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Background: The common occurrence of atrial fibrillation (AF) as a cardiac arrhythmia, along with its link to sleep deprivation (SD),
is gaining more acknowledgment. Even with progress in comprehending the development of AF, the molecular connections between
SD and AF are still not well-defined. The objective of this research was to pinpoint the shared molecular routes responsible for SD-
induced AF and investigate possible treatment targets.

Methods: Utilizing bioinformatics, we examined two transcriptome datasets from the Gene Expression Omnibus (GEO) database to
pinpoint genes with differential expression (DEGs) common to SD and AF. Analyses focusing on functional enrichment, such as Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG), were conducted to pinpoint crucial biological mechanisms
and pathways. Furthermore, we utilized immunofluorescence and Western blot techniques to evaluate YBX1 expression and its role in
activating NLRP3 inflammasomes in a rat model induced by SD.

Results: A total of 540 common DEGs were precisely identified between the AF and SD data collections. Studies emphasizing
functional enrichment have highlighted the significance of inflammation pathways, particularly the NOD-like receptor signaling route.
The application of machine learning uncovered four crucial genes—CDCS5L, MAPK 14, RABSA, and YBX1—with YBX1 becoming
the predominant gene in diagnostic processes. Investigating immune penetration revealed significant connections between YBX1
expression and specific immune cell types, notably CD8+ T cells and M1 macrophages. Live studies have demonstrated that SD
amplifies the atrial electrical rearrangement, structural changes, the infiltration of inflammatory cells, and the heightened presence of
YBX1 along with inflammasome elements.

Conclusion: The research pinpoints YBX1 as a crucial gene in SD-related AF, possibly influencing its impact via the NOD-like
receptor signaling route and the invasion of immune cells. The results offer crucial understanding of the molecular processes behind
AF and propose YBX1 as a possible treatment focus to reduce the risk of AF caused by SD.
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Introduction

Atrial Fibrillation (AF) stands as the predominant form of persistent heart thythm disorders, characterized by rapid and
erratic electrical impulses in the atria, resulting in diminished effectiveness of atrial contractions. Such disturbances in
cardiac rhythms notably reduce a patient’s life quality and substantially increase their likelihood of severe issues,
including stroke, heart failure, and general mortality." Despite major progress in AF management via enhanced diagnostic

techniques and treatment methods, the fundamental biological processes causing this arrhythmia remain largely elusive.
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AF originates from a myriad of causes, its development and advancement being influenced by a multifaceted combina-
tion of lifestyle, environmental factors, inflammation, and metabolic concerns.>* Consequently, further investigation into
the molecular mechanisms involved in AF, particularly gene expression, is vital for devising innovative and successful
treatment strategies.

The prevalence of Sleep deprivation (SD) as a health concern grows in contemporary society, increasingly associated
by research with the beginning and worsening of diverse cardiovascular ailments.*> Latest research indicates that
diminished sleep quality typically extends AF episodes beyond the following day. With deteriorating slumber, the
duration of AF episodes also declines.® While the complete processes remain unclear, they are presumed to encompass
various routes, encompassing the stimulation of the sympathetic nervous system, enhancement of inflammation, and
intensification of oxidative stress.” ° Together, these elements lead to increased vulnerability to AF among those who
have had extended durations of insufficient sleep.

Previous studies have shown that inflammation markedly affects both SD and AF. In a mouse model for SD, SD initiates
a concentration of neutrophils, leading to a significant rise in pro-inflammatory cytokines Interleukin-6 and IL-17, triggering
a broad inflammatory response.'® Additionally, in patients with AF, there was a significant rise in inflammatory components
such as CRP, IL-6, IL-8, and TNF, all of which have a direct impact on cardiomyocytes, leading to alterations in atrial
architecture and electrical operations.'' Importantly, the emergence of inflammation triggers AF and also assists in the
reorganization of the atrium by amplifying the inflammatory response, leading to a continuous cycle termed the “atrial
fibrillation triggers atrial fibrillation” phenomenon.'' Given the substantial effect of inflammation on SD and AF, it seems
reasonable to propose that SD might elevate the risk of AF by initiating the inflammatory response.

High-throughput sequencing technologies have transformed research into intricate diseases, facilitating an in-depth
exploration of the molecular foundations of conditions like AF and SD.'? Specifically, the use of bioinformatics analysis is
now crucial in integrating diverse genomic data to pinpoint essential genes and signaling routes in disease development.'® In
our study, we methodically investigated the inflammatory response mechanism between SD and AF using bioinformatics
techniques derived from gene expression records in the Gene Expression Omnibus (GEO) database. This research focuses on
examining prospective biomarkers and pinpointing potential treatment targets, laying a theoretical groundwork for under-

standing molecular processes and clinical treatment approaches for associated illnesses.

