figure 4F and G). Collectively, these findings
suggest that PRDX4 might drive periodontitis progression by modulating immune cell responses, particularly B cell-
mediated immunity.

Functional Annotation and Immune Microenvironment Correlations of PRDX4 in

Periodontitis

Periodontitis patients were grouped according to PRDX4 expression levels, and GO and KEGG enrichment analyses
were performed on the resulting differentially expressed genes to elucidate associated biological functions (Figure 5A).
Most genes were highly enriched in B cell receptor signaling pathways, as revealed by GSEA results (Figure 5B). To
further characterize the immune landscape associated with PRDX4, we performed detailed immune cell infiltration
analyses using CIBERSORT and xCell algorithms (Figure SC-F). The Spearman correlation analysis results show that
PRDX4 is positively correlated with mitochondrial apoptosis but negatively correlated with mitochondrial fusion and
mtDNA maintenance (Figure 5G). The PRDX4 high-expression panel showed significant upregulation of pathways
related to N-glycan biosynthesis, sialic acid metabolism, starch and sucrose metabolism, and folate and pterine
metabolism (Figure SH and I). These metabolic differences might reflect distinct cellular states or energy requirements
of the PRDX4 high-expression group, potentially influencing their inflammatory and immune responses.

scRNA-Seq Analysis Unveils Cellular Heterogeneity in Periodontal Tissues

To further characterize the cellular composition and gene expression patterns at single-cell resolution, we analyzed
scRNA-seq data from periodontal tissue samples of periodontitis patients and controls (Figure 6A). After quality control
and preprocessing, we identified eight distinct cell populations: B, endothelial, epithelial, keratinocytes, mesenchymal
stem cells (MSCs), myeloid cells, pericytes, and T/NK cells (Figure 6B). Cell type—specific marker genes were used to
annotate these populations (Figure 6C), and their relative proportions were quantified in periodontitis and control samples
(Figure 6B). We observed significant differences in cellular composition between periodontitis and control samples, with
B cells showing a marked decrease (30.0% vs 70.0%) in periodontitis. scRNA-seq analysis further reveals that PRDX4 is
significantly upregulated in periodontitis samples compared to controls and is predominantly enriched in B cell subsets
(Figure 6D and E), validating the bulk RNA-seq findings and reinforcing the strong association between PRDX4
expression and B cell involvement in periodontitis pathogenesis.

PRDX4 Expression Dynamics in B Cell Differentiation
Spatial transcriptomic analysis corroborated the sScCRNA-seq results at the tissue level. PRDX4-high expression regions
showed significant overlap with areas enriched for B cell, directly providing in situevidence for the specific upregulation
of PRDX4 in B cell populations identified by single-cell analysis (Figures 7A—7C and S5A-S5D).

Further analysis of B cell subpopulations identified four distinct subsets: plasma, memory B, naive B, and proliferating
B cells (Figure 7D-F). The proportions of these subpopulations differed between periodontitis and control samples, with naive
B cells showing a significant increase in periodontitis (Figure 7G). Comparison of PRDX4 expression between control and
periodontitis conditions in different B cell subtypes showed significant upregulation in plasma cells and memory B cells in the
periodontitis group (Figures 7H-I and S6A-S6C), suggesting a potential role for PRDX4 in functional alterations of these
subsets during disease progression. Immunofluorescence staining further demonstrated colocalization of PRDX4 with CD20
in periodontitis tissues (Figure 7J). Additionally, we identified a cluster of genes (Cluster 3) with expression patterns similar to
PRDX4, characterized by increased expression in late pseudotime (Figure 7K). Functional enrichment analysis of this cluster
revealed significant enrichment in pathways related to immune response regulation and activation, including the immune
response—regulating cell surface receptor signaling pathway and immune response—activating cell surface receptor signaling
pathway, suggesting that PRDX4 might be part of a coordinated gene program involved in B cell activation and immune
regulation. To investigate the dynamics of PRDX4 expression during B cell differentiation, we reconstructed the pseudotime
trajectory of B cell differentiation (Figures 7L and S6D—S6H). Pseudotime-dependent gene expression analysis demonstrates
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that PRDX4 expression increases as B cells progress through their differentiation trajectory, with higher expression in more
differentiated states compared with other genes (Figure 7M). This pattern suggests a potential role for PRDX4 in B cell

maturation and function.

