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Abstract

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia in the clinic. Aging

plays an essential role in the occurrence and development of AF. Herein, we aimed to iden-

tify the aging-related genes associated with AF using bioinformatics analysis. Transcriptome

profiles of AF were obtained from the GEO database. Differential expression analysis was

performed to identify AF-specific aging-related genes. GO and KEGG enrichment analyses

were performed. Subsequently, the LASSO, SVM-RFE, and MCC algorithms were applied

to screen aging-related genes. The mRNA expression of the screened genes was validated

in the left atrial samples of aged rapid atrial pacing-induced AF canine models and their

counterparts. The ROC curves of them were drawn to evaluate their diagnostic potential.

Moreover, CIBERSORT was used to estimate immune infiltration. A correlation analysis

between screened aging-related genes and infiltrating immune cells was performed. A total

of 24 aging-related genes were identified, which were found to be mainly involved in the

FoxO signaling pathway, PI3K-Akt signaling pathway, longevity regulating pathway, and

peroxisome according to functional enrichment analysis. LASSO, SVM-RFE, and MCC

algorithms identified three genes (HSPA9, SOD2, TXN). Furthermore, the expression levels

of HSPA9 and SOD2 were validated in aged rapid atrial pacing-induced AF canine models.

HSPA9 and SOD2 could be potential diagnostic biomarkers for AF, as evidenced by the

ROC curves. Immune infiltration and correlation analysis revealed that HSPA9 and SOD2

were related to immune cell infiltrates. Collectively, these findings provide novel insights into

the potential aging-related genes associated with AF. HSPA9 and SOD2 may play a signifi-

cant role in the occurrence and development of AF.

Introduction

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia and is associated

with increased risk of stroke, heart failure, and cardioembolic hospitalization [1, 2]. AF is a

multifaceted and heterogeneous disease, with numerous epidemiological studies
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unambiguously showcasing that aging constitutes the foremost risk factor for AF development

[3]. The incidence of AF escalates significantly with age, as substantiated by a Scottish study,

which documented first ever incidence rates of 1.1%, 3.2%, 6.2%, and 7.7% for individuals

aged 55–64, 65–74, 75–84, and�85 years, correspondingly [4].

Aging is a complex physiological and pathophysiological process that triggers senescence,

oxidative stress, and inflammation, all of which play a crucial role in the progression of AF [5].

Analyses of blood samples have suggested that AF patients exhibit shortened telomeres in

comparison to those in sinus rhythm (SR) [6]. Furthermore, translational profiling of atrial

appendages has unveiled that paroxysmal/persistent AF patients, aged between 58 and 82

years, manifest heightened senescence and proinflammatory biomarkers in contrast to SR

cohorts aged between 57 and 79 years [7]. Additionally, the expressions of p53 and p16

increased, and the expression of endothelial nitric oxide synthase (eNOS) declined in the right

atrial appendages of AF patients [7]. At present, atrial remodeling, encompassing structural

and electrical remodeling, is widely recognized as a pivotal factor in the pathogenesis of AF

[8]. Notably, atrial fibrosis has emerged as a significant pathophysiological contributor, dem-

onstrating associations with AF recurrences [9]. Multiple studies suggest underscore senes-

cence as a key contributor to AF, may through the induction of atrial fibrosis mediated by

extracellular matrix, angiotensin II, TGF-β/Smad, and thrombin signaling pathways [5, 10–

12]. However, it remains uncertain whether aging-related genes play a pivotal role in the devel-

opment of AF. Thus, investigating the relationship between aging-related genes and AF holds

the potential to unveil novel therapeutic targets for this disease.

Accumulating evidence has demonstrated the involvement of immune cells in the patho-

genesis of AF [13, 14]. Elevated levels of pro-inflammatory cytokines, including C-reactive

protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α), have been linked to

the progression of AF in patients [15, 16]. Prior research suggests that cellular senescence may

impact the pathology of various diseases through the secretion of inflammatory chemokines,

immune modulators, and other factors [5]. Furthermore, substantial evidence indicates that

the inability to finely control systemic inflammatory responses may serve as a marker of

unsuccessful aging [17]. Whether the aging-associated immune response also play a role

aging-related AF remains unknown. Therefore, our study aimed to comprehensively analyze

aging-related genes and their association with immune infiltration in AF using bioinformatic

methods.

Materials and methods

Data acquisition

The workflow of this study was presented in Fig 1. Transcriptome data generated from AF

patients and controls were downloaded from the Gene Expression Omnibus (GEO) repository

(https://www.ncbi.nlm.nih.gov/geo/). The GSE79768 and GSE41177 datasets, based on the

GPL570 platform, were downloaded. In each dataset, only left atrial samples from AF and SR

patients were retrieved. The GSE79768 dataset contained 13 left atrial tissue samples from 7

AF patients and 6 SR individuals [18]. The GSE41177 dataset contained 19 left atrial tissue

samples from 16 AF patients and 3 SR patients [19]. The patients’ basic information of

GSE79768 and GSE41177 was also obtained from the GEO database and was shown in S1

Table in S1 File. The probes were converted to gene symbols according to the probe annota-

tion files. Moreover, the GSE14975, GSE115574, and GSE128188 databases were also down-

loaded from the GEO database and were used for validation. In this study, 307 aging-related

genes were retrieved from the human Aging Genomic Resources [20] (https://genomics.

senescence.info/). The list of 307 aging-related genes was shown in S2 Table in S2 File.
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Differential expression analysis

Each dataset was background corrected and normalized by the “limma” package. The average

of the probes would be calculated as the expression level of the gene when one gene symbol

matched more than one probe. GSE79768 and GSE41177 were merged as a metadata cohort

for further analysis. The batch effects were eliminated through the combat function of the

“SVA” package [21]. The “limma” package was applied to identify differentially expressed

genes (DEGs) between AF and SR patients. Genes with adjusted P value<0.05 and |log2 FC|

>0.5 were considered DEGs. Jvenn [22] was applied to obtain the overlapped genes between

DEGs and 307 aging-related genes. The overlapped genes were considered AF aging-related

DEGs. The “ggplot2” package were applied to create volcano maps and box plots. The Wil-

coxon rank sum test was used to analyze the significance of aging-related DEGs.

Prediction of small molecular drugs

Aging-related DEGs were input into the Connectivity Map (CMap) database to explore small

molecular drugs with the potential to inhibit AF occurrence and development. Subsequently,

Fig 1. The workflow of this study.

https://doi.org/10.1371/journal.pone.0294282.g001
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potential therapeutic compounds were referred to as drugs with negative Raw_cs and high

fdr_q_nlog10 values. These compounds were significantly negatively correlated with aging-

related DEGs.