Materials and Methods

Data Collection

The GEO database (https://www.ncbi.nlm.nih.gov/geo/) yielded four distinct transcriptome datasets: GSE79768,
GSE98582, GSE41177, and GSE56931. GSE79768 and GSE98582 were utilized for training, whereas GSE41177 and
GSE56931 functioned for independent verification. In the process of evaluating the dataset within the GEO database, our

approach was as follows: initially, we designated the search phrases “atrial fibrillation” or “sleep deprivation” to verify
the dataset’s pertinence to the research subject. Secondly, to enhance the dataset’s relevance and precision, we confined
the species to human subjects. Furthermore, our focus was solely on microarray or RNA sequence datasets, given their
critical significance in gene expression research. Ultimately, it was guaranteed that the chosen datasets possessed ample
sample sizes and distinct control groups to fulfill statistical analysis requirements and enhance the dependability of the

study findings.Comprehensive data from the dataset are presented in Table 1.

Table | A Summary of Microarray Information

GEO Number | Platform | Control Samples | Disease Samples
GSE79768 GPL570 12 14

GSE98582 GPL6244 | 213 342

GSE41177 GPL570 6 32

GSE5693 | GPL10379 | 129 120
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Acquisition of Microarray Data and ldentification of DEGs

“GEOquery” (version 2.72.0) was employed to systematically gather and analyze microarray datasets. Genes exhibiting
differential expression (DEGs) were pinpointed using the “limma” software (version 3.60.4).'* Visualization of DEGs,
including volcano plots and heatmaps, was performed using the “ggplot2” package (version 3.5.1)."> Utilizing the online
resource Xiantaozi (https://www.xiantaozi.com/), a Venn diagram was developed to pinpoint and examine the common

DEGs in sleep deprivation (SD) and atrial fibrillation (AF), uncovering possible molecular links between these two states.

Analysis of Functional Enrichment

To elucidate the roles of identified targets, functional enrichment analyses were conducted using Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.'®'® The GO analysis encompassed areas
such as molecular functions (MF), biological processes (BP), and cellular elements (CC). The KEGG study amalgamated
gene activities into a larger genomic framework. The evaluations were performed utilizing the “clusterProfiler” (4.12.3)
and “GOplot” (1.0.2) software packages.'*° GO terms and KEGG pathways that had a revised P-value below 0.05 were
deemed to have statistical significance.

Weighted Gene Co-Expression Network Analysis (WGCNA)

The technique of Weighted Gene Co-Expression Network Analysis (WGCNA) was employed to pinpoint gene modules
that show significant interrelation. Version 1.72.5 of the “WGCNA” software determines the soft threshold power (B) via
the “PickSoftThreshold” feature, opting for the optimal value.”' Gene modules were identified using methods of
weighted correlation analysis and hierarchical clustering. Every module, represented as a segment of a clustering tree,
was assigned unique color codes. Disease-related modules exhibiting significant regulatory fluctuations were identified
for detailed correlation analysis.

Protein—Protein Interaction (PPI) Network Construction
PPI networks of DEGs were constructed using the STRING database (https:/cn.string-db.org/).?> Hub genes within the
PPI network were identified using the CytoHubba plugin in Cytoscape through the application of four established

algorithms: Degree, Edge Percolation Centrality (EPC), Maximal Clique Centrality (MCC), and Maximum
Neighborhood Component (MNC).>* Within each algorithm, the leading 15 core genes were chosen, and the intersection
of central genes pinpointed by these four techniques was visually represented using Venn diagrams.

Screening Hub Genes Using Machine Learning Approaches

Three distinct machine learning algorithms were employed to identify key genes associated with AF triggered by SD in
GSE79768 dataset. Our response variable was the presence or absence of atrial fibrillation status, specifically
a dichotomous variable: patients with atrial fibrillation were labeled as 1 and non-atrial fibrillation individuals were
labeled as 0.The research utilizes the Support Vector Machine (SVM) algorithm for improving the classification precision
of multi-dimensional data, employing the R package “e1071” (version 1.7.14). SVM is celebrated for their proficiency in
pinpointing ideal hyperplanes for dividing data in multi-dimensional environments, and their kernel functions are
particularly adept at tackling nonlinear issues.** For enhancing the model’s efficiency, a ten-fold cross-validation method
was employed to equilibrate precision and error frequencies among feature variables, thereby identifying the most
suitable subset of features.The “glmnet” package (version 4.1.8) in R was employed for LASSO regression analysis to
execute L1 regularization, enhancing the precision of predictions and the ability to select features. This method proves
especially efficient in tackling the issues of multicollinearity and dimensionality in extensive gene and PPI network data.
Utilizing a three-fold cross-validation method, the mean square error was reduced to identify the ideal A value,
guaranteeing strong model efficacy and accurate feature choice.”” Additionally, the “randomForest” package (version
4.7.1.1) in R was employed to create a Random Forest model, boosting the strength and dependability of forecasts.
Random Forest, a collective learning approach utilizing decision trees, adeptly handles nonlinear data and feature
interplays, simultaneously offering an inherent ranking of feature significance.”® To pinpoint the most predictive
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genes, a benchmark of 1 was established for feature importance scores, guaranteeing peak model efficiency and
dependable feature choice. By graphing the Wayne diagrams, we identified the shared genes among the trio of machine
learning algorithms.

