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Abstract
Background: Atrial fibrillation (AF) is one of the most prevalent sustained cardiac arrhythmias. The latest studies have
revealed a tight correlation between nonalcoholic fatty liver disease (NAFLD) and AF. However, the exact molecular mechanisms underlying the association between NAFLD and AF remain unclear. The current research aimed to
expound the genes and signaling pathways that are related to the mechanisms underlying the association between
these two diseases.
Materials and methods: NAFLD- and AF- related differentially expressed genes (DEGs) were identified via bioinformatic analysis of the Gene Expression Omnibus (GEO) datasets GSE63067 and GSE79768, respectively. Further enrichment analysis of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG), the construction of a
protein–protein interaction (PPI) network, the identification of significant hub genes, and receiver operator characteristic curve analysis were conducted. The gene-disease interactions were analyzed using the Comparative Toxicogenomics Database. In addition, the hub genes were validated by quantitative Real-Time PCR (qRT-PCR) in NAFLD cell
model.
Results: A total of 45 co-expressed differentially expressed genes (co-DEGs) were identified between the NAFLD/AF
and healthy control individuals. GO and KEGG pathway analyses revealed that the co-DEGs were mostly enriched in
neutrophil activation involved in the immune response and cytokine-cytokine receptor interactions. Moreover, eight
hub genes were selected owing to their high degree of connectivity and upregulation in both the NAFLD and AF
datasets. These genes included CCR2, PTPRC, CXCR2, MNDA, S100A9, NCF2, S100A12, and S100A8.
Conclusions: In summary, we conducted the gene differential expression analysis, functional enrichment analysis,
and PPI analysis of DEGs in AF and NAFLD, which provides novel insights into the identification of potential biomarkers and valuable therapeutic leads for AF and NAFLD.
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Hub genes
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Introduction
Atrial fibrillation (AF) is characterized by left atrial electrical and structural reconstruction, and is the most frequent type of perpetual arrhythmia among the general
population [1]. Due to irregular electronic activity and
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abnormal blood flow, ischemic stroke thromboembolism originating from the left atrium is the most common
cardiovascular system disease. AF affects over 33 million
people worldwide, and the incidence of AF continues to
increase [2, 3]. The growing incidence of AF is associated with several risk factors including obesity, smoking,
hypertension, diabetes, coronary artery disease and heart
failure [4]. Moreover, increasing evidence indicates the
role of inflammation in the pathophysiology of AF [5].
However, current treatments for AF are limited in their
effects. Thus, this disorder is a major health problem
worldwide and is associated with substantially increased
morbidity, mortality, and health care expenditures [6].
Nonalcoholic fatty liver disease (NAFLD) is defined as
the excessive accumulation of fat in liver cells, accounting for at least 5% of liver weight, without excessive
alcohol intake [7]. Approximately 15%-30% of adults are
affected with NAFLD, and the prevalence is increased in
obese or diabetic populations [8]. NAFLD has become
the predominant cause of liver failure and hepatocellular carcinoma in many countries worldwide [9]. In addition to liver disease, accumulating evidence indicates that
NAFLD is also strongly associated with cardiovascular
diseases; it adversely affects not only coronary artery disease but also cardiac arrhythmias [10]. The existence of
a possible association between NAFLD and the risk of
progression of AF has been a focus of scientific investigations, and a number of clinical studies have shown
that NAFLD is very common in patients with AF. The
Framingham Heart Study research fellows have reported
a close link between NAFLD and an increased risk for
the onset of AF in the community [11]. Targher et al.
reported that patients with NAFLD had a higher prevalence of AF than subjects without NAFLD [12]. NAFLD
and AF share some similar risk factors and morbidities,
including obesity, type 2 diabetes, and metabolic syndrome [13]. NAFLD is associated with obesity, autonomic dysfunction, and systemic inflammation. All these
conditions are also risk factors for AF [14]. The possible
effect of NAFLD on the onset and progression of AF is
worth special concern, and the potential mechanistic
links between NAFLD and AF are still unclear [15].
Due to the development of the second-generation
sequencing technology, advances in molecular biology,
and the establishment of a number of algorithms, bioinformatic analysis has been comprehensively applied to
explore the underlying mechanisms of gene networks.
The networks, provide comprehensive insights into the
pathogenic mechanisms or therapeutic assessment of
multiple diseases, including NAFLD and AF [16–18].
Bioinformatics analysis can obtain a large number of
gene expression patterns and explore differentially
expressed genes (DEGs) related to disease initiation
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and progression [19]. Hence, Zhang et al. provided new
evidence for the underlying mechanism of AF complicated with stroke by using bioinformatics analyses [20].
Recently, a few diagnostic biomarkers for NAFLD and
AF have been found by bioinformatic analysis [18, 21],
but the genetic relationships between NAFLD and AF are
poorly studied.
In the current study, the gene expression datasets for
NAFLD (GSE63067) and AF (GSE79768) were downloaded from the Gene Expression Omnibus (GEO, http://
www.ncbi.nlm.nih.gov/geo/) database, which is a public
genomics data repository that provides genetic information on diseases [22]. Co-expressed differentially
expressed genes (co-DEGs) of NAFLD and persistent
AF were found, and the molecular mechanisms of the
co-DEGs were examined via Gene Ontology (GO) term
enrichment, Kyoto Encyclopedia of Genes and Genomes
(KEGG), and protein–protein interaction (PPI) network
analyses. Finally, the diagnostic information of the hub
genes was investigated, and the possible value of these
hub genes as a new therapeutic target for patients with
NAFLD and AF is discussed.

