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Background: Atrial fibrillation (AF) is the most common sustained arrhythmia,
frequently associated with inflammation and atrial remodeling. SI00A8/A9, a
calcium-binding protein complex enriched in myeloid cells, has been implicated
in cardiovascular inflammation, yet its role in AF remains unexplored. This study
aims to investigate the mechanistic contribution of myeloid-derived SI00A8/A9
to AF pathogenesis and assess its therapeutic potential through targeted
genetic deletion.

Methods: Transcriptomic and single-cell RNA sequencing data from AF patients
were analyzed to identify differentially expressed genes (DEGs) and immune cell
signatures. SI00A8/A9 emerged as top hub genes. Monocyte/macrophage-
specific SI0O0A9 conditional knockout (CKO) mice were subjected to Ach-
CaCl,-induced AF, with assessments of electrophysiology, fibrosis,
infammation, and TLR4/NF-«B signaling. The functional role of this pathway
was further tested using the NF-«B activator HY-18739.

Results: SI00A8/A9 expression was significantly elevated in atrial tissues and
myeloid cell clusters of AF patients. SI00A9 CKO mice exhibited reduced AF
inducibility and duration, accompanied by attenuation of atrial fibrosis,
inflammatory cytokine production, and monocyte infiltration. Mechanistically,
S100A9 deletion suppressed activation of the TLR4/IRAK1/TRAF6/NF-xB
pathway. These effects were reversed by pharmacologic NF-kB reactivation
with HY-18739, confirming the centrality of this pathway.

Conclusion: Myeloid-derived S100A8/A9 amplifies AF by promoting monocyte
recruitment and inflammation via the TLR4/NF-xB axis. Targeting this pathway
may offer a promising therapeutic strategy for AF prevention and treatment.
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1 Introduction

Atrial fibrillation (AF) is a prevalent cardiac arrhythmia
associated with substantial health and socioeconomic implications
(1). Beyond compromising patient quality of life, AF correlates with
an increased risk of stroke, incident heart failure, dementia, and
heightened mortality (2). Identifying the precise mechanisms
underlying AF in individual patients remains challenging, and the
efficacy of current therapeutic interventions is suboptimal.

Inflammation is increasingly recognized as a key factor in the
pathogenesis of AF (3). Chronic inflammation has been shown to
disrupt the atrial myocardium, leading to electrical remodeling and
structural changes that promote AF initiation and maintenance (4).
Pro-inflammatory cytokines, such as interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-o), and C-reactive protein (CRP), are
elevated in AF patients and contribute to both atrial fibrosis and
electrophysiological disturbances (5). Furthermore, inflammatory
cells, including monocytes and macrophages, infiltrate the atrial
tissue, where they release pro-inflammatory mediators that
exacerbate the arrhythmogenic substrate (6, 7). These findings
highlight the intricate relationship between inflammation and AF,
suggesting that targeting inflammatory pathways could be a
promising strategy for managing AF.

$100 proteins, encompassing SI00A8 and S100A9, represent the
predominant subgroup within the Ca’*-binding EF-hand
superfamily (8). Primarily localized in the cytoplasm of neutrophils
and monocytes, SI00A8/A9 belongs to a vast family of Ca®*-binding
proteins and is integral to the inflammatory response (9, 10). Recent
investigations have unveiled a direct association between S100A8/A9,
inflammation onset, and cardiac damage post-myocardial infarction
(11). Furthermore, elevated serum levels of SI00A8/A9 correlate with
major adverse cardiac events in myocardial infarction patients. This
implicates that strategies targeting neutrophils or their inflammatory
constituents might attenuate heart failure risks (12). Yet, there is a
lack of clinical and experimental research examining the role of
S100A8/A9 in AF.

In this study, we employed bioinformatics methodologies to
analyze three GEO datasets, aiming to identify differentially

Abbreviations: AF, Atrial fibrillation; DEGs, Difterentially expressed genes; GEO,
Gene Expression Omnibus; SR, Sinus Rhythm; RRA, Robust Rank Aggregation; GO,
Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, Protein-
Protein Interaction; WT, Wild Type; CKO, conditional Knockout; LAD, Left atrial
diameter; LVEF, Left ventricle ejection fraction; LVES, left ventricular fractional
shortening; LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular
end-diastolic diameter; ECG, Electrocardiogram; MI/R, Myocardial Ischemia/
Reperfusion; TLR4, Toll-like Receptor 4; CD, Cluster of Differentiation (e.g.,
CD14, CD16, CD62L, CD64); TNF-0, Tumor Necrosis Factor Alpha; IL-1,
Interleukin 1 Beta; IL-6, Interleukin 6; NOX, NADPH Oxidase; NOX2, NADPH
Oxidase 2; NF-xB, Nuclear Factor kappa-light-chain-enhancer of activated B cells;
IRAK1, Interleukin 1 Receptor Associated Kinase 1; TRAF6, TNF Receptor
Associated Factor 6; MP/DC, Mononuclear phagocyte/dendritic cell; TME, Tumor
Microenvironment; UMAP, Uniform Manifold Approximation and Projection; ot-
SMA, Alpha-Smooth Muscle Actin; COL-1, Collagen-1; HY-18739, NF-kB activator.
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expressed genes (DEGs) in AF patients relative to matched
controls. Preliminary analysis suggested a pivotal role for SI00A8/
A9 in AF-related pathological processes. Consequently, our
research also investigated SI00A8/A9 expression patterns in both
AF patients and murine models, seeking to clarify its function and
the mechanisms contributing to AF development. This study aims
to identify a new therapeutic target for enhancing AF treatment
modalities. The study’s schematic representation is depicted in
Supplementary Figure S1.