Validation of Hub Genes Expression

Identified hub genes were validated using the GSE79768 and GSE98582 datasets. To evaluate diagnostic value, ROC
curves were generated for the training sets (GSE79768 and GSE98582) and the validation sets (GSE41177 and
GSE56931), with diagnostic accuracy assessed by the area under the curve (AUC).?’

Immune Cell Infiltration Analyses

The CIBERSORT method evaluated immune infiltration profiles of 22 immune cell types in AF and control samples from the
GSE79768 dataset, with p < 0.05 considered significant.”® Comparative analysis of immune cell distributions between AF and
control groups was performed using the Wilcoxon test and “ggplot2” package (version 3.5.1). Pearson correlation analysis,
visualized via the “pheatmap” package (version 1.0.12), examined the relationship between hub genes and immune cell types.

Experimental Design and Animal Models

This research utilized Sprague-Dawley rats, ranging in age from 6 to 8 weeks and weighing between 290 and 310 g. Animals
were sourced from Xinjiang Medical University’s Laboratory Animal Center and kept in a Specific Pathogen-Free environ-
ment for a week-long acclimatization phase before experimentation. Post-acclimatization, the rats were arbitrarily split into
two clusters, each comprising six subjects: control group and SD group.The SD model was induced using a modified multi-
platform water tank method.? Six cylindrical platforms (6.5 cm in diameter, 8 cm in height) were placed in a glass water tank,
with the distance between platform centers approximately 10 cm. Adjustments were made to the water level to be 1 cm
beneath the platform tops, guaranteeing that during the rats’ sleep attempts, some parts of their bodies would be immersed,
leading to their awakening and subsequent lack of sleep. To satisfy the fundamental physiological requirements of the rats,
they were supplied with food and water atop the tank, facilitating their unrestricted movement across platforms. For
acclimatization to the tank setting, the rats were positioned on the platforms for two hours each day during the initial three
days of the study. Subsequent to this adjustment, a three-day period of uninterrupted sleep deprivation was carried out.

Experiments in Cardiac Electrophysiology

Following the successful assembly of the model, every rat was subjected to cardiac electrophysiology tests, adhering to
the lab’s established protocols for anesthesia, thoracotomy, and controlled electrical stimulation.>® To ascertain the Atrial
Effective Refractory Period (AERP), the output voltage of the pacemaker was adjusted to double the pacing threshold.
Utilizing the S1S2 decremental stimulation method, an initial interval of 200 ms was set for S1S1 and 120 ms for S2,
maintaining an 8:1 stimulation ratio (S1). The duration of the S2 interval was reduced in steps of 10 ms until S1 was
unable to initiate S2 conduction, and the most extended S1S2 interval where conduction halted was termed the AERP.
Using the Burst stimulation technique, the rate of AF induction was gauged by adjusting the S1S1 frequency to 50 hz,
with each stimulation enduring 10 seconds and replicated 10 times for each rat. The speed and diversity of conduction
were documented through a microelectrode array (MEA) setup, entailing the application of a pliable MEA electrode
array with 36 electrodes onto the left atrial appendage.®’ Following the stabilization of unipolar electrical signals by the
MEA system, we produced conduction maps and determined the conduction heterogeneity index through the coefficient
of variation in conduction velocity.

Examination of Echocardiography

After a three-day span of lacking sleep, the rats underwent mild anesthesia using 1.5% isoflurane. The Vevo 2100
echocardiography system was utilized to assess their heart’s structure and functionality. The measurements encompassed
left atrial diameters, left ventricular ejection fraction ejection fraction, and fractional shortening, averaged across three
heart cycles.
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Histopathological Staining and ELISA Measurement

Rat left atrial tissue samples were first dehydrated, stabilized, encased in paraffin, cut, prepared, dewaxed, and
rehydrated.Subsequently, the sections underwent staining with a Hematoxylin-eosin (HE) kit (Solarbio, No.G1120),
employing hematoxylin for nucleic acid staining and eosin for cytoplasm and extracellular matrix staining.Following the
staining process, the samples underwent dehydration, purification, and sealing.Following this, the tissue’s morphological
composition was examined using a microscope (Olympus, Tokyo, Japan). Levels of interleukin 18 (IL-18) (Jianglai
biological, No.JL20882), interleukin 1B(IL-1B) (Jianglai biological, No. JL20884), and nuclear factor kB (NF-kB)
(Jianglai biological, No.JL21039) in the serum were measured among various groups using ELISA kits, adhering to
the guidelines provided by the manufacturer. Absorbance measurements were taken at 450 nm with a microplate reader,
and a standard curve was derived from the collected data. Subsequently, the levels of the specified molecules in the
samples were determined by applying the standard curve.