Materials and Methods
NAFLD and AF microarray dataset collection

The NAFLD dataset (GSE63067) and AF dataset
(GSE79768) were downloaded from GEO database.
Both datasets were derived from the GPL570 platform
(Affymetrix Human Genome U133 Plus 2.0 Array). The
GSE63067 dataset contained the gene expression profiles of 11 NAFLD patients and 7 non-NAFLD controls.
GSE79768 consisted of 13 pairs of left and right arterial
appendages that were derived from 6 patients with sinus
rhythm and 7 patients with persistent AF. Additional
approval form the Ethics Committee was not required
because the gene expression profiles included in the current study were downloaded from a free open-access
database. The overall analysis for this study is shown in
Fig. 1.
Identification of DEGs in NAFLD and AF

The identification of DEGs between patients suffering
from NAFLD or AF and healthy controls was performed
using the R-platform (http://Rproject.org) and LIMMA
package [23]. A |log2FC| larger than 0.5 was considered the threshold for differential expression, and a significant difference was defined as P value < 0.05. Genes
with log2FC > 0 were considered upregulated genes,
while those with log2FC < 0 were considered downregulated genes. The NAFLD-related (NAFLD-DEGs) and
AF-related DEGs (AF-DEGs) were visualized in volcano
plots and heatmaps via the R platform. To visualize the
co-DEGs between NAFLD and persistent AF patients, an
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visualized with Cytoscape software (Version 3.8.0; http://
cytoscape.org/). Furthermore, the plugin CytoHubba
and the MCC method were used to calculate the protein
score and obtain the top 10 hub genes with the highest
scores [27].
Correlation analysis between the hub genes and NAFLD/AF

The interconnectivity among genes related to NAFLD
and AF was shown in the mapping of the Circos plot,
which was constructed using R language. Using SPSS
23.0 (SPSS, Inc, Chicago, IL, USA), we performed binomial logistic regression analysis to examine correlations
between hub gene expression and AF. The R package
ggplot2 was used to draw a generalized linear model fitting cure.
Enrichment analysis, expression analysis, and diagnostic
analysis of the hub genes

Fig. 1 Flow diagram of the study design. NAFLD, nonalcoholic fatty
liver disease; AF, atrial fibrillation; DEGs, differentially expressed genes;
co-DEGs, co-expressed differentially expressed genes; GO, Gene
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI,
protein–protein interaction

online tool (bioinformatics.psb.ugent.be/webtools/Venn)
was used to draw a Venn diagram. These co-DEGs were
used for subsequent analysis.
Functional enrichment analysis of co‑DEGs

To obtain the potential biological function and signaling
pathways of the co-DEGs, the R package clusterProfiler
[24] was applied to conduct GO analysis and KEGG pathway enrichment analysis. An adjusted P value < 0.05 was
regarded as significant. Bubble diagrams and bar charts
were constructed for the visualization of the results of
the GO terms and KEGG pathway enrichment analyses,
respectively. Similarly, we also performed a functional
enrichment analysis of co-DEGs via Metascape (https://
metascape.org) [25], which is a powerful online annotation analysis program that consists of GO terms such as
cellular component (CC), molecular function (MF), biological process (BP), and KEGG pathway analysis.
Construction of the PPI network of the co‑DEGs