Verification of PRDX4 in the Periodontal animal Model and Drug Sensitivity
We validated PRDX4 expression in a periodontal animal model. Compared with the control group, mice with period-
ontitis presented significantly aggravated alveolar bone loss, as reflected by a large bone loss area and reduced bone
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mineral density (BMD) and bone value/total value (BV/TV) around the ligated tooth (Figure 8A and B). RT-qPCR
analysis of mouse periodontal tissues showed expressions of Prdx4, Amcrx3, and Slc25a45 with results indicating
a significant upregulation of Prdx4, consistent with our earlier findings (Figure 8C). Immunofluorescence staining further
confirmed the colocalization of PRDX4 with B cells in periodontal tissues, suggesting a potential regulatory role of
PRDX4 in B cell activity (Figure 8D). Additionally, targeted prediction of traditional Chinese medicines for PRDX4 was
performed to explore interactions between relevant herbal medicines and PRDX4 (Figure 8E and F). Drug sensitivity
analysis identified aloe as a potential sensitive inhibitor of PRDX4, indicating possible therapeutic effects on mitochon-
drial dysfunction through PRDX4 targeting.
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Discussion

Periodontitis represents a major global health challenge with significant impacts on the quality of life and placing
substantial burdens on healthcare systems.>” Current therapeutic approaches, primarily mechanical debridement (scaling
and root planning) and adjunctive antimicrobials, face notable limitations.”***° While these strategies primarily focus on
controlling bacterial infection and inflammation, the underlying molecular mechanisms driving disease progression
remain incompletely understood. Within this context, mitochondria have emerged as pivotal players.** Targeting
mitochondrial health through strategies such as enhancing biogenesis, reducing oxidative damage, or modulating

1*"*represent a promising frontier for developing therapies that fundamentally modulate

mitochondrial quality contro
the host response and promote true tissue homeostasis. We aimed to elucidate the role of mitochondria in regulating
immune responses and metabolism, providing new mechanistic insights and potential therapeutic targets for the treatment
of periodontitis. Through comprehensive transcriptomic analyses integrating bulk and single-cell RNA sequencing data,

combined with multiple machine learning algorithms,*

we investigated the role of mitochondrial dysfunction in
periodontitis progression and uncovered earlier unrecognized links between metabolic reprogramming and alterations
in the immune microenvironment.

PRDX4, a typical endoplasmic reticulum—resident 2-Cys antioxidant of peroxiredoxins, can fine-tune hydrogen
peroxide catabolism, thereby influencing cell survival through its roles in maintaining redox balance, facilitating
oxidative protein folding, and regulating hydrogen peroxide signaling.*® Extensive studies have suggested the potential
of PRDX4 as a biomarker for various diseases,*’ including ype 2 diabetes, sepsis, atherosis, microalbuminemia, and
stroke.*® > However, the role of PRDX4 in periodontitis is not clear. Beyond its canonical function in scavenging
hydrogen peroxide and regulating cellular redox balance, PRDX4 also exhibits potent anti-inflammatory properties.”" It
negatively regulates key proinflammatory signaling pathways, notably NF-kB and inflammasome activation, which are
crucial drivers of periodontal tissue destruction.*® Importantly, clinical parameters of disease severity such as probing
depth, clinical attachment loss, and bleeding on probing positively correlate with established inflammatory markers such
as IL-1B and IL-6.">* Thus, PRDX4 is a key endogenous protective factor against oxidative and inflammatory damage
in the periodontium and a promising therapeutic target and biomarker.

PRDX4 has been reported to modulate mitochondrial events and immune responses in various diseases, highlighting
its considerable potential clinical relevance.”*>® To validate and expand these findings, our initial bulk transcriptomic
analysis of gingival tissues revealed distinct molecular signatures associated with disease progression. Differential
expression analysis identified significant dysregulation of genes involved in immune responses and metabolic processes.
The GO analysis results of these differentially expressed genes highlighted enrichment in multiple immune-related BPs,
particularly B cell receptor signaling and adaptive immune response pathways, suggesting an underappreciated role of
adaptive immunity in the pathogenesis of periodontitis.*®