Functional enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

enrichment analysis were carried out by the “clusterProfiler” package [23]. The biological pro-

cess, cell component, and molecular function of aging-related DEGs were separately investi-

gated. Reactome pathway enrichment analysis was performed through “ReactomePA” package

[24]. Additionally, Biocarta pathway enrichment analysis was conducted using EnrichR online

tool (https://maayanlab.cloud/Enrichr/). The functional enrichment analysis was performed

by calculating the hypergeometric distribution relationship between the differential genes and

specific branches of the pathway classification. Enrichment analysis will return an assumed p-

value for each term in which the differential genes exist. A small p-value indicates the differen-

tial genes enriched in specific terms. The P value <0.05 was deemed significantly enriched.

Protein-protein interaction (PPI) and correlation analyses

PPI network of aging-related DEGs was constructed by the Search Tool for the Retrieval of

Interacting Genes (STRING database, v11.5, https://string-db.org/) to investigate protein func-

tional association with the interaction score >0.4. The result was downloaded from the

STRING database and then visualized by Cytoscape software (version 3.9.1). In the network,

nodes represent proteins, and edges represent protein-protein interactions. A Cytoscape’s

plugin, cytohubba, was used to investigate the hub genes by Maximal Clique Centrality (MCC)

algorithm. MCC identifies central nodes in a network by finding all the maximal cliques, deter-

mining how each node participates in these cliques, and assigning centrality scores based on

this participation [25]. The top 10 genes were considered hub genes. The “corrplot” R package

was applied to perform correlation analysis and visualization of aging-related DEGs. Pearson

correlation analysis was used to analyze the correlation among aging-related DEGs.

Feature selection of aging-related DEGs

Two machine learning algorithms, the least absolute shrinkage and selection operator

(LASSO) and support vector machine recursive elimination (SVM-RFE), were used to further

screen aging-related genes in AF. LASSO includes the dual features of subset selection and

ridge regression and represents a regression analysis algorithm applying regularization for fea-

ture selection. LASSO analysis was conducted by “glmnet” package with the turning/penalty

parameter utilizing 10-fold cross-validation [26]. The genes were selected based on the optimal

lambda value in LASSO analysis. Moreover, some regression coefficients of genes were

reduced to zero and excluded. Only the genes with non-zero regression coefficients remained

and were considered characteristic genes. SVM-RFE represents a supervised machine learning

technique for classification and regression [27]. SVM-RFE was performed to obtain the opti-

mal variables via 10-fold cross-validation utilizing the “caret” package. The RFE function of

the caret package was used to screen the optimal feature subset. The root mean square error

(RMSE) was applied to evaluate the performance of different feature subsets. The optimal fea-

ture subset that exhibited the lowest RMSE was selected. The overlapped genes selected by

LASSO, SVM-RFE, and MCC algorithms were considered candidate aging-related hub genes.

These genes were used for further diagnostic analysis of AF, and receiver operating character-

istic (ROC) curves were plotted via “pROC” package.
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Analysis of immune cell infiltration

CIBERSORT, a deconvolution algorithm, was used to quantify immune cell infiltration (22

various cell types) in AF gene expression profiles [28]. Pearson’s correlation analysis was

applied to calculate the correlation between infiltrating immune cells. The “corrplot” package

was used to perform the correlation analysis and visualization of various infiltrating immune

cells. The “ggplot2” package was applied to visualize and draw the boxplot of the differences in

infiltrating immune cells between AF and SR samples.

Correlation analysis between aging-related hub genes and infiltrating

immune cells

Person correlation analysis was used to investigate in-depth scrutiny of the relationships

between aging-related hub genes and infiltrating immune cells. The visualization of correlation

analysis was carried out by the “ggplot2” package.

The establishment of aged AF canine models

The animal experiments were performed with approval and according to the Institutional Ani-

mal Care and Use Committee of the Second Xiangya Hospital of Central South University (the

ethics number was 2020635). The animal experiments were also performed in accordance with

the ARRIVE guidelines. Eight canines (age more than 8 years, 10 kg) were randomly divided

into the sham-operated group (Sham, n = 3) and rapid atrial pacing (RAP, n = 5). Aged AF

canine models were established by using long-term RAP [29]. Briefly, a programmable pace-

maker (AOO, Harbin University of Science and Technology) was implanted and applied for

continuous atria pacing at 400 bpm for 8 weeks to induce AF. Electrocardiography was applied

to confirm the success of this procedure. Sham-operated group aged canines were implanted

with the same pacemaker without activation.

Real-time PCR assay

Left atrial samples were obtained from sham and RAP-induced AF canine models. Total RNA

was extracted from left atrial samples using TransZol Up (ET111-01, Transgenbiotech). cDNA

was synthesized using RevertAid First Strand cDNA Synthesis Kit (K1622, Thermo Fisher Sci-

entific). Quantitative real-time PCR (qPCR) reactions were conducted using SYBR Green

(A25742, Thermo Fisher Scientific). The 2-44Ct method was applied to analyze relative

mRNA expression normalized to β-actin mRNA levels. The primer sequences are listed in S3

Table in S1 File.

Statistical analysis

All statistical analyses were performed in R (version 4.1.2). The significance of the differential

aging-related genes expression was analyzed by the Wilcoxon rank sum test. ROC curves were

used to assess the diagnostic efficacy of aging-related hub genes. Pearson correlation analysis was

applied to analyze the association between aging-related hub genes and infiltrating immune cells.

The student t-test was performed to compare gene expression levels between the two groups.

Results

Screening aging-related DEGs in AF

Differential expression analysis was conducted between 23 AF samples and 9 SR samples in

the metadata cohort, comprising GSE79768 and GSE41177 datasets, utilizing the ’limma’ R
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package. The overlapped genes between DEGs and aging-related genes were considered aging-

related DEGs (Fig 2A and 2B). A total of 24 aging-related genes were identified (S4 Table in

S1 File). Among these 24 aging-related DEGs, 19 genes exhibited significant upregulation,

while 5 genes showed significant downregulation (Fig 2B). The box plot illustrated their

expression patterns in the AF and SR samples (Fig 2C). SOD1, IGFBP3, and PIK3CA were the

Fig 2. Differential expressed aging-related genes in AF and SR samples. (A) Venn plot of overlapped genes between DEGs from metadata cohort and 307

aging-related genes from Human Aging Genomic Resource. The intersected 24 genes were considered aging-related DEGs. (B)Volcano plot of 24 differential

expressed aging-related DEGs. (C)Box plot of 24 differentially expressed aging-related genes in AF and SR samples. *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001.

https://doi.org/10.1371/journal.pone.0294282.g002
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top three upregulated genes, while LRP2, SOD2, and MAPT were the top three downregulated

genes. The correlation analysis demonstrated significant intercorrelations among the 24

aging-related DEGs in the metadata cohort (S1 Fig in S1 File). Most of these genes exhibited

positive correlations; for instance, HSPA9 displayed positive correlations with SOD1, GPX4,

IGFBP3, and CAT, but a negative correlation with SOD2.