The PPI network of the co-DEGs was analyzed using the
search tool for the retrieval of interacting genes (STRING
database, Version 11.0; http://string-db.org/) that provides the predicted and experimental interactions of
proteins, and a confidence score > 0.4 was defined as the
cut-off value [26]. Subsequently, the PPI network was

The GO and KEGG enrichment analyses for the hub
genes were completed via the R package clusterProfiler.
The enrichment results were displayed by bubble diagrams and bar diagrams, which were drawn by R language. Two heatmaps of the hub gene expression levels
were processed in Morpheus (https://software.broadinsti
tute.org/morpheus). Finally, we generated receiver operator characteristic (ROC) curves using the pROC R package and calculated the area under the curve (AUC) of the
hub genes to determine the usefulness of these hub genes
in predicting AF in NAFLD patients. A value of P < 0.05
was considered statistically significant.
Identification of hub genes associated with liver
or cardiovascular diseases

The Comparative Toxicogenomics Database (CTD;
http://ctdbase.org/) [28] was used to find the integrated
chemical-disease, chemical-gene, and gene-disease interactions to generate expanded networks and predict novel
associations. Through these data, we analyzed the relationships between gene products and liver or cardiovascular diseases. Here, relationships between hub genes
and diseases were identified.
Cell culture and treatment

The human hepatocyte cell line Huh-7 was obtained
from the American Type Culture Collection (ATCC, US)
and cultured in a humidified incubator at 37 °C with 5%
CO2 using Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, US), which was supplemented with 1% penicillin and streptomycin (Invitrogen, US) and 10% fetal
bovine serum (FBS) (Gibco, US). To establish the in vitro
NAFLD cell model, Huh-7 cells were cultured in the
presence or absence of 1 mM free fatty acids (FFA, containing oleic acid and palmitic acid at a 2:1 volume ratio)
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for 24 h and then used for the RNA extraction and quantitative Real-Time PCR (qRT-PCR).
RNA extraction and qRT‑PCR

Total RNA was extracted from Huh-7 cells by TRIzol
reagent (Takara, Japan). A total of 1000 ng of extracted
RNA was used to perform reverse transcription using
Evo M-MLV RT Premix for qPCR (Accurate Biotechnology, China). qRT-PCR was performed using SYBR Green
Premix Pro Taq HS qPCR Kit (Accurate Biotechnology,
China) with the specific primers. Expression of the PCR
data were shown as 2−ΔΔct, and normalized to the internal control level (GAPDH). The primers used in qRTPCR are listed in Additional file 8: Table S2.
Statistical analysis

All data are presented as the mean ± standard deviation
(SD). Student’s t-test was used to compare differences
between two groups. Statistical significance was indicated when P < 0.05. All statistical analyses were performed using GraphPad Prism 9.0 software (San Diego,
CA, USA).

Results
Identification of DEGs in GSE63067 and GSE79768

The basic information from the datasets related to
NAFLD and AF is shown in Table 1. With P value < 0.05
and |log2FC|> 0.5 as the screening conditions, a total of
488 genes were upregulated and 140 genes were downregulated in NAFLD. In AF, a total of 353 genes were
upregulated and 215 genes were downregulated. The
results are shown in Additional file 1 and Additional
file 2. Analysis of the volcano plots (Fig. 2A, C) and
heatmap clustering (Fig. 2B, D) showed that the identified NAFLD-DEGs and AF-DEGs can easily distinguish
patients with NAFLD or AF from healthy controls. The
Venn diagram demonstrates that 45 DEGs were coexpressed in the two gene expression groups (Fig. 2E).
The detailed information of the co-DEGs were shown in
Additional file 7: Table S1.
Functional enrichment analyses of co‑DEGs

To gain more biological insight, GO enrichment analysis was performed by the clusterProfiler R package. The

co-DEGs were classified into three functional groups: BP,
CC, and MF. The GO enrichment analysis indicated that
the changes in the BPs were primarily enriched in neutrophil degranulation, neutrophil activation involved in
immune response, neutrophil activation, and neutrophilmediated immunity (Fig. 3A and Additional file 3).
Changes in the CCs for the co-DEGs were enriched
mainly in the secretory granule lumen, cytoplasmic vesicle lumen, and vesicle lumen (Fig. 3A and Additional
file 3). Changes in the MFs were significantly enriched
in carbohydrate binding and immune receptor activity
(Fig. 3A and Additional file 3). To investigate the crucial
pathways of these co-DEGs, KEGG pathway analysis was
performed, and the significant pathways are shown in
Fig. 3B and Additional file 4. The co-DEGs were primarily enriched in the cytokine-cytokine receptor interaction, IL-17 signaling and chemokine signaling pathways.
Additionally, functional enrichment analysis was also
performed by Metascape and found that the co-DEGs
were mainly enriched in immune system processes and
locomotion (Fig. 3C).
PPI network analysis