Immunofluorescence Staining

The atrial myocardial tissue underwent dehydration, was encased, and then sliced into slices measuring 4 pm. To
maintain the stability of the tissue structure, the sections underwent fixation at 65°C for two hours, followed by
deparaffinization with xylene and rehydration using a series of alcohol concentrations. The process of antigen recovery
involved warming the sections using citrate buffer (Proteintech, No. PR30001). For reducing indiscriminate binding, the
samples were treated with goat serum (Beyotime, No. C0265) for half an hour and left to incubate overnight at 4°C using
anti-YBX1 (1:50,Beyotime, No. AF5342). After incubating with the primary antibody, a diluted secondary antibody
(Proteintech, No. SA00013-2) at a ratio of 1:300 was administered, followed by a 1-hour incubation at 37°C for the
creation of antibody-antigen complexes. Ultimately, the samples were prepared using a DAPI-containing anti-fading
medium (Beyotime, No. P0131), and their fluorescence visuals were recorded with a Nikon fluorescence microscope. The
analysis of fluorescence intensity quantitatively was conducted utilizing ImageJ software (version 1.8.0).*

Western Blot Analysis

Protein specimens were isolated from rat atrial tissues and isolated using SDS-PAGE electrophoresis. Subsequently, the
isolated proteins were relocated onto a PVDF membrane (Merck, No. C3117). To reduce indiscriminate binding, the
membrane underwent blocking using 5% skim milk powder (Biosharp, No. BS102). Post-blocking, it was left to incubate
overnight at 4°C with primary antibodies aimed at Nlrp3 (1:1000, Sigma, No. SAB5700723), ASC (1:1000, Abcam, No.
ab309497), Caspase-1 (1:1000, Abcam, No. ab179515), YBX1 (1:1000, Beyotime, No. AF5342), and GAPDH (1:1000,
Abcam, No. ab8245) serving as the internal standard. Subsequently, the membranes underwent a cleansing process using
TBST buffer (Solarbio, No. T1082) to eliminate any unattached antibodies. Following this, they were subjected to
a l-hour room temperature incubation with the respective secondary antibodies to create stable antibody-antigen
complexes. The identification of specific proteins utilized an ECL substrate (Proteintech, No. PK10001), and the eBlot
Touch Imager system was employed to create signals. The protein expression levels were quantitatively assessed using
the ImageJ software (version 1.8.0).*

Statistical Analysis

All analyses were conducted using R (version 4.2.2) and RStudio (version 1.0.143), with data visualization performed
using GraphPad Prism (version 8.0.2). Quantitative data following a normal distribution were expressed as mean =+
standard deviation. For pairwise comparisons between groups, f-tests were employed. Statistical significance was defined
as a p-value <0.05.

Results
Co-Expression Genes Shared in AF and SD

The workflow of this study is depicted in Figure 1. To identify genes co-expressed in AF and SD, microarray data were sourced
from the GSE79768 and GSE98582 datasets, which served as training sets. Probes lacking annotation were excluded from the

Journal of Inflammation Research 2025:18 hetps: 795



Liang et al

Data Source

GEO database SEHETR

GSE98582

DEGs Screening &
Enrichment Analysis

]

WGCNA Analysis

AT -
A =

Figure | Flowchart of this study.

PPI Protein Interaction
Network Analysis

Hub Gene Selected by
Machine Learning

10xCV Emor

ROC Curve Verification

Immune Infiltration

W =

L . LS|

CPPA IS IS SIS S
LLLS S S

In vivo Validation

‘ WWM
' .
L

118 kDa

49kDa

45kDa

24kDa

Caspase-1 - 4 - 12kDa
& 3)

GAPDH 36kDa

analysis, and for genes with duplicate entries, their average expression values were computed using R software. DEGs were
determined based on the criteria of P<0.05 and [log,FC[>0.1. This analysis identified 6,109 DEGs in the GSE79768 dataset,
including 3,317 upregulated and 2,792 downregulated genes, and 1,753 DEGs in the GSE98582 dataset, consisting of 690
upregulated and 1,063 downregulated genes. The results are illustrated through volcano plots (Figure 2A and C). Heat maps
displaying the differential gene expression profiles for each dataset are provided (Figure 2B and D). Further analysis identified
co-expressed genes across the two datasets using Venn diagrams (Figure 2E), indicating a possible common pathogenic

mechanism underlying both AF and SD.