Functional enrichment analysis of aging-related DEGs

GO and KEGG pathway analysis were performed to identify the potential biological function

of aging-related DEGs. GO enrichment analysis included biological process, molecular func-

tion, and cellular component. In the biological process, most of the significant enrichment

terms were associated with the regulation of oxidant reactions, such as cellular oxidant detoxi-

cation, response to oxidative reaction, and response to oxidative stress. In terms of cellular

components, the significant enrichment terms included the cell projection membrane, lead-

ing-edge membrane, and cell leading edge. As for molecular functions, the enriched terms

included antioxidant activity, binding to insulin-like growth factor I, and peroxidase activity

(Fig 3A–3C). Furthermore, the results of KEGG enrichment analysis indicated that aging-

related DEGs were implicated in several critical pathways, namely, the longevity-regulating

pathway, the FoxO signaling pathway, the PI3K-Akt signaling pathway, and peroxisome-

related processes (Fig 3D). Reactome pathway analysis suggested that these genes were primar-

ily involved in detoxification of reactive oxygen species, cellular response to chemical stress,

signaling by interleukins, and FoXO-mediated transcription (Fig 3E). Additionally, Addition-

ally, BioCarta pathway analysis highlighted enriched terms related to the IGF-1 receptor and

longevity, cardiac protection against ROS, and the insulin signaling pathway (Fig 3F).

Drug prediction for aging-related DEGs

The aging-related DEGs were inputted into the CMap database to identify potential small mol-

ecule compounds. As shown in S5 Table in S1 File, 7 small molecule compounds with nega-

tive Raw_cs and top fdr_q_nlog10 values were identified, including memantine, oligomycin-c,

azathioprine, megestrol, carbamazepine, BRD-K99615199, and doxapram, which may be

developed as potential drugs for the treatment of AF.

Protein-protein interaction network of aging-related DEGs

The PPI network comprises nodes, edges, and their interconnections, with hub genes identi-

fied as the most densely interconnected nodes. PPI analysis showed protein functional associa-

tion among the aging-related DEGs (Fig 4A). The top 10 hub genes (SOD2, SOD1, HSPA9,

CAT, GPX4, PTGS2, PIK3A, NFE2L2, MYC, and TXN) were identified through the MCC algo-

rithm (Fig 4B).

Feature selection of aging-related DEGs

Aging-related DEGs were further screened by two machine learning algorithms. The

SVM-RFE algorithm identified a subset of 10 features in the aging-related DEGs (Fig 5A). The

LASSO logistic regression algorithm identified 7 genes out of the 24 aging-related DEGs (Fig

5B). Subsequently, the intersected genes selected by LASSO, SVM-RFE, and MCC algorithms

were considered candidate aging-related hub genes (Fig 5C). Among these, HSPA9, SOD2,

and TXN were identified.
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Fig 3. Functional enrichment analysis of 24 differentially expressed aging-related genes. (A) Molecular function.

(B) Cellular component. (C) Biological process. (D) Kyoto Encyclopedia ofGenes and Genomes analysis. (E) Reactome

pathway analysis. (F) BioCarta pathway analysis.

https://doi.org/10.1371/journal.pone.0294282.g003
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Validation of candidate aging-related hub genes

The expressions of candidate aging-related hub genes were further explored by qRT-PCR

using left atrial samples from aged sham and RAP-induced AF canine models. Electrocardiog-

raphy results (Fig 6A) confirmed the successful establishment of RAP-induced AF canine

models. In aged RAP-induced AF canine models, the expression level of HSPA9 (p = 0.047)

significantly increased, and the expression level of SOD2 (p = 0.004) significantly decreased,

consistent with our bioinformatic analysis (Fig 6B). However, the TXN expression level was

not significantly different between aged sham and RAP-induced AF canine samples. These

findings suggested that HSPA9 and SOD2 play more prominent roles in age-related AF. There-

fore, TXN was excluded. Consequently, HSPA9 and SOD2 were considered aging-related hub

genes. To assess their diagnostic efficacy, ROC curves for HSPA9 and SOD2 were constructed

using metadata, GSE14975, GSE128188, and GSE115574 datasets, respectively. In the metadata

cohort, the area under the curves (AUC) for HSPA9 and SOD2 were 0.986 and 0.961, respec-

tively, indicating their high diagnostic value for AF (Fig 7A and 7B). The diagnostic efficacy of

HSPA9 and SOD2 was further validated using the GSE14975, GSE128188, and GSE115574

datasets (Fig 7C and 7D and S2 Fig in S1 File). These findings collectively suggested that

HSPA9 and SOD2 hold promise as potential diagnostic biomarkers for AF.

Immune landscape analysis

The CIBERSORT algorithm was applied to calculate the proportion of 22 types of immune cell

infiltration in AF and SR samples. CD4+ naïve T cells, resting NK cells, macrophages M0 were

Fig 4. Protein-protein interactions (PPI) analysis of 24 differentially expressed aging-related genes. (A) PPI network of 24 aging-related DEGs. The blue

nodes represent the significantly up-regulated genes and the orange nodes represent the significantly down-regulated genes. The edges represent protein-

protein interactions. (B) Top 10 genes identified by MCC algorithm via cytohubba. The color of the nodes represented rank. The redder the color, the higher

the rank, the oranger the color, the lower the rank.

https://doi.org/10.1371/journal.pone.0294282.g004
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excluded from analysis as they were not inferred to be expressed in the samples. The results

revealed a significant increase in the infiltration levels of resting mast cells, gamma delta T

cells, neutrophils, and naïve B cells in AF compared to SR. Conversely, SR showed a higher

proportion of infiltration of Macrophages M2, CD8+ T cells, and activated NK cells (S3A Fig

in S1 File). Furthermore, we assessed the correlations among infiltrating immune cells (S3B

Fig in S1 File). Naïve B cells, plasma cells, and gamma delta T cells showed negative

Fig 5. Feature selection of aging-related DEGs. (A) Result of support vector machine-recursive feature elimination (SVM-RFE) algorithm. (B) Result of least

absolute shrinkage and selection operator (LASSO) logistic Regression Algorithm. (C) Venn plot of genes selected by LASSO, SVM-RFE and MCC algorithms.

HSPA9, SOD2, and TXN were eventually selected.

https://doi.org/10.1371/journal.pone.0294282.g005
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correlations with Macrophages M2. Activated NK cells displayed a positive correlation with

CD8+ T cells. Furthermore, gamma delta T cells exhibited a positive correlation with naïve B

cells but a negative correlation with CD8+ T cells.

Correlation analysis between aging-related hub genes and infiltrating

immune cells

Based on the results of correlation analysis, HSPA9 exhibited a significant positive correlation

with naïve B cells (r = 0.49, p = 0.004) and a significant negative correlation with activated

mast cells (r = -0.37, p = 0.036) and activated NK cells (r = -0.38, p = 0.033) (Fig 8A). Similarly,

SOD2 demonstrated a significant positive correlation with activated NK cells (r = 0.35,

p = 0.048) and significant negative correlations with gamma delta T cells (r = -0.43, p = 0.014),

neutrophils (r = -0.46, p = 0.009), and naïve B cells (r = -0.48, p = 0.005) (Fig 8B).