Using the STRING database, we performed PPI network
analysis for the co-DEGs. We identified 54 edges and 26
nodes from the network of co-DEGs, and the data are
shown in Fig. 4A. Furthermore, ten hub genes, including
CCR2, CCL20, PTPRC, CXCR2, CXCL1, MNDA, S100A9,
NCF2, S100A12, and S100A8, were identified from the
PPI network owing to have the highest scores (Fig. 4B
and Table 2).
Strong correlation between the hub genes and AF/NAFLD

By analyzing the expression profiles of ten hub genes in
the GSE79768 dataset, a strong correlation between all
the hub genes and AF was found, as shown in Fig. 4C. To
further illustrate the differential expression of key genes
in AF patients, we drew a heatmap that shows the expression data of the hub genes involved in the GSE79768
dataset (Fig. 4E). The expression of CXCR2, PTPRC,
CCR2, MNDA, NCF2, S100A9, S100A8, and S100A12
was upregulated in AF patients compared with the individuals in the control group. In addition, significant correlations were also confirmed in the GSE63067 dataset

Table 1 Details from the datasets related to AF or NAFLD patients
GEO ID

Disease type

Platform

Organism

Experiment type

Samples (case vs.
control)

Country/
region

GSE79768

AF

GPL570

Homo sapiens

Expression profiling by array

7 vs. 6

Taiwan,
China

GSE63067

NAFLD

GPL570

Homo sapiens

Expression profiling by array

11 vs. 7

Sweden

AF, atrial fibrillation; NAFLD, nonalcoholic fatty liver disease; GEO, Gene Expression Omnibus

Chu et al. BMC Medical Genomics

(2022) 15:150

Page 5 of 14

Fig. 2 A Volcano plot of DEGs in AF. Blue represents downregulated DEGs, red represents upregulated DEGs, and black represents no difference.
B Heatmap of the DEGs in AF patients compared with normal controls. C Volcano plot of DEGs in NAFLD. Blue represents downregulated DEGs,
red represents upregulated DEGs, and black represents no difference. D Heatmap of the DEGs in NAFLD patients compared with normal controls.
E Venn diagram of co-DEGs from the intersection of two independent datasets GSE79768 and GSE63067. DEGs, differentially expressed genes; AF,
atrial fibrillation; NAFLD, nonalcoholic fatty liver disease

(Fig. 4D). Similarly, the expression levels of the hub genes
in GSE63067 are shown in another heatmap (Fig. 4F).
When compared with the individuals in the healthy
group, the expression of CXCR2, PTPRC, CCR2, MNDA,
NCF2, S100A9, S100A8, and S100A12 was also upregulated in NAFLD patients. Univariate logistic regression
analysis results suggested that CCR2, PTPRC, CXCR2,
MNDA S100A9, NCF2, S100A12, and S100A8 were significantly correlated with AF (Table 3). The shape of the
relationship between hub gene expression and AF was
then investigated through binomial logistic regression for
generalized linear models. The results of this model indicated that the relationship was monotonic. From another
perspective, the risk of AF increases with increased hub
gene expression (Fig. 5).

neutrophil chemotaxis (Fig. 6A and Additional file 5).
Regarding the CCs, the hub genes were significantly
enriched in the secretory granule lumen, cytoplasmic
vesicle lumen, and vesicle lumen (Fig. 6A and Additional
file 5). In addition, MF analysis suggested that the hub
genes were mainly involved in RAGE receptor binding, chemokine receptor binding, and Toll-like receptor
binding (Fig. 6A and Additional file 5). To investigate the
important pathways of these hub genes, KEGG pathway
analysis was performed, and the significant pathways are
shown in Fig. 6B and Additional file 6. The hub genes
were significantly enriched in the IL-17 signaling pathway, viral protein interactions with cytokine and cytokine
receptors, and the chemokine signaling pathway.