Functional Enrichment Analysis of Common Genes
To further investigate the biological functions and pathways associated with the common DEGs, we conducted GO and KEGG

enrichment analyses. The GO enrichment analysis revealed that the most significant biological processes (BP) involved
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Figure 2 Identification of DEGs associated with AF and SD. (A) Volcano plot illustrating DEGs from the GSE79768 dataset. (B) Corresponding heat map of the DEGs from
the GSE79768 dataset. (C) Volcano plot of DEGs identified in the GSE98582 dataset. (D) Heat map of the DEGs from the GSE98582 dataset. (E) Venn diagram showing the

overlap of differentially expressed genes between the conditions of SD and AF.
Abbreviations: AF, atrial fibrillation; SD, sleep deprivation.
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mRNA processing, histone modification, and RNA splicing. Regarding cellular components (CC), the genes were predomi-
nantly enriched in nuclear specks, transcription regulator complexes, and cell-substrate junctions. In terms of molecular
function (MF), the key enrichments were in transcription coregulator activity, phospholipid binding, and ubiquitin-like protein
transferase activity (Figure 3A and B). KEGG pathway analysis identified significant enrichment in pathways related to
Salmonella infection, NOD-like receptor signaling, and the spliceosome (Figure 3C and D) (Table 2). Collectively, these

findings suggest that inflammatory pathways play a crucial role in the pathogenesis of both AF and SD.
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Table 2 KEGG Pathway Enrichment

ID Description pvalue

hsa03040 | Spliceosome 4.70E-05
hsa04621 NOD-like receptor signaling pathway 1.80E-04
hsa04380 | Osteoclast differentiation 5.90E-04
hsa05132 | Salmonella infection 7.04E-04
hsa05169 | Epstein-Barr virus infection 1.49E-03
hsa04110 | Cell cycle 1.78E-03
hsa04612 | Antigen processing and presentation 2.74E-03
hsa03018 | RNA degradation 2.97E-03

WGCNA Analysis

In the GSE79768 dataset, the WGCNA established a soft threshold of 4, identifying nine distinct gene modules with
similar co-expression patterns. To determine the most relevant modules, we calculated the Spearman correlation
coefficients between these modules and specific traits (Figures 4A—C). The blue and brown modules were identified as
particularly significant due to their strong association with AF. To further explore the overlap between these target
modules, a Venn diagram was employed to compare the implicated genes (Figure 4D). This analysis highlights the
critical role of the blue and brown modules in understanding the genetic underpinnings of AF.

PPl Network Construction and Hub Genes Screening via Machine Learning
Approaches

In this study, we performed a comprehensive analysis of DEGs involved in both AF and SD. We initiated our
investigation by constructing a PPI network of 147 DEGs using the STRING database, which was subsequently
visualized and thoroughly analyzed with Cytoscape software (Figure 5A). To identify key genes within this network,
we employed the CytoHubba plug-in in Cytoscape, applying four centrality algorithms: MMC, Degree, EPC, and MNC.
Each algorithm was used to rank the top 15 significant genes in the network (Figure 5B). The overlapping genes
identified by these algorithms were then illustrated using Venn diagrams to emphasize their shared significance
(Figure 5C).Building on the PPI network findings, we employed three advanced machine learning algorithms to
rigorously identify key feature genes. LASSO regression further refined this selection, identifying four critical genes
from the statistically significant candidates (Figure 5D and E) (Table S1).The Random Forest algorithm pinpointed six
important genes based on a significance score exceeding 1 (Figure 5F) (Table S2). Additionally, the SVM algorithm
highlighted eight genes with strong predictive features, achieving a model accuracy of 0.933 and an error rate of 0.067
(Figure 5G and H) (Table S3). Through Venn diagram analysis, four genes—CDC5L, MAPK 14, RABSA, and YBX1—
were consistently identified across all three algorithms (Figure 5I). The recurrent identification of these genes under-
scores their potential central role in the pathological processes of AF and SD, positioning them as valuable molecular
markers for future biological research and clinical application.

Validation of Hub Genes Reliability Across Datasets

To validate the reliability of four candidate hub genes, we initially assessed their expression levels in two independent
training sets, GSE79768 and GSE98582. In the GSE79768 dataset, all four hub genes exhibited upregulated expression in
the AF group (Figure 6A-D). However, in the GSE98582 dataset, the expression patterns were inconsistent: CDCS5L and
MAPK14 were downregulated in the SD group, while RABSA and YBX1 were upregulated (Figure 6E-H).Given the
discordant expression trends of CDC5L and MAPK14 between the AF and SD groups, these two genes were excluded
from further analysis. We then focused on the remaining two hub genes, RAB5A and YBXI, and evaluated their
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diagnostic performance by plotting ROC curves across the training and validation sets. Notably, the AUC values for
YBX1 were 0.917 and 0.764 in the GSE79768 and GSE98582 datasets, respectively, while the AUC values in the
GSES56931 and GSE41177 datasets exceeded 0.6. (Figure 7A-D).

The Correlations Between Critical Gene and Immune Cell Infiltration

To investigate the potential link between AF and immunomodulation, we employed the CIBERSORT algorithm to
evaluate immune cell infiltration differences between Control and AF groups within the GSE79768 dataset. The analysis
revealed significant variations in the infiltration levels of resting memory CD4+ T cells, neutrophils, and macrophages
between the two groups (Figure 8A and B). These findings highlight a potentially critical role for immune cell infiltration
in the pathogenesis of AF. Furthermore, we examined the relationship between central gene expression and immune cell
infiltration through Pearson correlation analysis. Notably, YBX1 expression was found to be negatively correlated with
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Abbreviations: CV, cross-validation; SVM, support vector machine; RF, random forest.