2 Materials and methods
2.1 Microarray data retrieval

We obtained microarray gene expression datasets related to AF
and control groups with sinus rhythm (SR) from the GEO Datasets.
Using the search term “atrial fibrillation,” and applying filters for
“Homo sapiens” and “Expression profiling by array,” we selected
datasets based on three criteria: 1. Tissue samples from the atria or
appendage from AF patients and SR controls; 2. mRNA gene
expression profiling; 3. A minimum of three samples per group.
Following this criteria, we selected three datasets: GSE41177 (13),
GSE79768 (14), and GSE115574 (15). Combined, these datasets
comprise data from 38 AF patients and 24 SR controls.
Supplementary File 1 provides detailed information on these datasets.

2.2 ldentification of DEGs

We accessed the data using the R package “GEO query”. DEGs
were identified with the “limma” package. The Benjamini-
Hochberg method adjusted p-values, with significance set at
adjusted p < 0.05 and an absolute log2-fold change > 0.5.
Subsequent analysis used the Robust Rank Aggregation (RRA)
method to rank the DEGs. Visualization of DEGs was achieved
with Volcano Plots [using “ggplot2” (16)] and Heatmaps [using
“ComplexHeatmap” (17)]. We also employed a Venn Diagram to
determine overlapping DEGs (18).

2.3 Functional enrichment analysis

We conducted Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analyses on
DEGs with the “ClusterProfiler” package (19). Statistically
significant items had p-values less than 0.05 following the
Benjamini-Hochberg test.

2.4 Protein-Protein Interaction network
and hub genes identification

To build the PPI network of DEGs, we utilized the STRING
database (V12.0) to predict protein associations (20). The network
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visualization was performed using Cytoscape software (V3.10.1)
(21). After network construction, we assessed each node’s “degree”
using the CytoHubba and MCODE plugins. Nodes with high
connectivity indicated their relevance to AF, designating them as
hub genes for further in vivo studies.

2.5 Immune infiltration analysis

We combined gene matrices from GSE41177, GSE79768, and
GSE115574 using a Perl script, followed by normalization. The
ImmuCellAI tool analyzed the resultant normalized gene
expression matrix for immune infiltration, employing the
Wilcoxon rank-sum test for group comparisons (22).

2.6 Singe-cell analysis

Public sc-RNA sequencing data of GSE224959 was utilized to
validate the key DEGs found in previous microarray analysis (23).
Seurat 4.0 conducted post-processing, discarding cells with under 250
genes or 500 UMIs and over 25% mitochondrial UMIs. Genes found
in less than 10 cells were excluded. Normalization and integration of
data across samples were performed to reveal common cell states,
with principal component analysis clustering the cells based on the
top 40 components. Marker identification for clusters utilized logistic
regression to pinpoint DEGs. Supplementary File 1 provides detailed
information on GSE224959 dataset.

2.7 Human sample acquisition

We validated S100A8/A9 expression by collecting atrial
appendage samples from 7 AF individuals and 7 matched
controls who underwent open-heart surgeries at the Chinese PLA
General Hospital. Ethical standards ensured anonymous
processing, with protocol approval from the hospital’s Ethics
Committee. Patient consent was documented, and Supplementary
File 2 provides patient details. We used immunohistochemical
staining and RT-PCR to assess SI00A8/A9 protein and mRNA
expression, respectively.

2.8 Animal model

Wild Type (WT) male C57BL/6] mice were sourced from the
Experimental Animal Center of the Chinese PLA General Hospital.
Housed in an environment free from specific pathogens, our mice
were kept at a stable temperature ranging between 20 °C and 25 °C,
with relative humidity set between 50% and 60%, and subjected to a
regular diurnal cycle.

This study utilized myeloid-specific SI00A9 conditional
knockout (CKO) mice. The S100A9" " mice (Caygen stock #S-
CKO-04902) carrying loxP sites flanking exons 1 and 2 were
commercially obtained and crossed with Cx3crl1-Cre mice
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(Caygen stock #C001032) to generate monocyte/macrophage-
targeted knockouts. Littermate controls (S100A9™ Cx3cr197)
and knockouts (S100A9"Cx3cr1€"*'") were maintained on a
C57BL/6 background and genotyped. The S100A9 CKO mice
developed without morphological or histological abnormalities in
the lungs. Despite normal S100A8 mRNA levels in mature
phagocytes, the absence of SI00A9 protein prevented formation
of functional S100A8/A9 complexes (24, 25).

The study consisted of the following treatment groups: control
group (S100A9 WT mice; n = 11), AF model group (S100A9 WT
mice +Ach-CaCl,; n = 12), S100A9 KO group (S100A9 KO mice
+Saline; n = 10), and S100A9 KO + AF model group(S100A9 KO
mice+ Ach-CaCly; n = 13). AF was induced in these mice by
administering a mixture of Ach (66 pg/kg) and CaCl, (10 mg/kg,
Sigma-Aldrich, St Louis, MO) daily through tail vein injection (i.v.)
over a period of 4 weeks, as previously described (26).