Functional GO terms and pathway enrichment analyses
of the hub genes

Verification of the diagnostic value of the hub genes

Functional enrichment analyses were conducted to reveal
the functions of the hub genes, and the results are shown
in Fig. 6. GO enrichment analysis revealed that the hub
gene-related BPs were markedly concentrated in myeloid leukocyte migration, leukocyte chemotaxis, and

To verify the diagnostic value of the hub genes acquired
from the above analysis, we constructed ROC curves
and calculated the corresponding AUC of these gene
expression levels in the AF datasets. Figure 7 shows that
CXCR2, PTPRC, CCR2, MNDA, NCF2, S100A9, S100A8,
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Fig. 3 The enrichment analysis of co-DEGs by the R package clusterProfiler and Metascape. Detailed information relating to GO term enrichment in
A BP, CC, and MF. B KEGG analysis for co-DEGs. C Heatmap of enriched terms across the co-DEGs via the online program Metascape

and S100A12 were notably associated with the diagnosis
of AF (70 < AUC < 100, P < 0.05) (Table 4).
Identification of the hub genes

The CTD database demonstrated that the hub genes
(CXCR2, PTPRC, CCR2, MNDA, NCF2, S100A9, S100A8,
and S100A12) target several liver and cardiovascular diseases, and the results are displayed in Fig. 8.
Validation of the hub genes in NAFLD cell model

To confirm the reliability of the bioinformatics analysis,
we validated hub genes in NAFLD cell model by qRTPCR. To mimic the NAFLD phenotype, Huh-7 cells were
treated with FFA for 24 h. Similar to the results of mRNA
microarray in NAFLD tissue samples, the expression
levels of CCR2, CXCR2, NCF2, S100A9, S100A12 were
found to be significantly upregulated in cells treated with
FFA (Fig. 9A–E). However, the expression level of PTPRC
showed no significant difference between NAFLD cell
model and control group, which did not correlate with

our bioinformatics analysis (Fig. 9F). S100A8 and MNDA
were not detected by qRT-PCR due to their low expression levels.

Discussion
AF is the most prevalent form of cardiac arrhythmia,
and the prevalence and mortality of AF are still increasing globally [29]. Although many risk factors, such as age,
hypertension, and diabetes, have been proposed [29], the
incidence and prevalence are still high. Therefore, new
causes need to be clarified. NAFLD has been identified as
the most common liver and metabolic disease worldwide,
with a high global prevalence [30]. Increasing evidence
has reported that NAFLD is a multisystem disease [31].
Mounting evidence has indicated a strong relationship
between NAFLD and cardiovascular disease [32]. However, NAFLD has not been fully deemed an important
risk factor by cardiologists, and NAFLD has not been
included in the guidelines as a main risk factor for the
prevention and treatment of cardiovascular diseases [30].
Interestingly, many clinical studies have suggested that
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Fig. 4 The PPI network of the co-DEGs, the hub gene network, the correlation analyses among the hub genes, and the expression profile analyses
of the hub genes. A The PPI network includes 54 edges and 26 nodes. B The hub gene network (S100A12, CXCR2, MNDA, S100A8, NCF2, CCR2,
S100A9, PTPRC, CCL20, and CXCL1). C The Circos plot showing that there are intense correlations among the hub genes in GSE79768. D Significant
correlations among the hub genes were also performed in the GSE63067 dataset. E The expression profile of the hub genes for the control and AF
samples in GSE79768. F The expression profile of the hub genes for the healthy group and NAFLD samples in GSE63067. Red indicates that gene
expression is upregulated, and blue indicates that gene expression is downregulated. In the same color, the darker the color, the more significant it
was

NAFLD patients have a higher prevalence of arrhythmias
such as AF [10, 33]. However, the potential pathophysiological mechanisms of NAFLD and AF are quite complex. To elucidate the molecular mechanism in these two
diseases, new molecules need to be revealed. Thus, in
the current study, an effective method of bioinformatics
technology was applied to mine valuable data and analyze complicated genetic networks.
We reviewed the previous literature and found that
several putative mechanisms potentially link NAFLD
and AF. Certain changes occur in the liver of NAFLD
patients that could lead to disturbances in the liverheart crosstalk networks. First, NAFLD might lead to
increased systematic inflammation, which might trigger
AF [34]. Second, the increased thickness of epicardial
fat and dysregulation of glucose and lipid metabolism
in NAFLD patients has been shown to be linked to the

dysfunction of left ventricular diastolic, which is a potential hazard for AF [35]. The thickened epicardial fat acts
as an endocrine organ and secretes proinflammatory
cytokines and prooxidant molecules, which might result
in morphological and functional cardiac alterations [36].
Finally, NAFLD has also been indicated to be related to
the disturbance of immunologic homeostasis, which may
play crucial roles in AF initiation and progression [37].
These NAFLD-associated changes might play important
roles in the structural, electrical, and autonomic remodeling of the left atrium [38]. Therefore, the inflammatory
response and immune dysfunction are very important in
the progression of NAFLD and AF. The link between the
two diseases could have crucial clinical implications for
patients with NAFLD and emphasize prophylaxis against
AF.
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Table 2 Hub genes with the highest scores
Hub genes
AF