Fig 6. Validation of candidate aging-related hub genes in aged RAP-induced AF canine models. (A) The AF

duration in aged sham-operated and RAP canines. (B) The relative mRNA levels of HSPA9, SOD2 and TXN in aged

sham-operated and RAP canines. *p<0.05, **p<0.01.

https://doi.org/10.1371/journal.pone.0294282.g006
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Fig 7. ROC curves of HSPA9 and SOD2 in AF and SR samples. (A, B) ROC curves of HSPA9 and SOD2 in the metadata cohort. (C, D) ROC curves of

HSPA9 and SOD2 in the GSE14975 dataset.

https://doi.org/10.1371/journal.pone.0294282.g007
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Discussion

Aging is a well-established risk factor for AF [3], and understanding the underlying mecha-

nism of aging-related AF is crucial for developing new therapeutic strategies. In this study, 24

aging- and AF- related genes were identified. After screening by LASSO, SVM-RFE, and MCC

algorithms, HSPA9, SOD2 and TXN were selected. Furthermore, aged RAP-induced AF canine

models were constructed to verify the expression of these genes. The expression of HSPA9 and

SOD2 were consistent in aged RAP-induced AF canine models. Consequently, HSPA9 and

SOD2 were considered aging-related hub genes. ROC curves confirmed HSPA9 and SOD2
exhibit remarkable diagnostic capacity for AF.

The GO enrichment analysis highlighted that these genes were principally involved in oxi-

dative stress. Previous studies have shown that oxidative stress could trigger senescence [30].

Recent studies have demonstrated that various proinflammatory processes linked to oxidative

stress could promote atrial structure remodeling [31]. For example, mitochondria-derived

ROS could cause AF in three transgenic mouse models harboring ryanodine receptor (RyR2)

mutations. Moreover, senescent cells secrete inflammation cytokines, growth factors, immune

modulators, and matrix metalloproteinases, rendering the senescence-associated secretory

phenotype (SASP) [32]. Atrial fibrosis, a prominent feature of atrial structural remodeling,

plays a critical role in AF development and maintenance [33]. Previous studies have shown

that SASP participates in fibrosis initiation by promoting inflammation [34]. The KEGG

enrichment analysis demonstrated that these genes were mainly involved in the FoxO signal-

ing pathway, longevity regulating pathway, PI3K-Akt signaling pathway, and peroxisome.

Fig 8. Correlation of HSPA9 and SOD2 with infiltrating immune cell. (A) HSPA9. (B) SOD2. The size of dot represented the strength of the correlation.

p<0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0294282.g008
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They were associated with AF pathophysiology, such as aging, inflammation, and oxidative

stress [5, 31]. Nevertheless, further investigations are warranted to elucidate the precise biolog-

ical functions of these aging-related genes associated with AF.

SOD1, IGFBP3, PLk3CA, LRP2, SOD2, and MAPT were identified as top dysregulated

genes, implying a potentially significant role for these genes in AF pathology. These genes are

primarily involved in regulation of oxidative stress and fibrosis, both of which are associated

with the development of AF [35, 36]. Following thorough screening with multiple algorithms,

HSPA9 and SOD2 were conclusively identified as aging-related hub genes. Heat shock protein

family A member 9 (HSPA9), also known as mortalin, is a stress chaperone that regulates a

variety of cellular functions, including stress response, chromosome replication, proliferation,

and apoptosis [37]. HSPA9 directly regulates calcium shuttle from the endoplasmic reticulum

(ER) to the mitochondria and maintains calcium homeostasis, preventing excess ROS genera-

tion and ER dysfunction [38]. In human bronchial epithelial cells, exposure to high mobility

group box 1 (HMGB1) could induce the expression of HSPA9, reinforcing ER-mitochondria

Ca2+ transfer and ROS production. However, the above changes were mitigated via the knock-

down of HSPA9 with HSPA9 siRNA [39]. Furthermore, inhibition of HSPA9 in HL-1 cells and

deletion of HSPA9 in cardiomyocytes of diabetic mouse models mitigates mitochondrial oxi-

dative stress and calcium overload [40]. Inactivation of HSPA9 in Myh6-CreERT2; Hspa9fl/fl

mice also alleviated atrial remodeling and AF progression [40]. A previous study demonstrated

that the expression of HSPA9 increased more than twofold in myocardial samples from

chronic AF patients compared with SR patients [41]. Consistently, our study observed an

increased HSPA9 expression in aged RAP-induced AF canine models.

Superoxide dismutase 2 (SOD2) is a vital mitochondrion antioxidant enzyme. SOD2 could

protect cells against oxidative damage by promoting the transformation of superoxide radicals

into oxygen and hydrogen peroxide [42]. Adipokine asprosin could protect mesenchymal stro-

mal cells from oxidative stress-induced apoptosis through the ERK1/2-SOD2 pathway [43].

SOD2 inactivation increased mitochondrial O2
-• and declined endothelial nitric oxide and was

related to hypertension [44]. Moreover, pioglitazone partially inhibits aging-related arrhyth-

mogenic atrial remodeling by promoting the expression of SOD2 [45]. Our study showed that

SOD2 was downregulated in AF patients and aged RAP-induced AF canine models, which

suggested that there may be enhanced oxidative stress in AF. Moreover, the results of the PPI

analysis and correlation analysis indicated a close interrelationship between HSPA9 and

SOD2, suggesting their potential collaborative role in the onset and progression of AF. Fur-

thermore, HSPA9 and SOD2 showed promise for improving AF diagnosis, as evidenced by

their higher AUC values in the metadata and other datasets. These findings suggested that

HSPA9 and SOD2 hold potential as therapeutic targets and novel approaches for detecting AF.

Mounting evidence suggests that immune cell dysfunction is involved in AF pathogenesis

[13]. Herein, immune cell infiltration was analyzed across AF left atrial tissues. Our findings

revealed a decrease in the infiltration of macrophages M2 and activated NK cells, along with

an increase in the infiltration of neutrophils and gamma delta T cells, suggesting potential

involvement of these immune cells in AF pathogenesis. Neutrophils, being a primary source of

ROS and myeloperoxidase (MPO), may contribute to a pro-fibrotic role in the development of

AF [13]. Macrophages may participate in AF development by secreting cytokines like TNF-α
and IL-1β [13]. HSPA9 and SOD2 were related to diverse immune cell subpopulations across

AF atrial tissues, indicating that these identified aging-related genes might regulate the inflam-

matory response during AF progression.

CMap analysis was conducted to predict small molecule drugs with potential efficacy in

addressing aging-related AF. Notable candidates identified include memantine and doxapram.

Memantine, a well-established ionotropic glutamate receptors (iGluRs) antagonist primarily
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employed in the treatment of Alzheimer’s disease [46], has garnered recent attention due to

the high expression of iGluRs in atrial cardiomyocytes [47]. Inhibition of iGluRs has demon-

strated the ability to reduce AF incidence and alleviate AF progression in AF models using iso-

lated rat hearts [47]. Furthermore, numerous studies have provided evidence of memantine’s

capacity to ameliorate oxidative damage in various diseases [48–50]. In human umbilical vein

endothelial cells, memantine mitigated inflammation, oxidative stress, and apoptosis induced

by oxidized low-density lipoprotein through the activation of the BDNF/TrkB signaling path-

way [50]. Based on these findings, we hypothesize that memantine may upregulate SOD2 and

downregulate HSPA9, thus mitigating oxidative stress and potentially inhibiting the develop-

ment of AF. Doxapram, known as a potassium channel antagonist, exhibits significant inhibi-

tory effects on TWIK-related acid-sensitive potassium channel 1 (TASK-1), resulting in the

cardioversion of AF in porcine models [51]. These drugs may delay the occurrence and devel-

opment of AF.