We next leveraged single-cell RNA sequencing data from periodontal tissues to examine the cellular specificity of
these regulatory genes. Through comprehensive transcriptomic analyses integrating bulk and single-cell RNA sequencing

data, combined with multiple machine learning algorithms,>” >’

we investigated the role of mitochondrial dysfunction in
periodontitis progression and uncovered previously unrecognized connections between metabolic reprogramming and
alterations in the immune microenvironment. Among the subtypes with large differences in mitochondrial function, we
also observed considerable differences in immune cell composition and metabolic activity, consistent with reported
studies.®®" Our analysis revealed that memory B cells expressed considerably higher levels of PRDX4 compared to
naive B cells, while plasma cells exhibited dynamic PRDX4 expression patterns correlated with their differentiation
states. Earlier studies demonstrated that PRDX4 plays a crucial role in maintaining cellular redox homeostasis and
preventing oxidative stress—induced apoptosis across various cell types. They could regulate NF-kB signaling and
inflammatory cytokine production in immune cells.***' However, its specific role in B cell differentiation and function
remains largely unexplored. Recent evidence indicates that peroxiredoxins, which affect cellular redox homeostasis, can
modulate immune responses through redox-dependent and independent mechanisms, underscoring the importance of the
relationship between PRDX4 expression and B cell function.®*®* Our pseudotime analysis of B cell populations revealed
that PRDX4 expression increases during B cell maturation, coinciding with enhanced expression of genes involved in
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antibody production and plasma cell differentiation. These findings indicate that PRDX4 might serve as a molecular
switch, coordinating metabolic adaptation with B cell differentiation during disease progression.

Compared with Class 1 patients, Class 2 patients characterized by enhanced B cell activation and inflammatory
signaturesexhibited distinct PRDX4 expression patterns, suggesting that this gene might act as a molecular switch
controlling the balance between different disease states. This observation is particularly significant given recent studies
showing that redox regulation can influence immune cell fate decisions and inflammatory responses across various
disease contexts.”>** Furthermore, our analysis revealed considerable correlations between PRDX4 and metabolic
pathways involved in energy metabolism and lipid biosynthesis. While earlier studies have demonstrated that B cell

6596 our results suggest that PRDX4 might serve as

activation and differentiation rely on specific metabolic programs,
a key coordinator of these metabolic adaptations during disease progression. The strong correlation observed between
PRDX4 expression and CD20 (a critical regulator of B cell development) further supports this hypothesis and highlights
a potential mechanism. Metabolic regulation might influence immune cell function in periodontitis. Additionally, results
from the traditional Chinese medicine predictive database identified aloe vera as a potential sensitive inhibitor of PRDX4,
with potential effects on mitochondrial function therapy targeting PRDX4. Aloe vera extract has been reported to exhibit
anticancer effects on human tongue squamous carcinoma cells in vitro®” and might represent a promising candidate for
the future treatment of periodontitis.

Collectively, these findings elucidate a molecular mechanism by which PRDX4 shapes the immune microenvironment
in periodontitis through its influence on B cell differentiation, laying the foundation for developing precision therapeutic
strategies targeting PRDX4. Collectively, our findings position oxidative stress as a central nexus connecting mitochondrial
dysfunction, immune cell alterations, and tissue damage in periodontitis. The identification of PRDX4—a key antioxidant
enzyme—as a hub gene underscores the critical importance of redox imbalance in disease pathogenesis. The PRDX4-high
expression profile, associated with specific B cell phenotypes and metabolic alterations, delineates a pathogenic axis
wherein mitochondrial-derived oxidative stress drives immune dysregulation through redox-sensitive pathways.

Conclusion

In conclusion, our study delineates a critical pathway in periodontitis pathogenesis wherein mitochondrial dysfunction
generates oxidative stress, which in turn drives B cell dysregulation through the key antioxidant regulator PRDX4. We
demonstrate that PRDX4 serves as a molecular nexus linking mitochondrial homeostasis to B cell differentiation and
function, with its expression dynamically regulated in response to the periodontal oxidative microenvironment. These
findings not only elucidate oxidative stress as a central mechanism in periodontitis but also highlight PRDX4 as
a promising therapeutic target. Strategies aimed at modulating the PRDX4-mediated antioxidant response may offer
a novel approach to mitigating oxidative stress and restoring immune homeostasis in periodontitis.
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