Upregulated genes

Downregulated genes
NAFLD

Upregulated genes

Gene name

Score

CCR2

72

PTPRC

58

CXCR2

54

MNDA

46

S100A9

42

NCF2

38

S100A12

37

S100A8

24

CCL20

68

CXCL1

51

CCR2

72

CCL20

68

PTPRC

58

CXCR2

54

CXCL1

51

MNDA

46

S100A9

42

NCF2

38

S100A12

37

S100A8

24

Table 3. The logistic regression analyses between AF and
relevant hub gene expression
Gene symbol

Coefficient

P value

CCR2

1.679

0.038

PTPRC

2.519

0.026

CXCR2

2.591

0.017

MNDA

2.557

0.006

S100A9

2.16

0.039

NCF2

2.534

0.014

S100A12

1.897

0.015

S100A8

1.57

0.028

Coefficient: regression coefficient (> 0, positive correlation; < 0, negative
correlation)

In the current study, 45 co-DEGs were identified
between NAFLD/AF and healthy controls based on large
mRNA expression datasets. These co-DEGs were primarily linked to immune and inflammatory responses,
such as neutrophil degranulation, neutrophil activation involved in immune response, and neutrophil
activation, and significantly enriched in inflammation
pathways, such as cytokine-cytokine receptor interaction, IL-17 signaling pathway, and chemokine signaling pathway. PPI network analyses showed that the hub
genes (CCR2, PTPRC, CXCR2, MNDA, S100A9, NCF2,
S100A12, and S100A8) were upregulated in both NAFLD

and AF datasets and may play crucial roles in the pathogenesis of NAFLD and AF. These genes were also significantly enriched in immune- and inflammatory- related
responses, including leukocyte chemotaxis, neutrophil
chemotaxis, the IL-17 signaling pathway, viral protein
interactions with cytokines and cytokine receptors, and
the chemokine signaling pathway.
AF is reported to be associated with systemic inflammation [39]; simultaneously, systematic inflammation contributes to the progression of NAFLD [9]. The
inflammatory and immune responses are mainly associated with AF and NAFLD occurrence. The expanding
white adipose tissue (WAT) in obesity may constitute
an important origin of inflammation during the development of NAFLD. As a chemokine receptor, C–C
chemokine receptor type 2 (CCR2) regulates the immune
response by inducing macrophage and monocyte recruitment to sites of inflammation and promoting inflammatory diseases [40]. The CCR2 level and chemotactic
activity have been reported to be significantly elevated
in obese subjects [41]. Additionally, CCR2 plays a crucial role in the recruitment of immune cells to WAT and
the liver, promoting the inflammatory component of the
disease. Mulder et al. indicated that inhibition of CCL2CCR2 pathways may be a promising strategy to reduce
the onset and progression of hepatic fat accumulation
and inflammation in aged mice [42]. Through bioinformatics analysis, Gang Fan et al. found that the expression
of CCR2 was elevated in AF patients [43]. Miyosawa et al.
reported that the protein level of CCR2 was higher in
isolated monocytes of AF patients whose left atrial diameter was larger [44]. Taken together, these reports are in
agreement with our current demonstration that CCR2,
as a hub gene, was overexpressed in both NAFLD and
AF datasets. CCR2 might serve as a potential biomarker
for predicting AF in NAFLD patients. AF is often related
to an intense inflammatory response characterized by
the infiltration of monocytes/macrophages. Chemokine
(C-X-C motif ) receptor 2 (CXCR2) plays a critical role
in promoting the recruitment of neutrophils and monocytes/macrophages into the injured heart and arterial wall
[45]. Zhang et al. elucidated that CXCR2 plays an important role in propelling monocyte infiltration towards the
atria and accelerates atrial remodeling and AF occurrence. In addition, they also reported an increased number of C
 XCR2+ monocyte counts in AF patients [46].
Through experiments, Zhang et al. further confirmed
that the inhibition of CXCR2 prevented and reversed
hypertension-induced AF and atrial remodeling, providing evidence that CXCR2 might be a potential therapeutic target for AF [47]. Liver inflammatory cell infiltration
is also a characteristic of NAFLD. Ye et al. demonstrated
that both the expression of neutrophil-derived lipocalin
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Fig. 5 The relationship between hub gene expression and AF using the method of binomial logistic regression for generalized linear models. A
CCR2, B CXCR2, C MNDA, D NCF2, E PTPRC, F S100A8, G S100A9, and H S100A12