2.9 Transthoracic echocardiography
overview

Using the Vevo 1100 imaging device (VisualSonics, Toronto,
Canada), we conducted transthoracic echocardiography to assess
various cardiac features of the mice. Left atrium diameter (LAD),
left ventricle ejection fraction (LVEF), left ventricular fractional
shortening (LVFS), left ventricular end-systolic diameter (LVESD),
and left ventricular end-diastolic diameter (LVEDD) were measured
by a technician who was blind to the grouping, with every parameter
measured three times to calculate the average values.

2.10 Atrial pacing and AF induction

Mice were anesthetized with 2% isoflurane in 0.5 L/min oxygen
and maintained with 1.5% isoflurane. Atrial pacing was performed
in 12-week-old mice as per Schrickel, Bielik et al., 2002 (27).
Detailed procedures involved anesthesia, electrocardiogram
(ECG) recordings, catheter placement, and AF induction
assessments were described in our previous study (28). LabChart
8 (version 8.1.13) provided measurements of electrical parameters.

2.11 Histology

Tissues were fixed in 4% PFA, embedded in paraffin, sectioned
(5 um), and stained with H&E or Masson’s trichrome. THC used
anti-S100A8 (1:200, Abcam, ab92331), anti-SI00A9 (1:200, CST,
#73425), CD11b (1:200, BioLegend, #480109), and Ly6C (1:200,
BioLegend) with DAB visualization.

2.12 Western blotting

Atria-derived protein lysates were subjected to SDS-PAGE and
transferred to PVDF membranes. After incubation with primary
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and secondary antibodies, protein bands were visualized and
analyzed using ImageJ, normalized to GAPDH levels.

2.13 Quantitative Real-Time PCR

RNA was extracted using TRIzol reagent and reverse-
transcribed into ¢cDNA. Quantitative PCR involved SYBR Green
Master Mix on QuantStudio® 3 system. Gene expression was
normalized to GAPDH levels and computed with the 2A™44¢T

method. The PCR primers are listed in Supplementary File 3.

2.14 HY-18739 preparation and
administration

Phorbol 12-myristate 13-acetate (PMA, catalog number HY-
18739) was purchased from MedChemExpress (MCE). For in vivo
experiments, PMA was dissolved as following: a stock solution of 25
mg/mL was prepared in 10% DMSO and further diluted with 40%
PEG300, 5% Tween-80, and 45% saline to achieve a final working
concentration of 2.5 mg/mL. The solution was prepared fresh daily
and administered via intraperitoneal injection at a dose of 0.1 mg/kg
in animal models to induce inflammatory activation (29-32).

2.15 Statistical analysis

All analyses used GraphPad Prism (Version 9.5.1, Graphpad
Software, LLC) except single-cell data (Seurat 4.0 in R). The data is
expressed as mean * standard error of the mean (SEM). For
normally distributed variables, comparisons were made using
Student’s t-test or one-way analysis of variance (ANOVA),
followed by Bonferroni correction for multiple comparisons when
applicable. For variables not normally distributed, Kruskal-Wallis
test was applied. The chi-square test was utilized for the analysis of
count data. Statistical significance was defined as a p-value less
than 0.05.

2.16 Ethical approval and compliance
statement

To ensure humane endpoints for all animals involved in this
study, euthanasia was carried out by cervical dislocation. This
method was selected for its effectiveness and rapidity, minimizing
potential suffering in accordance with ethical guidelines for the
humane treatment of laboratory animals. Cervical dislocation was
performed by trained personnel with demonstrated proficiency in
the technique to ensure immediate loss of consciousness and death
without causing distress to the animals.

This study was carried out in strict accordance with the
recommendations and approval of the Chinese PLA General
Hospital’s Institutional Ethics Committee. We confirm that all
experiments and procedures performed in this research involving
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animals were in compliance with the ethical standards of the
institution at which the studies were conducted, and adhere to
the guidelines established by Directive 2010/63/EU of the European
Parliament and of the Council of 22 September 2010 on the
protection of animals used for scientific purposes, as well as the
NIH Guide for the Care and Use of Laboratory Animals. The
welfare of all animals used in this study was our foremost
consideration, and every effort was made to minimize suffering.

3 Results

3.1 SI00A8/A9 identified as the hub genes
related to AF

We identified a total of 4847 DEGs from 3 gene expression
profiles in left atria of patients with valvular atrial fibrillation
[GSE41177 (Supplementary File 4A), GSE79768 (Supplementary
File 4B) and GSE115574 (Supplementary File 4C)]. Heatmap plot
(Supplementary Figures S2A-C) and Volcano plot (Supplementary
Figures S2D-F) and were used to visualize the DEGs of three
dataset. Venn Diagram showed that there were common up-
regulated genes and down-regulated genes among three datasets
(Supplementary Figures S2G, H).

We then applied the RRA analysis (Supplementary File 5) and
choose the Top30 DEGs for further investigation (Figure 1A). GO
function enrichment analysis revealed significant enrichment in
biological processes related to inflammation and immunity,
including chemotaxis and migration of neutrophils and
granulocytes (Supplementary File 6, Figure 1B). Simultaneously,
the KEGG pathway analysis revealed the enrichment of DEGs in
immunological regulation pathways, such as “IL-17 signaling
pathway”, “phagosome”, “NF-kappa B signaling pathway”, and
“chemokine signaling pathway” (Supplementary File 6, Figure 1C).

The PPI analysis of the Top30 DEGs was conducted using the
MCC (Maximal Clique Centrality) algorithm from the CytoHubba
plugin, we identified 10 candidate hub genes within the PPI
network. These hub genes were S100A8, IL1B, CXCL1, RGS18,
MNDA, TYROBP, FCGR3B, S100A9, NCF2, S100A12 (Figure 1D).
Among these genes, S100 family (S100A8, SI00A9, and S100A12)
were the most significantly upregulated genes in the atrium tissues
of AF patients compared with SR patients.