Limitations of our study should be acknowledged. Firstly, we employed qRT-PCR to vali-

date HSPA9 and SOD2 expression in aged RAP-induced AF canine models, despite inherent

species differences between humans and dogs. In contrast to humans, dogs have a faster rest-

ing heart rate and exhibit a distinct atrial action potential [52]. Although dogs could naturally

develop spontaneous AF, it’s worth noting that this phenomenon might be more apparent in

dogs due to their relatively higher levels of veterinary care compared to many other species

[52]. These distinctions underscore the need for caution when generalizing results obtained

from dogs to humans. Our choice of aged canines for gene expression validation stems from

the challenge of obtaining human left atrial samples. Nonetheless, canines have seen extensive

use in AF research [52]. In an ATP canine model, sympathovagal denervation successfully

abolished paroxysmal AF episodes, highlighting the role of sympathovagal input in AF initia-

tion [53]. Secondly, our findings primarily revolve around gene expression analysis. Although

gene expression doesn’t directly mirror protein expression, additional investigations are

imperative to elucidate the biological functions and underlying mechanisms of these genes.

Lastly, our study’s dataset comprised a relatively modest sample size. Future research with

larger cohorts is warranted. We remain committed to monitoring these identified genes to

advance our comprehension of the pathogenesis and therapeutic strategies for aging-related

AF.

Conclusion

HSPA9 and SOD2 were identified via comprehensive bioinformatics analysis and validation of

aged RAP-induced AF canine models in this study. HSPA9 and SOD2 were not only related to

aging but may also be involved in the regulation of the atrial immune response of AF patients.

Our findings expand knowledge regarding the underlying mechanisms of aging-related AF.

Supporting information

S1 File.

(DOCX)

S2 File.

(DOCX)

Author Contributions

Conceptualization: Yong Zhou, Chao Sun, Yingxu Ma, Yunyin Huang, Keke Wu, Shengyuan

Huang, Qiuzhen Lin, Jiayi Zhu, Zuodong Ning, Ningyuan Liu, Tao Tu, Qiming Liu.

PLOS ONE Aging-related genes and atrial fibrillation

PLOS ONE | https://doi.org/10.1371/journal.pone.0294282 November 13, 2023 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294282.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294282.s002
https://doi.org/10.1371/journal.pone.0294282


Data curation: Yunyin Huang, Keke Wu, Jiayi Zhu.

Formal analysis: Yong Zhou, Chao Sun, Tao Tu.

Investigation: Yingxu Ma.

Validation: Shengyuan Huang.

Visualization: Ningyuan Liu.

Writing – original draft: Yong Zhou, Chao Sun, Keke Wu.

Writing – review & editing: Yunyin Huang, Shengyuan Huang, Qiuzhen Lin, Jiayi Zhu,

Zuodong Ning, Ningyuan Liu, Tao Tu, Qiming Liu.

References
1. Hindricks G, Potpara T, Dagres N, Arbelo E, Bax JJ, Blomstrom-Lundqvist C, et al. 2020 ESC Guide-

lines for the diagnosis and management of atrial fibrillation developed in collaboration with the European

Association for Cardio-Thoracic Surgery (EACTS): The Task Force for the diagnosis and management

of atrial fibrillation of the European Society of Cardiology (ESC) Developed with the special contribution

of the European Heart Rhythm Association (EHRA) of the ESC. Eur Heart J. 2021; 42(5):373–498.

https://doi.org/10.1093/eurheartj/ehaa612 PMID: 32860505

2. Kornej J, Borschel CS, Benjamin EJ, Schnabel RB. Epidemiology of Atrial Fibrillation in the 21st Cen-

tury: Novel Methods and New Insights. Circ Res. 2020; 127(1):4–20. https://doi.org/10.1161/

CIRCRESAHA.120.316340 PMID: 32716709

3. Staerk L, Sherer JA, Ko D, Benjamin EJ, Helm RH. Atrial Fibrillation: Epidemiology, Pathophysiology,

and Clinical Outcomes. Circ Res. 2017; 120(9):1501–17. https://doi.org/10.1161/CIRCRESAHA.117.

309732 PMID: 28450367

4. Murphy NF, Simpson CR, Jhund PS, Stewart S, Kirkpatrick M, Chalmers J, et al. A national survey of

the prevalence, incidence, primary care burden and treatment of atrial fibrillation in Scotland. Heart.

2007; 93(5):606–12. https://doi.org/10.1136/hrt.2006.107573 PMID: 17277353

5. Guo G, Watterson S, Zhang SD, Bjourson A, McGilligan V, Peace A, et al. The role of senescence in

the pathogenesis of atrial fibrillation: A target process for health improvement and drug development.

Ageing Res Rev. 2021; 69:101363. https://doi.org/10.1016/j.arr.2021.101363 PMID: 34023420

6. Carlquist JF, Knight S, Cawthon RM, Le VT, Jared Bunch T, Horne BD, et al. Shortened telomere length

is associated with paroxysmal atrial fibrillation among cardiovascular patients enrolled in the Intermoun-

tain Heart Collaborative Study. Heart Rhythm. 2016; 13(1):21–7. https://doi.org/10.1016/j.hrthm.2015.

07.032 PMID: 26231419

7. Jesel L, Abbas M, Park SH, Matsushita K, Kindo M, Hasan H, et al. Atrial Fibrillation Progression Is

Associated with Cell Senescence Burden as Determined by p53 and p16 Expression. J Clin Med. 2019;

9(1). https://doi.org/10.3390/jcm9010036 PMID: 31878008

8. Brundel B, Ai X, Hills MT, Kuipers MF, Lip GYH, de Groot NMS. Atrial fibrillation. Nat Rev Dis Primers.

2022; 8(1):21. https://doi.org/10.1038/s41572-022-00347-9 PMID: 35393446

9. Nattel S. Molecular and Cellular Mechanisms of Atrial Fibrosis in Atrial Fibrillation. JACC Clin Electro-

physiol. 2017; 3(5):425–35.

10. Levi N, Papismadov N, Solomonov I, Sagi I, Krizhanovsky V. The ECM path of senescence in aging:

components and modifiers. FEBS J. 2020; 287(13):2636–46. https://doi.org/10.1111/febs.15282 PMID:

32145148

11. Kim N, Jung Y, Nam M, Sun Kang M, Lee MK, Cho Y, et al. Angiotensin II affects inflammation mecha-

nisms via AMPK-related signalling pathways in HL-1 atrial myocytes. Sci Rep. 2017; 7(1):10328.

https://doi.org/10.1038/s41598-017-09675-3 PMID: 28871102

12. Spronk HM, De Jong AM, Verheule S, De Boer HC, Maass AH, Lau DH, et al. Hypercoagulability

causes atrial fibrosis and promotes atrial fibrillation. Eur Heart J. 2017; 38(1):38–50. https://doi.org/10.