Fig. 6 The enrichment analysis results of the hub genes. Specific information related to GO enrichment for the hub genes, including A BP, CC, and
MF. B KEGG analysis for the hub genes

2 (LCN2) and the chemokine CXCR2 were significantly
elevated in mouse models and human patients with
NAFLD. They also found that, LCN2-CXCR2 gave rise
to the activation of the mitogen-activated protein (MAP)
kinase ERK1/2 and the generation of chemokines that
induce the infiltration of inflammatory cells to regulate
the pathogenesis of NAFLD [48]. Monocyte-derived
macrophages have a crucial role in the progression of
NAFLD. Additionally, the CCL2-CCR2 axis, which is
primarily produced by monocytes or macrophages, can
also regulate monocyte flux to liver tissue [49]. In addition, our GO enrichment analysis results indicated that
S100A12, CXCR2, S100A8, CCR2, S100A9, CXCL1, and

CCL20 may be involved in myeloid leukocyte migration.
Therefore, CXCR2 and CCR2 might be significantly associated with both NAFLD and AF patients and might be
potential biomarkers of NAFLD-related AF. A high density of myeloid and lymphoid immune cells plays important roles in the development and progression of NAFLD
[50]. S100A8 has been shown to play an important role
as an endogenous immune-activator in inflammatory diseases. Mukai et al. found that the expression of S100A8
was significantly elevated in both a diet model of NAFLD
and in NAFLD patients, and it also induced the production of TNFα and the development of NAFLD [51].
Mounting studies have indicated that proinflammatory
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Fig. 7 The ROC curves of the hub genes for AF. A S100A12, B CXCR2, C MNDA, D S100A8, E NCF2, F CCR2, G S100A9, and H PTPRC

mediators might lead to myocardial structural and functional remodeling [52]. A basic research study led by
Aschar-Sobbi R suggested that high levels of TNFα were
associated with atrial remodeling and could be mitigated
by Tnf gene ablation [53].
Through microarray technology, Liu et al. also found
that the gene expression of S100A9 was higher in
NAFLD rat livers. The serum level of S100A9 was correlated with the NAFLD Activity Score and the severity
of hepatic steatosis [54]. Interestingly, through singlecell RNA sequencing analysis, downregulated S100A8/
A9 was found in macrophages and dendritic cells of the

Table 4 Receiver operator characteristic curve analysis of the
hub gene expression for AF
Gene symbol

AF
AUC

95% CI

S100A12

85.119

70.471–99.767

6.247

CXCR2

87.5

73.89–100

6.193

MNDA

89.286

77.027–100

S100A8

79.167

61.728–96.605

NCF2

84.524

69.028–100

7.58

CCR2

77.976

59.897–96.056

7.174

S100A9

79.762

61.817–97.707

9.192

PTPRC

78.571

60.742–96.401

8.788

AUC, area under the curve; AF, atrial fibrillation

Cutoff value

8.187
11.002

NAFLD progression process [55]. We found that the
expression levels of S100A8/A9/A12 were upregulated
in both NAFLD and AF patients; however, the functions
of these proteins in AF progression still need further
investigations.
The novel variants of neutrophil cytosolic factor 2
(NCF2) are rate-limiting cofactors of NADPH oxidase
that are necessary for reactive oxygen species production in phagocytes and are used as markers for oxidative
stress, which play important roles in innate immunity
[56]. NCF2 is highly expressed in NAFLD and contribute to oxidative stress in NAFLD [57]. It should be
noted that the relationship between NCF2 and AF has
not been elucidated and needs further exploration.
In addition, study on MNDA, PTPRC and AF or
NAFLD is not reported and needs more investigations.
To analyze the functions and pathways that are
enriched for the hub genes, significant GO BP terms
and pathways were obtained. In the present study,
enrichment analysis of KEGG pathways indicated that
the S100A8 and S100A9 genes may be involved in the
Toll-like receptor signaling pathway. The Toll-like
receptor signaling pathway plays an important role in
adaptive and innate immune responses. Inflammation
is always triggered by innate and/or adaptive immune
responses. Emerging evidence suggests that innate
immune signaling is an important factor promoting
hepatic inflammation [58]. It is becoming increasingly
clear that innate immune signaling, in a multitude of
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Fig. 8 Relationships between the hub genes and liver or cardiovascular diseases identified in the CTD database. A CCR2, B PTPRC, C CXCR2, D
MNDA, E S100A9, F NCF2, G S100A12, and H S100A8. NAFLD, nonalcoholic fatty liver disease