CD8+ T cells and M1 macrophage infiltration (Figure 8C-E). This suggests that YBX1 may play a role in the

immunoregulatory mechanisms of AF by modulating the activity and function of specific immune cells, thereby
potentially contributing to the pathological processes underlying AF.

SD Increases Atrial Electrical Remodeling

In this study, we investigated the impact of SD on atrial electrical remodeling in a rat model. Using in vivo programmed
electrical stimulation, we observed that both the rate of AF induction and the duration of AF were significantly higher in
the SD group compared to the Control group (Figure 9A, D and E). Additionally, the AERP was notably shortened in the

Journal of Inflammation Research 2025:18 https:

801



Liang et al

54 e o - 1284 -
8.54
12.6 4
8.0 754 8.0 4 12.4
<
= 3 < < 1224
o 5
8 5 ® 7.5 X
< > 4
O 754 = é 12.0
7.0 1
704 11.8 4
7.04 65 11.6
6.5 11.4 4
T T T T T T T T
Control AF Control AF Control AF Control AF
axk 9.0 A rx ank whx
7.5 2 — 8.6 ——
704 854 8.4+
B 11.0 4
65 ot 8.24
oI T 8.0 g %
o £ aQ =
a x < 8.0 o
O 6.04 = o
75 10.5 4
) 7.8
554
7.0 764
5.04 :
10.0 4
T T T T T T T T
Control SD Control SD Control SD Control SD

Figure 6 Validation of key gene expression in GSE79768 and GSE98582 dataset. (A=D) Violin plots showing the expression levels of CDC5L, MAPK 14, RAB5A, and YBXI
in AF versus control groups in the GSE79768 dataset. (E-H) Violin plots of the same genes comparing SD versus control groups in the GSE98582 dataset. Asterisks denote
levels of statistical significance: P < 0.01 (**), P < 0.001 (**¥).

SD group (Figure 9C). Moreover, MEA analysis revealed significant disruptions in the homogeneity and orderliness of
atrial electrical conduction in the SD group (Figure 9B). There was an increased frequency of ectopic activation points,
a significant elevation in the inhomogeneity index, and a marked reduction in conduction velocity compared with the
control group (Figure 9F and G). These findings suggest that SD may promote atrial electrical remodeling by altering
atrial electrophysiological properties, thereby contributing to the pathogenesis of AF.

SD Increases Atrial Structural Remodeling

In this study, we employed cardiac color ultrasound and HE staining techniques to comprehensively evaluate the cardiac
structure and function in a rat model, with the objective of investigating the impact of SD on atrial myocardial
architecture and cardiac performance. Cardiac ultrasound results revealed a significant dilation of the left atrium in
rats subjected to SD, though no notable changes in overall cardiac function were observed (Figure 10A, B, D and H).
Analysis using HE staining revealed that the myocardial fibers in the control group displayed a structured arrangement,
maintaining consistent morphology and unaltered architecture. In contrast, the SD group’s myocardial tissue exhibited
notable disarray and significant infiltration of inflammatory cells (Figure 10C).Additionally, ELISA tests revealed
a marked increase in serum concentrations of IL-1f, IL-18, and NF-xB in the SD group relative to the control group
(Figure 10E-G). The results indicate that SD could undermine the structural soundness of atrial tissue through the
stimulation of pro-inflammatory cytokines release and the intensification of inflammatory cell penetration, collectively
leading to the onset of pathophysiological alterations in atrium.

Validation of Hub Gene and Potential Pathway

Our research into YBX1 expression in SD-related AF and the investigation of possible foundational pathways employed
immunofluorescence and Western blotting methods to measure pertinent molecular indicators. The immunofluorescence
study we conducted showed a marked rise in the intensity of YBX1 fluorescence in the cardiomyocytes of rats exposed to
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SD, signifying a marked increase in YBX1 expression in these circumstances (Figure 11A and C). Simultaneously,

Western blot analysis supported these results, revealing increased amounts of NLRP3, ASC, Caspase-1, and YBXI1

proteins in the heart muscle tissues of SD rats (Figure 11B, D—H). These proteins play a vital role in the inflammasome

pathway, and their increased expression indicates a link to myocardial inflammation triggered by SD.
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Discussion
AF stands as the most common type of cardiac arrhythmia, impacting millions worldwide and playing a major role in
escalating morbidity and mortality rates.*> SD has emerged as a critical risk factor for various cardiovascular diseases,
including AF.>* Considering the prevalent presence of SD in modern society, comprehensively grasping its effects on AF
is crucial for developing successful prevention and management approaches.