3.2 Single-cell analysis revealed increased
monocyte infiltration in AF patients

In our single-cell analysis of non-cardiomyocyte cell types in
human atrial tissue, as illustrated in Figure 2 from the dataset
GSE224959, we identified six primary cell types using UMAP in
both AF and control patient samples (Figure 2A). We observed that
the cell proportions of mononuclear phagocytes and dendritic cells
(MP/DCs) clusters were higher in AF patients compared with
Control (33.39% vs 14.87%, Figure 2B). Upon examining the
expression of SI00A8/A9, we discovered a significant
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FIGURE 1
GO and KEGG enrichment analysis and PPl network of DEGs. (A) Heatmap showing the top 30 DEGs identified from RRA analysis across the datasets
GSE41177, GSE115574, and GSE79768. Red indicates upregulation, while blue indicates downregulation. (B) Dot plot illustrating GO enrichment analysis of
biological processes related to the top 30 DEGs, with significant terms including neutrophil migration and granulocyte chemotaxis. (C) Bar plot depicting
KEGG enrichment analysis, highlighting pathways such as the IL-17 signaling pathway and NF-kB signaling pathway. (D) PPl network constructed for the top
30 DEGs. The color gradient ranks the hub genes by their significance, with SI00A8, S1I00A9, and S100A12 among the most central nodes.

Frontiers in Immunology 05 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1623486
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

upregulation in AF patients compared to the control group across
all non-cardiomyocyte cell types, particularly within the MP/DCs
(Supplementary Figure S3, Figures 2C, D). The violin plots
underscored this finding, showcasing elevated SI00A8/A9 gene
expression levels in distinct MP/DC subsets, with S100A8
expressed in monocytes and S100A9 mostly monocytes and
macrophages, suggesting that these proteins could be implicated
in the heightened inflammatory response observed in AF
(Figure 2E). This is also supported by the analysis of the
infiltration of 36 different immune cell types using the
ImmuCellATI algorithm. This analysis involved a comparison
between the AF and SR patients in the GSE41177, GSE79768, and
GSE115574 datasets. The heatmap visualized the immune cell
abundance between AF and SR patients (Supplementary Figure
S4A). The most abundant immune cells in atrium of AF and SR
patients were DC, B cell, Monocyte, Macrophages, NK, Neutrophil,
CD4_T, CD8_T, NKT, and Tgd (Supplementary Figure S4B).We
further analyzed the relationship between immune cell abundance
and the expression level of hub genes (Supplementary Figure S4C)
and found that the monocyte abundance was significantly
associated with S100A8/A9 expression. These data indicated that
S100A8/A9 might play a key role in the development of AF via
inflammation and infiltration of immune cells, especially
the monocytes.

3.3 SI00A8/A9 expression is elevated in AF
patients

Consistent with the result of bioinformatic analysis, the
S100A8/A9 level in the atrium tissues of AF patients was
significantly higher than the SR patients as evidenced by
immunohistochemistry (IHC) (Figures 3A, B). Meanwhile, the
S100A8/A9 mRNA level was significantly increased in AF
patients compared with the SR patients (Figure 3C).

3.4 S100A9 CKO reduces AF inducibility
and duration

To elucidate the role of monocyte SI00A8/A9 in the
development of AF, we constructed SI00A9 monocyte specific
knockout (CKO) mice and established AF models through
administration with Ach-CaCl, for consecutive 4 weeks
(Figure 4A). The immunoblotting results showed that S100A8
and S100A9 protein level of AF model group was increased
compared with Control group, while S100A9 CKO could not only
blocked S100A9 expression, but also the S100A8 level
(Figures 4B, C).

The transesophageal pacing results are presented in Figure 4.
Compared to other groups, the AF model group exhibited
significantly higher AF inducibility and longer AF duration.
Importantly, while SI00A9 CKO alone did not affect baseline AF
susceptibility, it significantly reduced AF inducibility in the AF
model group (Figures 4D, E). Similarly, AF duration was markedly
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prolonged in the AF model group versus controls, but substantially
shortened in AF model + SI00A9 CKO mice (Figure 4F). These
findings demonstrate that SI00A9 CKO attenuates the Ach-CaCl,-
induced increases in both AF susceptibility and duration.

3.5 S100A9 CKO mitigates atrial fibrosis
and atrial dilation

Since atrial fibrosis is a central feature of structural remodeling
in AF, we conducted an assessment to determine whether S100A8/
A9 had an impact on the development of atrial fibrosis. Masson
staining revealed that the mice in the AF model group displayed
noticeable atrial fibrosis in comparison to the control group, which
was significantly reduced by the KO of S100A9 (Figures 5A, B). The
zoomed out photos of the atrium and whole heart were shown in
Supplementary Figure S5.

Correspondingly, we examined the effect of SI00A9 CKO on
the protein levels of fibosis related protein collagen-1 and o.-SMA in
the atria of different groups. We observed increased levels of
collagen-1 and o-SMA in the atria of AF model mice in
comparison to controls. A significant decrease in the levels of
these mRNAs and proteins was observed in mice of AF model+
S100A9 CKO group (Figures 5C-G). Echocardiography
demonstrated that the AF model group had a significantly higher
left atrial diameter (LAD) than the control group and S100A9 CKO
group. The LAD of AF model+ S100A9 CKO group was lower than
the AF model group but not significant (Figures 6A, B). AF mice
exhibit significant ventricular dilation (increased LVESD/LVEDD)
and impaired contractility (decreased LVEF/LVES) versus controls.
S100A9 CKO partially restores cardiac function (Figures 6C, D).