1093/eurheartj/ehw119 PMID: 27071821

13. Liu Y, Shi Q, Ma Y, Liu Q. The role of immune cells in atrial fibrillation. J Mol Cell Cardiol. 2018;

123:198–208. https://doi.org/10.1016/j.yjmcc.2018.09.007 PMID: 30267749

14. Yao Y, Yang M, Liu D, Zhao Q. Immune remodeling and atrial fibrillation. Front Physiol. 2022;

13:927221. https://doi.org/10.3389/fphys.2022.927221 PMID: 35936905

PLOS ONE Aging-related genes and atrial fibrillation

PLOS ONE | https://doi.org/10.1371/journal.pone.0294282 November 13, 2023 16 / 18

https://doi.org/10.1093/eurheartj/ehaa612
http://www.ncbi.nlm.nih.gov/pubmed/32860505
https://doi.org/10.1161/CIRCRESAHA.120.316340
https://doi.org/10.1161/CIRCRESAHA.120.316340
http://www.ncbi.nlm.nih.gov/pubmed/32716709
https://doi.org/10.1161/CIRCRESAHA.117.309732
https://doi.org/10.1161/CIRCRESAHA.117.309732
http://www.ncbi.nlm.nih.gov/pubmed/28450367
https://doi.org/10.1136/hrt.2006.107573
http://www.ncbi.nlm.nih.gov/pubmed/17277353
https://doi.org/10.1016/j.arr.2021.101363
http://www.ncbi.nlm.nih.gov/pubmed/34023420
https://doi.org/10.1016/j.hrthm.2015.07.032
https://doi.org/10.1016/j.hrthm.2015.07.032
http://www.ncbi.nlm.nih.gov/pubmed/26231419
https://doi.org/10.3390/jcm9010036
http://www.ncbi.nlm.nih.gov/pubmed/31878008
https://doi.org/10.1038/s41572-022-00347-9
http://www.ncbi.nlm.nih.gov/pubmed/35393446
https://doi.org/10.1111/febs.15282
http://www.ncbi.nlm.nih.gov/pubmed/32145148
https://doi.org/10.1038/s41598-017-09675-3
http://www.ncbi.nlm.nih.gov/pubmed/28871102
https://doi.org/10.1093/eurheartj/ehw119
https://doi.org/10.1093/eurheartj/ehw119
http://www.ncbi.nlm.nih.gov/pubmed/27071821
https://doi.org/10.1016/j.yjmcc.2018.09.007
http://www.ncbi.nlm.nih.gov/pubmed/30267749
https://doi.org/10.3389/fphys.2022.927221
http://www.ncbi.nlm.nih.gov/pubmed/35936905
https://doi.org/10.1371/journal.pone.0294282


15. Aviles RJ, Martin DO, Apperson-Hansen C, Houghtaling PL, Rautaharju P, Kronmal RA, et al. Inflam-

mation as a risk factor for atrial fibrillation. Circulation. 2003; 108(24):3006–10. https://doi.org/10.1161/

01.CIR.0000103131.70301.4F PMID: 14623805

16. Patel P, Dokainish H, Tsai P, Lakkis N. Update on the association of inflammation and atrial fibrillation.

J Cardiovasc Electrophysiol. 2010; 21(9):1064–70. https://doi.org/10.1111/j.1540-8167.2010.01774.x

PMID: 20455973

17. Rea IM, Gibson DS, McGilligan V, McNerlan SE, Alexander HD, Ross OA. Age and Age-Related Dis-

eases: Role of Inflammation Triggers and Cytokines. Front Immunol. 2018; 9:586. https://doi.org/10.

3389/fimmu.2018.00586 PMID: 29686666

18. Tsai FC, Lin YC, Chang SH, Chang GJ, Hsu YJ, Lin YM, et al. Differential left-to-right atria gene expres-

sion ratio in human sinus rhythm and atrial fibrillation: Implications for arrhythmogenesis and thrombo-

genesis. Int J Cardiol. 2016; 222:104–12. https://doi.org/10.1016/j.ijcard.2016.07.103 PMID: 27494721

19. Yeh YH, Kuo CT, Lee YS, Lin YM, Nattel S, Tsai FC, et al. Region-specific gene expression profiles in

the left atria of patients with valvular atrial fibrillation. Heart Rhythm. 2013; 10(3):383–91. https://doi.org/

10.1016/j.hrthm.2012.11.013 PMID: 23183193

20. Tacutu R, Thornton D, Johnson E, Budovsky A, Barardo D, Craig T, et al. Human Ageing Genomic

Resources: new and updated databases. Nucleic Acids Res. 2018; 46(D1):D1083–D90. https://doi.org/

10.1093/nar/gkx1042 PMID: 29121237

21. Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD. The sva package for removing batch effects

and other unwanted variation in high-throughput experiments. Bioinformatics. 2012; 28(6):882–3.

https://doi.org/10.1093/bioinformatics/bts034 PMID: 22257669

22. Bardou P, Mariette J, Escudie F, Djemiel C, Klopp C. jvenn: an interactive Venn diagram viewer. BMC

Bioinformatics. 2014; 15:293. https://doi.org/10.1186/1471-2105-15-293 PMID: 25176396

23. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing biological themes among

gene clusters. OMICS. 2012; 16(5):284–7. https://doi.org/10.1089/omi.2011.0118 PMID: 22455463

24. Yu G, He QY. ReactomePA: an R/Bioconductor package for reactome pathway analysis and visualiza-

tion. Mol Biosyst. 2016; 12(2):477–9. https://doi.org/10.1039/c5mb00663e PMID: 26661513

25. Chin CH, Chen SH, Wu HH, Ho CW, Ko MT, Lin CY. cytoHubba: identifying hub objects and sub-net-

works from complex interactome. BMC Syst Biol. 2014; 8 Suppl 4(Suppl 4):S11. https://doi.org/10.