processes, modulates the progression of metabolic
diseases such as NAFLD and cardiovascular diseases,
which are characterized by low-grade inflammation
and metabolic disequilibrium [59]. Thus, we speculated
that these hub genes might exert their biological functions through the Toll-like receptor signaling pathway
in both NAFLD and AF.
TNF is a multifunctional cytokine, and most cells show
at least some TNF responsiveness. In general, TNF plays
a vital role in innate immunity by promoting the expression and activation of several genes that are associated
with inflammatory responses. Different immune cells,
mainly macrophages and lymphocytes, can produce
TNF [60]. Emerging evidence demonstrates that TNFα
positively correlates with the progression of AF from
paroxysmal to persistent forms and can predict the prognosis of AF ablation [61]. Increased levels of TNFα signaling might promote the remodeling of arterial electrical,
structural, and contractile components, all of which are
important components of the molecular pathophysiology
of AF [62]. TNF signaling activation is also implicated in
the activation of the NF-κB and p38-MAPK pathways

in an AF model [53]. NF-κB is a transcription factor
and can translocate to the nucleus to regulate the transcription of genes related to inflammatory and immune
responses [63]. In addition, the activation of NF-κB also
leads to modulation of ion channels and transcription
factors involved in AF development [64]. Overall, TNF
and NF-κB appear to serve as key factors in inflammatory signaling in the process of AF. Besides, accumulating
evidence has also suggested that NF-κB plays a significant role in NAFLD progression. It is well known that
the NF-κB signaling pathway can promote the transformation from liver tissue steatosis to steatohepatitis [65].
These results indicate that the TNF and NF-κB signaling pathways might participate in the development of
NAFLD and AF.
In addition, several main BPs that may participate in
NAFLD and AF were recognized by the GO functional
enrichment analysis of the co-DEGs and hub genes.
These included, the chemokine-mediated signaling pathway (GO:0070098) (CXCR2, CCR2), the positive regulation of inflammatory response (GO:0050729) (S100A12,
S100A8, CCR2, and S100A9), mononuclear cell migration
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Fig. 9 The mRNA expression levels of 8 hub genes were measured in NAFLD cell model and control group. A CCR2, B CXCR2, C NCF2, D S100A9, E
S100A12, F PTPRC. * P < 0.05; ** P < 0.01; **** P < 0.0001. Abbreviation: ns, non-significant

(GO:0071674) (S100A12, CCR2), the positive regulation
of tumor necrosis factor superfamily cytokine production (GO:1903557) (CCR2, PTPRC), and the response to
chemokines (GO:1990868) (CXCR2, CCR2). Thus, the
combination of previous and current research results
further revealed that CCR2, CXCR2, S100A9, PTPRC,
S100A8, S100A12 might be involved in inflammatory and
immune processes that eventually result in NAFLD and
AF. Hence, there may be a correlation between the liver
and cardiovascular diseases.
Limitations

Despite this study’s bioinformatics analysis, the results
of this research should be interpreted within the context
of crucial limitations. First, only two mRNA expression
profiles were included in this study. The relatively small
number of samples may make the results less convincing. Second, this study lacks further mechanistic validation. qRT-PCR was performed to verify the expression
levels of CXCR2, PTPRC, CCR2, MNDA, NCF2, S100A9,
S100A8 and S100A12. The expression levels of CXCR2,
CCR2, NCF2, S100A9, S100A12 in NAFLD cell model
were significantly higher than control group. Due to the
short of AF samples, the obtained hub genes should be
further verified by in vitro and in vivo in AF samples.

Thereby laying a foundation for clarifying key molecular
targets of NAFLD and AF.

Conclusions
In summary, through the gene differential expression
analysis, functional enrichment analysis, and PPI analysis of DEGs in AF and NAFLD we have successfully
provided deeper insight to the molecular changes in AF
and NAFLD pathogenesis, and identified several potential candidate therapeutic changes, including CXCR2,
PTPRC, CCR2, MNDA, NCF2, S100A9, S100A8,
S100A12. These hub genes were mainly enriched in
inflammation and immune related biological functions
and pathways. Our results may provide new clues for
exploring the pathogenesis of AF and NAFLD from the
perspective of genetics.
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