3.6 S1I00A9 CKO decreases immune cell
infiltration and inflammation

We further determined cell number and proportions of three
monocyte subsets in four groups. The number of infiltrated CD11b/
Ly6C+ cells was increased in AF model group and significantly
attenuated by S100A9 CKO (Figures 7A, B). Moreover, the mRNA
levels of inflammation cytokines including TNF-a, IL-1f3, IL-6 were
significantly increased in AF model group compared with the
control group, while SI00A9 CKO obviously inhibit the mRNA
level of the cytokines after AF (Figures 7C-E).

3.7 SI00A9 CKO inhibits TLR4/NF-xB
pathway

To explore the precise underlying mechanisms, we investigated
the Toll-like Receptor 4 (TLR4)/NF-xB pathways, which are known
to be crucial regulators of immune cell infiltration and
inflammation. Western blot analysis revealed a significant
activation of TLR4/IRAKI1/TRAF6/NF-xB in the atria of AF
model mice compared to controls. However, this effect was
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dendritic cells (MP/DCs), in control and AF samples. (B) Proportional distribution of the six non-cardiomyocyte cell types in control and AF samples,
highlighting an increased proportion of MP/DCs in AF. (C) UMAP plots showing the expression levels of SI00A8 and SI00A9 in the identified clusters,
with elevated expression observed in the MP/DC population of AF samples. (D) Bar plots quantifying the percentage of SI00A8/A9+ cells in total
cells and within the MP/DC cluster, demonstrating a significant increase in AF samples compared to controls (*P < 0.05, **P < 0.01). (E) Violin plots
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Elevated S100A8/A9 expression and increased monocyte infiltration in atrial tissues of AF patients. (A) Representative immunohistochemical staining
of SI00A8 and S100A9 in atrial tissues from SR and AF patients, showing increased staining intensity in AF patients. (B) Quantification of SI00A8-
and S100A9-positive areas (%), demonstrating a significant increase in AF samples (**P < 0.01, ****P < 0.0001). (C) Relative mRNA expression levels
of SI00A8 and S100A9 in atrial tissues, showing significant upregulation in AF patients compared to SR patients (*P < 0.05, **P < 0.01).

markedly reduced byS100A9 CKO (Figures 8A, B). Further, NF-xB
activator HY-18739 reverse the inhibition of S100A9 CKO on the
AF inducibility and duration (Figures 8C, D). Echocardiography
demonstrated that the cardiac protective effect of SI00A9 CKO was
canceled by HY-18739 (Figures 8E, F). Further, HY-18739
treatment also weaken the S100A9 CKO-induced suppression of
collagen-1 and o-SMA mRNA (Figures 8G, H). These findings
collectively suggest that SI00A9 CKO leads to a reduction in AF,
atrial structural remodeling, and cardiac fibrosis, at least partially
through inhibiting the TLR4/NF-kB signaling pathways (See
graphical abstract).

4 Discussion

In this study, we leveraged publicly available data from the GEO
database to identify potential key DEGs. Using Rank Aggregation of
RRA analysis and PPI networks, nine DEGs were identified.
Subsequent enrichment analysis singled out S100A8/A9 for in-
depth examination due to its established association with
inflammation and its crucial role in myocardial infarction.
Notably, monocytes and macrophages, the predominant immune
cells, exhibited strong associations with these DEGs. SI00A8/A9
expression was markedly elevated in both AF patients and mouse
models. Silencing of SI00A9 notably suppressed the monocytes and
inflammation, reversed structural remodeling, and conferred
cardio-protection against AF via the TLR4/NF-xB pathway
(Figure 9). Our findings suggest that SI00A8/A9 might be a
promising therapeutic target for AF.

Several studies leveraging GEO datasets have highlighted the
heterogeneity of AF-associated hub genes, underscoring the
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disease’s complex molecular underpinnings. Zhang, J. et al.
identified 27 DEGs across five datasets, prioritizing IGFBP2 and
FHL2 as key regulators of AF pathology (33). Notably, despite
methodological variations (e.g., our exclusion of GSE31821 due to
miRNA focus and GSE14975 for limited DEG yield), both prior
work and our analysis converge on inflammatory pathway
activation as a central theme in AF. Zhang, Y. F. et al. similarly
reported NF-kB-driven inflammation via upregulated mediators
like CXCR4 and SNAI2 (34), aligning with our GO findings of
neutrophil/leukocyte migration enrichment and KEGG-identified
NF-«B signaling. This inflammatory consensus extends to immune
cell dynamics—where prior studies implicated CYBB and CXCR2
in immune cell infiltration (35), our study identifies SI00A8/A9 as
critical monocyte-derived mediators, reinforcing the paradigm that
myeloid inflammation fundamentally orchestrates AF progression.