1186/1752-0509-8-S4-S11 PMID: 25521941

26. Engebretsen S, Bohlin J. Statistical predictions with glmnet. Clin Epigenetics. 2019; 11(1):123. https://

doi.org/10.1186/s13148-019-0730-1 PMID: 31443682

27. Huang S, Cai N, Pacheco PP, Narrandes S, Wang Y, Xu W. Applications of Support Vector Machine

(SVM) Learning in Cancer Genomics. Cancer Genomics Proteomics. 2018; 15(1):41–51. https://doi.

org/10.21873/cgp.20063 PMID: 29275361

28. 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(5):453–7. https://doi.org/10.1038/nmeth.3337

PMID: 25822800

29. Morillo CA, Klein GJ, Jones DL, Guiraudon CM. Chronic rapid atrial pacing. Structural, functional, and

electrophysiological characteristics of a new model of sustained atrial fibrillation. Circulation. 1995; 91

(5):1588–95. https://doi.org/10.1161/01.cir.91.5.1588 PMID: 7867201

30. Campisi J. Senescent cells, tumor suppression, and organismal aging: good citizens, bad neighbors.

Cell. 2005; 120(4):513–22. https://doi.org/10.1016/j.cell.2005.02.003 PMID: 15734683

31. Karam BS, Chavez-Moreno A, Koh W, Akar JG, Akar FG. Oxidative stress and inflammation as central

mediators of atrial fibrillation in obesity and diabetes. Cardiovasc Diabetol. 2017; 16(1):120. https://doi.

org/10.1186/s12933-017-0604-9 PMID: 28962617

32. Birch J, Gil J. Senescence and the SASP: many therapeutic avenues. Genes Dev. 2020; 34(23–

24):1565–76. https://doi.org/10.1101/gad.343129.120 PMID: 33262144

33. Dzeshka MS, Lip GY, Snezhitskiy V, Shantsila E. Cardiac Fibrosis in Patients With Atrial Fibrillation:

Mechanisms and Clinical Implications. J Am Coll Cardiol. 2015; 66(8):943–59. https://doi.org/10.1016/j.

jacc.2015.06.1313 PMID: 26293766

34. Munoz-Espin D, Canamero M, Maraver A, Gomez-Lopez G, Contreras J, Murillo-Cuesta S, et al. Pro-

grammed cell senescence during mammalian embryonic development. Cell. 2013; 155(5):1104–18.

https://doi.org/10.1016/j.cell.2013.10.019 PMID: 24238962

35. Kasai S, Shimizu S, Tatara Y, Mimura J, Itoh K. Regulation of Nrf2 by Mitochondrial Reactive Oxygen

Species in Physiology and Pathology. Biomolecules. 2020; 10(2). https://doi.org/10.3390/

biom10020320 PMID: 32079324

PLOS ONE Aging-related genes and atrial fibrillation

PLOS ONE | https://doi.org/10.1371/journal.pone.0294282 November 13, 2023 17 / 18

https://doi.org/10.1161/01.CIR.0000103131.70301.4F
https://doi.org/10.1161/01.CIR.0000103131.70301.4F
http://www.ncbi.nlm.nih.gov/pubmed/14623805
https://doi.org/10.1111/j.1540-8167.2010.01774.x
http://www.ncbi.nlm.nih.gov/pubmed/20455973
https://doi.org/10.3389/fimmu.2018.00586
https://doi.org/10.3389/fimmu.2018.00586
http://www.ncbi.nlm.nih.gov/pubmed/29686666
https://doi.org/10.1016/j.ijcard.2016.07.103
http://www.ncbi.nlm.nih.gov/pubmed/27494721
https://doi.org/10.1016/j.hrthm.2012.11.013
https://doi.org/10.1016/j.hrthm.2012.11.013
http://www.ncbi.nlm.nih.gov/pubmed/23183193
https://doi.org/10.1093/nar/gkx1042
https://doi.org/10.1093/nar/gkx1042
http://www.ncbi.nlm.nih.gov/pubmed/29121237
https://doi.org/10.1093/bioinformatics/bts034
http://www.ncbi.nlm.nih.gov/pubmed/22257669
https://doi.org/10.1186/1471-2105-15-293
http://www.ncbi.nlm.nih.gov/pubmed/25176396
https://doi.org/10.1089/omi.2011.0118
http://www.ncbi.nlm.nih.gov/pubmed/22455463
https://doi.org/10.1039/c5mb00663e
http://www.ncbi.nlm.nih.gov/pubmed/26661513
https://doi.org/10.1186/1752-0509-8-S4-S11
https://doi.org/10.1186/1752-0509-8-S4-S11
http://www.ncbi.nlm.nih.gov/pubmed/25521941
https://doi.org/10.1186/s13148-019-0730-1
https://doi.org/10.1186/s13148-019-0730-1
http://www.ncbi.nlm.nih.gov/pubmed/31443682
https://doi.org/10.21873/cgp.20063
https://doi.org/10.21873/cgp.20063
http://www.ncbi.nlm.nih.gov/pubmed/29275361
https://doi.org/10.1038/nmeth.3337
http://www.ncbi.nlm.nih.gov/pubmed/25822800
https://doi.org/10.1161/01.cir.91.5.1588
http://www.ncbi.nlm.nih.gov/pubmed/7867201
https://doi.org/10.1016/j.cell.2005.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15734683
https://doi.org/10.1186/s12933-017-0604-9
https://doi.org/10.1186/s12933-017-0604-9
http://www.ncbi.nlm.nih.gov/pubmed/28962617
https://doi.org/10.1101/gad.343129.120
http://www.ncbi.nlm.nih.gov/pubmed/33262144
https://doi.org/10.1016/j.jacc.2015.06.1313
https://doi.org/10.1016/j.jacc.2015.06.1313
http://www.ncbi.nlm.nih.gov/pubmed/26293766
https://doi.org/10.1016/j.cell.2013.10.019
http://www.ncbi.nlm.nih.gov/pubmed/24238962
https://doi.org/10.3390/biom10020320
https://doi.org/10.3390/biom10020320
http://www.ncbi.nlm.nih.gov/pubmed/32079324
https://doi.org/10.1371/journal.pone.0294282


36. Li CL, Liu B, Wang ZY, Xie F, Qiao W, Cheng J, et al. Salvianolic acid B improves myocardial function in

diabetic cardiomyopathy by suppressing IGFBP3. J Mol Cell Cardiol. 2020; 139:98–112. https://doi.org/

10.1016/j.yjmcc.2020.01.009 PMID: 31982427

37. Londono C, Osorio C, Gama V, Alzate O. Mortalin, apoptosis, and neurodegeneration. Biomolecules.

2012; 2(1):143–64. https://doi.org/10.3390/biom2010143 PMID: 24970131

38. La Rovere RM, Roest G, Bultynck G, Parys JB. Intracellular Ca(2+) signaling and Ca(2+) microdomains

in the control of cell survival, apoptosis and autophagy. Cell Calcium. 2016; 60(2):74–87. https://doi.org/

10.1016/j.ceca.2016.04.005 PMID: 27157108

39. Lv Y, Li Y, Zhang D, Zhang A, Guo W, Zhu S. HMGB1-induced asthmatic airway inflammation through

GRP75-mediated enhancement of ER-mitochondrial Ca(2+) transfer and ROS increased. J Cell Bio-

chem. 2018; 119(5):4205–15. https://doi.org/10.1002/jcb.26653 PMID: 29292841

40. Yuan M, Gong M, He J, Xie B, Zhang Z, Meng L, et al. IP3R1/GRP75/VDAC1 complex mediates endo-

plasmic reticulum stress-mitochondrial oxidative stress in diabetic atrial remodeling. Redox Biol. 2022;

52:102289. https://doi.org/10.1016/j.redox.2022.102289 PMID: 35344886

41. Kirmanoglou K, Hannekum A, Schafler AE. Expression of mortalin in patients with chronic atrial fibrilla-

tion. Basic Res Cardiol. 2004; 99(6):404–8. https://doi.org/10.1007/s00395-004-0477-4 PMID:

15309412

42. Przedborski S, Schon EA. Loss of ROS—a radical response. Nat Genet. 1998; 18(2):99–100. https://

doi.org/10.1038/ng0298-99 PMID: 9462732

43. Zhang Z, Tan Y, Zhu L, Zhang B, Feng P, Gao E, et al. Asprosin improves the survival of mesenchymal

stromal cells in myocardial infarction by inhibiting apoptosis via the activated ERK1/2-SOD2 pathway.