This research presents crucial discoveries: SD significantly increases the risk of AF; YBXI is recognized as a key
gene linked to AF caused by sleep deprivation; and the NOD-Like Receptor signaling pathway plays a vital role in the
development of AF associated with SD. Furthermore, our findings indicate that SD markedly reduced the AERP in rats,
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Abbreviations: HE, Hematoxylin and eosin; LAD, left atrial diameter; FS, fractional shortening; LVEF, Left ventricular ejection fraction; IL-1p, interleukin If; IL-18,

interleukin |18; NF-«xB, nuclear factor kB.

and markedly prolonged the induction and duration of AF, along with the inflammatory invasion of atrial tissue. The
alterations observed aligned closely with the pathological processes of human AF, primarily regarding the electrical and
structural remodeling of the atria. The findings reinforce the significance of the SD rat model in mimicking the
development of human AF and offer a dependable animal model for comprehensive research into AF’s pathogenesis.
The results of this research are depicted in Figure 12.

This research began by pinpointing crucial genes associated with both SD and AF, followed by a thorough examina-
tion to clarify the possible pathogenic links between these two disorders. By analyzing the datasets GSE79768 and
GSE98582, 540 shared genes were pinpointed. Subsequently, we utilized WGCNA, PPI analysis, and various machine
learning techniques such as Random Forest, Support Vector Machines, and LASSO regression to identify four crucial
genes: CDC5SL, MAPK14, RABSA, and YBXI1. The gene expression intensities were additionally corroborated using
datasets pertinent to both SD and AF. The results of our study showed that the expression of CDC5L and MAPK14
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varied between SD and AF, resulting in their omission from additional analysis. ROC curve analysis was applied to the
last two genes, RABSA and YBXI1, revealing YBX1’s significant diagnostic utility in various datasets. Furthermore, the
analysis of immune infiltration revealed a positive association between YBX1 expression and CD8+ T cells, while
showing a negative correlation with M1 macrophage infiltration. The findings emphasize YBX1’s crucial function in the
development of SD-related AF and underscore its connection to immune cell penetration.
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The protein YBX1, known as Y-box binding protein 1, binds to DNA and RNA and is distinguished by its extensively
preserved cold shock domain.* This element plays a role in numerous cellular activities such as transcription, translation, and
repairing DNA damage, and its expression increases when exposed to environmental stressors.>® YBX1 plays a pivotal role in
controlling the cardiovascular and immune systems.In vascular remodeling,YBX1 acts as a crucial transcription factor, with
its movement within the nucleus and ability to bind chromatin controlled by LncRNA PSRs, facilitating phenotypic changes in
vascular smooth muscle cells and initiating pathological vascular alterations.>” Throughout pathological myocardial restruc-
turing, the mTOR signaling route regulates YBX1, accelerating protein synthesis through increased eEF2 translation, thereby
aiding in pathological myocardial expansion.*® Furthermore, inhibiting YBX1 enhances cardiomyocyte efficiency and assists
in recuperating from post-myocardial infarction.* YBX1 is a critical regulator of the immune system, influencing multiple
stages of immune responses. As an essential antigenic molecule, YBX1 significantly amplifies T-cell immune reactions,
particularly in the context of Treg cell suppression, due to its potent immune-activating properties.***' This enhancement of
cellular immunity leads to increased antigen detection and the strengthening of protective immune responses. Furthermore,
YBX1 exhibits cell-type specificity in cytokine regulation; it reduces mRNA levels within macrophages through vesicular
transport, while maintaining mRNA stability in dendritic cells.** The current research pinpointed YBX1 as a key gene linked
to sleep deprivation-related atrial fibrillation. In vivo experiments revealed a notable increase in YBX1 levels in the group
experiencing sleep deprivation, indicating its possible involvement in regulating the stress response and inflammation of
cardiomyocytes.