S100A8/A9 heterodimers (MRP8/14) serve as critical calcium-
dependent amplifiers of sterile inflammation, constitutively expressed
in myeloid cells where they regulate cytoskeletal dynamics and
eicosanoid metabolism (8). In cardiovascular pathologies, these
damage-associated molecular patterns (DAMPs) exhibit context-
dependent roles: Marinkovic et al. demonstrated that SI00A9
inhibition improved early myocardial infarction recovery but
paradoxically worsened late remodeling (36, 37), underscoring the
temporal precision required for therapeutic targeting. This
complexity extends to ischemic injury, where Li et al. identified
S100A8/A9 as early mediators of mitochondrial dysfunction via
TLR4/Erk signaling — effects reversible by neutralizing antibodies
(11) Critically, elevated serum S100A8/A9 predicts adverse outcomes
in acute coronary patients (11), establishing their translatable
diagnostic value. Our study extends this paradigm to atrial
fibrillation, positioning S1I00A8/A9 not merely as biomarkers but as
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FIGURE 5
S100A9 CKO mitigates atrial fibrosis and reduces fibrosis-related protein expression in a mouse mode!
staining of atrial tissues showing increased fibrosis (blue staining) in the AF model group compared to

L of AF. (A) Representative Masson'’s trichrome
the control group, with significant attenuation

in SI00A9 CKO groups. (B) Quantification of fibrotic areas (%) in atrial tissues, demonstrating a significant reduction in fibrosis in the ST00A9 CKO
groups (*P < 0.05, **P < 0.01, ****P < 0.0001). (C) Western blot analysis of fibrosis-related proteins, collagen-1 (COL-1) and alpha-smooth muscle
actin (o-SMA), in the atrial tissues of the four groups. GAPDH was used as the loading control. (D, E) Quantification of COL-1 and a.-SMA protein
levels, showing a significant increase in the AF model group and attenuation in the SI00A9 CKO groups (**P < 0.01, ****P < 0.0001). (F, G) Relative
MRNA expression levels of COL-1 and a.-SMA, with significant upregulation in the AF model group and downregulation in the SI00A9 CKO groups

(****P < 0.0001).

Frontiers in Immunology 10

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1623486
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

AF model

Control

S100A9 CKO

Control AF model

FIGURE 6

10.3389/fimmu.2025.1623486

*
£
oo
£ .
1
% 2 o 3
E 080 °
8 & °
S o
T 14
B S E
= o
© oo o
™ o
":,l‘ o
0 T T T T
AN S
& F e ®
SR KRN
(&) ?g \QQ 60
(%)
o N
D *
*
80 50 |
o 028, oglo] . 08°° ° 8o 8958
60 [0%°] o900 [Soq] [ 56 o 5
8 3 Ea0q | ° | feh
o
i 40 2 i
5 5
20 10
0 T T T T 0 T T T T
N NN
O P L L O L
& &€ o7 X & & oY X
o & & o g & &
g @ &°
*
*
35 * 6 *
oo
) | og
_ - 8o o o
E - Bl S X 0
£ ° o8 £ 8
= 080 [} E % &
8 o 2 [=] 00 88 8o
u ° S o
3 14 o 5 ]
[eXe) o g
o
0 T T T T B { T OI (;
S & O 0 S
S @ &
& F & F & & goi. <8
Ff (P SR AN )
& QQ‘?’ & LR
N @0 ) -~

S100A9 CKO preserves cardiac function and attenuates remodeling in a mouse AF model. (A) Representative M-mode echocardiography of the left
atrial chamber. (B) Quantification of left atrial diameter (LAD, mm). (C) Representative M-mode echocardiographic images of left ventricular function
(D) Cardiac function analysis: Left ventricle ejection fraction (LVEF, %), fractional shortening (LVFS, %), end-systolic diameter (LVESD, mm), and end-

diastolic diameter (LVEDD, mm) (*P < 0.05 vs. AF model)

orchestrators of monocyte-driven TLR4/NF-xB activation that
perpetuates electromechanical remodeling - a mechanism distinct
from their acute ischemic roles yet converging on TLR4-
dependent inflammation.

In light of our findings and those of Hulsmans et al (23), the
involvement of immune cells—particularly monocyte/macrophage
(MP) and dendritic cell (DC) populations—in the pathogenesis of
AF is further clarified. We observed marked upregulation of
S100A8/A9 in non-cardiomyocyte atrial cells from AF patients,
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with particularly high expression in MP/DC clusters, underscoring
a key immune-mediated mechanism underlying atrial remodeling.
This parallels Hulsmans et al.’s identification of expanded
inflammatory monocytes and SPP1(+) macrophages in AF,
suggesting a convergent inflammatory pathway driving both atrial
inflammation and fibrosis. Importantly, the suppression of AF
burden and structural remodeling in our SI00A9 knockout mouse
model aligns closely with their findings, where inhibition of
monocyte trafficking also reduced AF susceptibility. Together,
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FIGURE 7

S100A9 CKO reduces immune cell infiltration and inflammatory cytokine expression in a mouse model of AF. (A) Representative immunohistochemical
staining of CD11b/Ly6C monocytes in atrial tissues, showing increased infiltration in the AF model group (red arrowheads) and significant reduction in the
S100A9 CKO groups. (B) Quantification of CD11b/Ly6C cell counts per mm? in atrial tissues, demonstrating a significant decrease in the SI00A9 CKO groups
(**P < 0.01, ****P < 0.0001). (C—E) Relative mRNA expression levels of pro-inflammatory cytokines (TNF-c, IL-1B, and IL-6) in atrial tissues, showing
significant upregulation in the AF model group and suppression in the ST00A9 CKO groups (*P < 0.05, **P < 0.01, ****P < 0.0001)

these results emphasize the centrality of immune cell infiltration
and pro-inflammatory signaling—particularly via TLR4/NF-xB
activation driven by S100A8/A9 and SPPl—as promising
mechanistic targets for therapeutic intervention in AF.