Life Sci. 2019; 231:116554. https://doi.org/10.1016/j.lfs.2019.116554 PMID: 31194992

44. Dikalova AE, Itani HA, Nazarewicz RR, McMaster WG, Flynn CR, Uzhachenko R, et al. Sirt3

Impairment and SOD2 Hyperacetylation in Vascular Oxidative Stress and Hypertension. Circ Res.

2017; 121(5):564–74. https://doi.org/10.1161/CIRCRESAHA.117.310933 PMID: 28684630

45. Xu D, Murakoshi N, Igarashi M, Hirayama A, Ito Y, Seo Y, et al. PPAR-gamma activator pioglitazone

prevents age-related atrial fibrillation susceptibility by improving antioxidant capacity and reducing apo-

ptosis in a rat model. J Cardiovasc Electrophysiol. 2012; 23(2):209–17.

46. Koola MM. Galantamine-Memantine combination in the treatment of Alzheimer’s disease and beyond.

Psychiatry Res. 2020; 293:113409. https://doi.org/10.1016/j.psychres.2020.113409 PMID: 32829072

47. Xie D, Xiong K, Su X, Wang G, Ji Q, Zou Q, et al. Identification of an endogenous glutamatergic trans-

mitter system controlling excitability and conductivity of atrial cardiomyocytes. Cell Res. 2021; 31

(9):951–64. https://doi.org/10.1038/s41422-021-00499-5 PMID: 33824424

48. Park JS, Kim T, Kim D, Jeong YI. The Effect of Oxidative Stress and Memantine-Incorporated Reactive

Oxygen Species-Sensitive Nanoparticles on the Expression of N-Methyl-d-aspartate Receptor Subunit

1 in Brain Cancer Cells for Alzheimer’s Disease Application. Int J Mol Sci. 2021; 22(22). https://doi.org/

10.3390/ijms222212309 PMID: 34830191

49. Dabrowska-Bouta B, Struzynska L, Sidoryk-Wegrzynowicz M, Sulkowski G. Memantine Modulates Oxi-

dative Stress in the Rat Brain following Experimental Autoimmune Encephalomyelitis. Int J Mol Sci.

2021; 22(21). https://doi.org/10.3390/ijms222111330 PMID: 34768760

50. Hao Y, Xiong R, Gong X. Memantine, NMDA Receptor Antagonist, Attenuates ox-LDL-Induced Inflam-

mation and Oxidative Stress via Activation of BDNF/TrkB Signaling Pathway in HUVECs. Inflammation.

2021; 44(2):659–70. https://doi.org/10.1007/s10753-020-01365-z PMID: 33174139

51. Wiedmann F, Beyersdorf C, Zhou XB, Kraft M, Paasche A, Javorszky N, et al. Treatment of atrial fibrilla-

tion with doxapram: TASK-1 potassium channel inhibition as a novel pharmacological strategy. Cardio-

vasc Res. 2022; 118(7):1728–41. https://doi.org/10.1093/cvr/cvab177 PMID: 34028533

52. Schuttler D, Bapat A, Kaab S, Lee K, Tomsits P, Clauss S, et al. Animal Models of Atrial Fibrillation. Circ

Res. 2020; 127(1):91–110. https://doi.org/10.1161/CIRCRESAHA.120.316366 PMID: 32716814

53. Tan AY, Zhou S, Ogawa M, Song J, Chu M, Li H, et al. Neural mechanisms of paroxysmal atrial fibrilla-

tion and paroxysmal atrial tachycardia in ambulatory canines. Circulation. 2008; 118(9):916–25. https://

doi.org/10.1161/CIRCULATIONAHA.108.776203 PMID: 18697820

PLOS ONE Aging-related genes and atrial fibrillation

PLOS ONE | https://doi.org/10.1371/journal.pone.0294282 November 13, 2023 18 / 18

https://doi.org/10.1016/j.yjmcc.2020.01.009
https://doi.org/10.1016/j.yjmcc.2020.01.009
http://www.ncbi.nlm.nih.gov/pubmed/31982427
https://doi.org/10.3390/biom2010143
http://www.ncbi.nlm.nih.gov/pubmed/24970131
https://doi.org/10.1016/j.ceca.2016.04.005
https://doi.org/10.1016/j.ceca.2016.04.005
http://www.ncbi.nlm.nih.gov/pubmed/27157108
https://doi.org/10.1002/jcb.26653
http://www.ncbi.nlm.nih.gov/pubmed/29292841
https://doi.org/10.1016/j.redox.2022.102289
http://www.ncbi.nlm.nih.gov/pubmed/35344886
https://doi.org/10.1007/s00395-004-0477-4
http://www.ncbi.nlm.nih.gov/pubmed/15309412
https://doi.org/10.1038/ng0298-99
https://doi.org/10.1038/ng0298-99
http://www.ncbi.nlm.nih.gov/pubmed/9462732
https://doi.org/10.1016/j.lfs.2019.116554
http://www.ncbi.nlm.nih.gov/pubmed/31194992
https://doi.org/10.1161/CIRCRESAHA.117.310933
http://www.ncbi.nlm.nih.gov/pubmed/28684630
https://doi.org/10.1016/j.psychres.2020.113409
http://www.ncbi.nlm.nih.gov/pubmed/32829072
https://doi.org/10.1038/s41422-021-00499-5
http://www.ncbi.nlm.nih.gov/pubmed/33824424
https://doi.org/10.3390/ijms222212309
https://doi.org/10.3390/ijms222212309
http://www.ncbi.nlm.nih.gov/pubmed/34830191
https://doi.org/10.3390/ijms222111330
http://www.ncbi.nlm.nih.gov/pubmed/34768760
https://doi.org/10.1007/s10753-020-01365-z
http://www.ncbi.nlm.nih.gov/pubmed/33174139
https://doi.org/10.1093/cvr/cvab177
http://www.ncbi.nlm.nih.gov/pubmed/34028533
https://doi.org/10.1161/CIRCRESAHA.120.316366
http://www.ncbi.nlm.nih.gov/pubmed/32716814
https://doi.org/10.1161/CIRCULATIONAHA.108.776203
https://doi.org/10.1161/CIRCULATIONAHA.108.776203
http://www.ncbi.nlm.nih.gov/pubmed/18697820
https://doi.org/10.1371/journal.pone.0294282