This study pinpointed shared differential genes in SD and AF, and later GO and KEGG enrichment studies showed a notable
increase in the NOD-Like Receptor signaling pathway. This route is essential for internal cellular communication, crucially
involved in identifying pathogens and responding to the innate immune system.** The NLRP3 inflammasome, a crucial part of
the NOD-like receptor family, is made up of three primary elements: NLRP3, ASC, and caspase-1, and exhibits a heightened
sensitivity to internal threat signals. The activation process encompasses various cellular signaling routes, including the expulsion
of potassium ions, creation of mitochondrial reactive oxygen species, and lysosomal rupture, collectively facilitating the
development and release of IL-1f and IL-18. The pair of pro-inflammatory cytokines are pivotal in controlling the combined
impact of innate and adaptive immunity, amplifying the inflammatory reaction via the pyroptosis route.** Furthermore, NLRP3
alters the unconventional secretion process of IL-1avia distinct signaling pathways in Th17 cells, thereby amplifying its pro-
inflammatory characteristics.** This layered regulatory process of NLRP3 plays a crucial role in sustaining immune balance and
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lays the groundwork for creating strategies for immune intervention. The NLRP3 inflammasome plays a crucial role in the
development of cardiovascular disorders. The influence they have on the emergence and progression of diseases is significant,
initiating inflammatory responses and routes that result in programmed cellular demise. Specifically, the NLRP3 inflammasome
escalates inflammation by triggering the release of IL-1p and IL-18, both of which are linked to the formation of unstable plaques
in atherosclerosis.*® Furthermore, elevated levels of lipopolysaccharides, due to a disruption in gut flora, can initiate the NLRP3
inflammasome, leading to the emergence and persistence of AF.*’ Inhibiting the NLRP3 inflammasome and its ensuing effects
has shown promising outcomes in numerous studies.The CANTOS research indicated that inhibitors of IL-1p significantly
reduced the risk of adverse cardiovascular events in patients with atherosclerosis, whereas the NLRP3-focused inhibitor
MCC950 effectively curtailed atrial fibrillation and myocardial fibrosis in animal studies.***” The results of our study reveal
that lack of sleep triggers the NLRP3 inflammasome, leading to both electrical and structural alterations in the atria. Earlier
research has also shown a strong link between the activation of NLRP3 inflammasomes and the electrical and structural changes
in the atrium, indicating that this activation might play a role in the emergence of AF.*® This effect can manifest via multiple
pathways, encompassing changes in the electrophysiological characteristics of cardiomyocytes, the release of calcium from the
sarcoplasmic reticulum, the period of atrial effective refractory, and the enlargement of the atrium.*® Therefore, it appears logical
to propose that insufficient sleep might affect the electrical and structural properties of the atria by enhancing the function of the
NLRP3 inflammasome, leading to a rise in AF rates.

Our research indicated a positive association between the expression of the target molecule YBX1 and CD8+ T cells,
and a negative one with M1-type macrophages, highlighting the significant function of immune cells in SD-related AF.
Previous studies have shown that the immune response plays a key role in AF and SD, especially T-cell activation and
macrophage polarization.CD8+ T cells cause direct harm to cardiomyocytes and initiate inflammation by releasing
proinflammatory elements like IFN-y and cytotoxic substances such as perforins and granzymes.’®>' The inflammatory
reaction results in irregular calcium management and electrophysiological disruptions in cardiomyocytes, elevating the
likelihood of AF and its recurrence post-surgery. It also aligns with the senescent characteristics of CD8+ T cells,
intensifying the diversity of atrial electrical activities and disruptions in conduction by intensifying proinflammatory
actions.’> Macrophages also play an important role in the pathomechanism of AF. Specific macrophage variants stimulate
atrial fibroblasts by releasing pro-fibrotic elements like osteoblasts and TGF-, hastening the build-up of the extracellular
matrix, and intensifying atrial fibrosis, leading to the persistence and advancement of AF.>*-* The dual regulatory effects
of sleep deprivation on the immune system are reflected in the profound effects on CD8+ T cell and macrophage
function. Sleep deprivation leads to impaired CD8+ T cell function, which is manifested by decreased cell proliferation
and activity, weakening the body’s anti-infection and anti-virus ability.>> Furthermore, Wilder-Smith A et al demon-
strated that partial and complete sleep deprivation induced dynamic changes in CD8+ T-cell numbers, with a transient
decrease in CD8+ T-cells after partial deprivation followed by a gradual recovery.”® Macrophages also underwent
significant functional changes after sleep deprivation, and in particular, the pro-inflammatory role of M1-type macro-
phages was enhanced, as evidenced by significant secretion of pro-inflammatory factors such as TNF-a and IL-1f.In
contrast, the differentiation of M2-type macrophages and their anti-inflammatory functions were inhibited, diminishing
their role in tissue repair and immunomodulation.”” Macrophage function is also closely related to sleep recovery, and in
a sleep deprivation model, mice with macrophage depletion or M2-type macrophage deletion had significantly reduced
recovery from non-rapid eye movement sleep, confirming the important role of macrophages in sleep regulation.’®

Limitations

Although this research sheds light on the molecular connections between SD and AF, it is not without its constraints.
Significantly, there is an absence of an in-depth examination of how YBX1 and NLRP3 inflammasome activation
interrelate. Despite the recognition of YBX1 as a key gene in SD-related AF, its immediate function in regulating NLRP3
inflammasome activation is still not investigated. The absence of this detail hinders our comprehension of how YBX1
affects the inflammatory process in AF. Subsequent studies ought to concentrate on elucidating this link via specific
experiments, potentially offering a broader insight into SD-induced AF and guiding innovative treatment approaches.
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Conclusion

The research uncovers YBX1’s crucial function in connecting SD with AF, underscoring its role in inflammation processes
and immune reactions. Bioinformatics and experimental studies have identified YBX1 as a crucial gene in SD-induced AF,
indicating its promise as a biomarker and a target for therapy. Nonetheless, additional studies are required to investigate the
direct link between the activation of YBX1 and NLRP3 inflammasomes. This research broadens our comprehension of SD’s
effects on AF and suggests new treatment approaches to reduce the heart-related dangers linked to lack of sleep.
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