Although no prior studies have directly explored the role of
S100A8/A9 in AF, our integrative analysis and experimental
validation suggest that this complex may serve as a key mediator
in AF pathogenesis (38). Bioinformatic data revealed elevated
SI00A8/A9 expression in AF, correlating with increased
monocyte abundance—prompting the hypothesis that SI00A8/A9
promotes AF by enhancing monocyte recruitment and pro-
inflammatory cytokine release. This was substantiated by both
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human and murine data, where S100A8/A9 expression was
significantly upregulated in AF patients and Ach-CaCl,-induced
AF mice compared to sinus rhythm controls. Genetic ablation of
S100A9 not only reduced the levels of both SI00A8 and S100A9—
consistent with the known interdependence of these proteins for
complex stability (39). —but also markedly suppressed AF
susceptibility and duration. SI00A8 knockout was avoided due to
its association with embryonic lethality. Notably, S100A9-deficient
mice exhibited resistance to Ach-CaCl,~-induced atrial fibrosis and
dilation. This aligns with the established link between AF and atrial
fibrosis, a pathological remodeling process driven by excessive
extracellular matrix deposition that disrupts electrical conduction

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1623486
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al. 10.3389/fimmu.2025.1623486
A B § 20 kK * S 25
$ E >k kK k *
Control ~ AF Model S100A9 CKOModel +CKO £1s °ge g 20 18
F >
£ 10 ; LN £ b o
H
TLRE | e e sy o0 s e S o | 0D " © °°%lo0| 4o B2, 8.g°
5 g - & X I
2 0.5 Qo5 & oo 20
=) %o 5| oo 2 o g
: ; s LIRS 5wl |F
IRAK1 . e —-— | 7D S S S o - .
S &L L d & © ©
& & U o‘{é & o° xc}“
o & & @ K
g5 & R
TRAF6 © Gl GNP = - s W8 — 63KD
% %k %k % * %k %k . %
5 5
2 8o 2, %
NF-kB —— —— - G5KD g3 g
x x
2c, g3 £e° o
s ° [}
zZ3 03 % FB92 o
N E———— ) EPe 2, |%| ﬁﬁ e oo | | am o
= o o= 0,
s 5™ °
2 0 T T T T E 0 \' \l T T
o\@\ & L L & P &L L
P TP
v g\g“ “ob‘b v é&g éosz
C l E *k * G
*% |
1004 15 — 14 — 60 ol g 1.5+
0 SR a ooo o o
= 5 4 022 a oo ) [}
£ 804 - 5 = AF % g9 8o g 00 oo
; | = 404 o 2 o = % 1.04 ocoo
£ 50 ] &\i SO0, 2 g %] o 00d o-0-o
2 12 w w% aallo |0
o
3 0] |14|[15 0 > 20 £ 0.5 °
£ g
w20 — =]
< ©
3 ® g0
o= 0 T T T T : { ; ol ‘;
F PO P R F & & &F
& RO 8 J CASENS) CAS & X N
AN & A & N &R < & F o
¥R 3 N o N ¥ & ) x
& & ¥ X &R & & O
o < s & © o ©
& X & o N &
& &060 Qé\ b‘y IS &L
D Fr H
250+ %k %k kk
2.5
— 200+ KKk £ 1.5 Hokww ek
n 2.0 ° 9
E’ P 0000 g9 ° o A o
1504 o Q € 0co0o0 4 © oo coo
2 08 g0 o £ 1.5 ° S 404 °L-°
® ° = -
£ 0] °2° oo Ik E S FIE . B
1004 o 7] i [e) o] oo o=
: |§1.0 oo 8 8 g ¥ ooo ooo oo
< oqE° - 8 || ° £ 059 o
504 b8 g o 0.5 2 oo
O £
o (o] ©
i :
0 T T 0.0 T T T ; 0.0 —
AN N ) o > > (o) D
&g L 8 F & L0 &F & &£ &
&0 & NN & AN Y
AR St A Y ¥ &R
¥ &L ¥ o &R F & o
& & el & & © & o
o
QO xO & \xo vg °6°
& 3 &)
& & W @oé N
o
<
FIGURE 8

S100A9 CKO mitigates AF via suppression of the TLR4/NF-«B signaling pathway. (A) Western blot analysis of key proteins in the TLR4/NF-kB signaling
pathway, including TLR4, IRAKY1, TRAF6, and NF-kB, across the four groups (control, AF model, ST00A9 CKO, and AF model + S100A9 CKO). GAPDH was
used as the loading control. (B) Quantification of TLR4, IRAK1, TRAF6, and NF-«B protein expression, showing significant upregulation in the AF model group
and attenuation in the SI00A9 CKO groups (*P < 0.05, ***P < 0.001, ****P < 0.0001). (C) Percentage of AF inducibility in different groups, demonstrating the
reversal of SI00A9 CKO's protective effects by the NF-kB activator HY-18739 (**P < 0.01). (D) Duration of AF episodes following burst pacing, showing that
HY-18739 reversed the reduction in AF duration observed in the ST00A9 CKO group (**P < 0.01). (E, F) Echocardiographic assessment of left ventricular
ejection fraction (LVEF, %) and left ventricular end-systolic diameter (LVESD, mm), highlighting the protective effects of SI00A9 CKO on cardiac function and
ventricular remodeling, which were diminished by HY-18739 (*P < 0.05). (G, H) Relative mRNA expression levels of fibrosis-related markers, alpha-smooth
muscle actin (o-SMA) and collagen-1 (COL-1), showing attenuation in the SI00A9 CKO groups and partial reversal by HY-18739 (*P < 0.05, **P < 0.01).
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Proposed mechanism of SI00A8/A9-mediated AF pathogenesis via the TLR4/NF-«B signaling pathway.

and promotes arrhythmia persistence (40). The observed protective
effects support the notion that atrial fibrosis in AF is closely tied to
immune cell infiltration and cytokine-mediated inflammation (41),
processes in which SI00A8/A9 plays a central role.
Immunohistochemical analysis confirmed significant monocyte
infiltration in atrial tissue of the AF model, supporting the pro-
inflammatory role of SI00A8/A9. Correspondingly, deletion of
S100A9 markedly reduced expression of key inflammatory
mediators, including TNF-o, IL-1B, and IL-6. KEGG pathway
enrichment implicated the NF-xB signaling pathway as a central
node in AF-associated inflammation. Given the established
interaction between S100A8/A9 and TLR4, we explored the
TLR4/NF-xB axis as a potential downstream effector. TLR4, a
pattern recognition receptor integral to innate immunity (42),
activates NF-xB through adaptor molecules such as IRAKI and
TRAFG6, thereby amplifying pro-inflammatory gene expression (43).
In our study, S100A9 knockout significantly attenuated activation
of this pathway in response to Ach-CaCl, stimulation. Moreover,
pharmacologic reactivation of NF-«B using HY-18739 reversed the
protective effects conferred by S100A9 deletion, restoring AF
inducibility, impairing cardiac function, and increasing fibrosis
markers such as collagen-1 and o-SMA. These findings suggest
that the cardioprotective effects of SI00A9 knockout are mediated,
at least in part, through suppression of TLR4/NF-kB signaling,
reinforcing this pathway’s central role in AF pathophysiology.
This study has several limitations. First, while we used a LysM-
Cre system to delete S100A9 in myeloid cells, this approach does
not distinguish between monocytes, macrophages, and neutrophils,
limiting our ability to pinpoint the precise cellular contributors to
AF pathology. Second, the Ach-CaCl,-induced AF model primarily
reflects vagally mediated acute AF episodes and may not capture the
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complexity of chronic or comorbidity-driven AF, such as that
associated with hypertension or metabolic syndrome. Third, we
only examined male mice at a single time point, without assessing
sex differences or the temporal dynamics of SI00A8/A9 expression
and its downstream effects. Fourth, our use of the NF-kB activator
HY-18739 as a pharmacological rescue tool does not fully replicate
endogenous TLR4-mediated activation and may have off-target
effects. Finally, while our data strongly support the involvement
of SI00A8/A9 in immune cell-driven atrial remodeling, we did not
explore the role of other immune cell types, such as dendritic cells
or lymphocytes, nor did we assess the therapeutic efficacy of
pharmacological S100A8/A9 blockade—areas that warrant
further investigation.

To summarize, this investigation reveals a pronounced up-
regulation of S100A8/A9 in AF patients as well as in an Ach-
CaCl,-induced mouse model. This elevation is linked to heightened
monocyte infiltration, increased atrial inflammation, and fibrosis.
The utilization of S1I00A9 KO notably mitigates atrial structural
alterations and susceptibility to AF, primarily through the
suppression of the pro-inflammatory TLR4/NF-kB signaling
pathway. Our findings posit that targeting S100A8/A9 might
serve as a promising therapeutic approach for AF. Nonetheless, a
more comprehensive exploration through functional studies is
essential to elucidate the underlying mechanisms in depth.
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SUPPLEMENTARY FIGURE 1
Flow chart of the bioinformatic analysis and experimental validation.

SUPPLEMENTARY FIGURE 2
Visualization of DEGs between AF and SR patients. (A—C) Volcano plot of
DEGs in GSE41177, GSE79768, GSE115574; (D-F) Clustered heatmap of DEGs
in GSE41177, GSE79768, GSE115574; G-H Venn diagram of DEGs in GSE41177,
GSE79768, GSE115574.

SUPPLEMENTARY FIGURE 3
UMAP plots showing SI00A8 and S100A9 expression in non-cardiomyocyte
cell types from control and AF patients.

SUPPLEMENTARY FIGURE 4

Immune cell infiltration analysis and correlation with hub gene expression
in AF. (A) Heatmap showing the abundance of various immune cell types in
atrial tissues from AF and SR patients. Red indicates higher immune cell
infiltration, while blue indicates lower infiltration. (B) Boxplot of tumor
microenvironment (TME) immune cell content, illustrating the relative
proportions of immune cell types, including monocytes, macrophages,
neutrophils, and T cells, between AF and SR samples. Monocytes and
macrophages are more abundant in AF samples. (C) Correlation matrix
heatmap depicting the relationship between hub gene expression (e.g.,
S100A8, S100A9, TYROBP) and immune cell infiltration scores. Positive
correlations are shown in orange, and negative correlations are shown in
blue, with significance indicated by asterisks (*P < 0.05, **P < 0.01, ***P <
0.001). SI00A8 and S100A9 exhibit significant positive correlations with
monocyte and macrophage infiltration.

SUPPLEMENTARY FIGURE 5

The zoomed out photos of the atrium and whole heart stained by Masson’s
trichrome staining. Scale bar 200 um and 100 um.
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