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Abstract: Background and objectives: In clinical practice, we observed that the prognoses of patients
with heart failure and atrial fibrillation were worse than those of patients with only heart failure or
atrial fibrillation. The study aims to get a better understanding of the common pathogenesis of the
two diseases and find new therapeutic targets. Materials and Methods: We downloaded heart failure
datasets and atrial fibrillation datasets from the gene expression omnibus database. The common
DEGs (differentially expressed genes) in heart failure and atrial fibrillation were identified by a series
of bioinformatics methods. To better understand the functions and possible pathways of DEGs, we
performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses.
Results: We identified 22 up-regulated genes and 14 down-regulated genes in two datasets of heart
failure and 475 up-regulated and 110 down-regulated genes in atrial fibrillation datasets. In addition,
two co-upregulated (FRZB, SFRP4) and three co-downregulated genes (ENTPPL, AQP4, C1orf105)
were identified. GO enrichment results showed that these common differentially expressed genes
were mainly concentrated in the signal regulation of the Wnt pathway. Conclusions: We found five
crucial genes in heart failure and atrial fibrillation, which may be potential therapeutic targets for
patients with heart failure and atrial fibrillation.

Keywords: heart failure; atrial fibrillation; GEO; bioinformatics analysis

1. Introduction

Cardiovascular diseases (CVDs) represent the leading cause of death and disability in
developed countries. Among them, heart failure is the final stage of various cardiac diseases
that affects nearly 5 million people in the United States [1]. The one-year post-discharge
mortality from chronic heart failure (CHF) is approximately 20–25%, which comes close
to or surpasses many malignancies [2]. As a chronic and fatal condition, CHF accounts
for more than 2 million hospitalizations per year in the United States, and the total annual
costs are greater than USD 30 billion. Furthermore, multiple studies have observed that
10–50% of patients in terminal heart failure have comorbid atrial fibrillation (AF) [3–6]. Like
heart failure, there is a significant risk of morbidity and mortality, as well as a decreased
quality of life and an increase in healthcare costs associated with AF [7,8]. Most available
evidence suggests that AF is a risk factor for death by CHF, independent of the presence of
all traditional risk factors [3–6,9–11].

The underlying complex mechanisms between heart failure and atrial fibrillation
pose a special challenge to daily clinical practice. Currently, catheter ablation and anti-
arrhythmic drugs are the primary therapeutic approaches for restoring and maintaining
sinus rhythm [12]. However, antiarrhythmic drugs used to treat patients with left ventricu-
lar dysfunction have a poor efficiency and present a high risk of adverse events. Moreover,
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interventional operations have many contraindications as well [13]. Based on the afore-
mentioned, there is a need for the optimization of the current treatment plan for AF onset
in heart failure patients. Consequently, it is crucial to fully understand the molecular
mechanism and pathogenesis of HF and AF to improve the early diagnosis, treatment, and
prognosis of these special patients.

Bioinformatic approaches based on microarray gene expression profiling provide
novel opportunities to uncover the underlying mechanism of the two diseases at the
molecular level [14]. This is useful as only limited data are reported about interactions
among differentially expressed genes and key genes involved in the signaling pathways
of HF and AF. We sought to leverage public sequence databases to identify common
differentially expressed genes and key signaling pathways between HF and AF and to
provide insights for the development of clinically therapeutic targets.

2. Materials and Methods
2.1. Data Source

We used “heart failure” and “atrial fibrillation” as key words to retrieve data sets from
the National Center of Biotechnology Information (NCBI) GEO database (https://www.ncbi.
nlm.nih.gov/geo/ (accessed on 20 March 2022)), and obtained two datasets (GSE120895,
GSE57338) to describe heart failure caused by dilated cardiomyopathy and three datasets
(GSE31821, GSE41177, GSE79768) to represent atrial fibrillation. The detailed information
is illustrated in Table 1.

Table 1. Dataset baseline information.

GEO Serial Number Diseases Platform Number of Subjects Samples Study Site

GSE120895 Heart Failure GPL570 55 (47 HF + 8 Controls) Endocardium tissue Germany
GSE57338 Heart Failure GPL11532 218 (82 HF + 136 Controls) Left ventricle tissue the United States
GSE31821 Atrial Fibrillation GPL570 6 (4 AF + 2 Controls) left atrial appendage France
GSE41177 Atrial Fibrillation GPL570 19 (16 AF + 3 Controls) Left atrial appendage Taiwan
GSE79768 Atrial Fibrillation GPL570 13 (7 AF + 6 Controls) Left atrial appendage Taiwan

2.2. Data Preprocessing

Raw data in “CEL” format were downloaded from the gene expression omnibus
(GEO) database and these datasets were subjected to background correction, normalization,
and calculation of expression values using the robust multiarray average (RMA) normal-
ization method implemented in the “Affy” library (version 1.72.0, Cambridge, Boston,
Massachusetts, USA) [15]. Probes with missing expression values and genes of unknown
function were removed, the probe names were converted to gene symbols using the plat-
form annotation information, and the average expression values of multiple probes that
corresponded to one gene were considered as the expression value of this gene. Three
datasets from AF were merged by the same platform. The ComBat function from the sva
package (3.42.0, Baltimore, MD, USA) in R was used to remove the batch effects of the
datasets [16]. The final dataset was analyzed as the expression profile of atrial fibrillation.

2.3. Identification of Differentially Expressed Genes

The raw microarray results were analyzed using the Limma package (version 3.50.1,
Melbourne, Australia) of the R statistics suite. Differential expressed genes were selected
with threshold of log2FC > 0.58 (log21.5) or log2FC < −0.58 (−log21.5) and p value < 0.05.
Differentially expressed genes with log2FC > 0.58 were considered as up-regulated genes,
and log2FC < −0.58 as down-regulated genes. All DEGs from HF and AF were run in the
online Venn diagrams tool (http://bioinformatics.psb.ugent.be/webtools/Venn/ (accessed
on 21 March 2022)) to identify the common DEGs between two diseases. Heatmap of DEGs
was made by ggplot2 package (version 3.3.5, Houston, TX, USA) in R.

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
http://bioinformatics.psb.ugent.be/webtools/Venn/
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2.4. GO and KEGG Enrichment Analysis

KEGG (Kyoto Encyclopedia of Genes and Genomes) metabolic pathways and involved
metabolites annotation were downloaded from KEGG API (https://www.kegg.jp/kegg/
rest/keggapi.html (accessed on 21 March 2022)). GO (Gene Ontology) annotation of the
target genes was performed using clusterProfiler (version 3.14.3, Guangzhou, China) and
org.Hs.eg.db (version 3.14.0, Washington, DC, USA) packages in R. The minimum gene
set was set to 5, the maximum set was 5000, and p value < 0.05 was considered statistically
significant. The enrichment results were visualized using the R package ggplot2 (version
3.3.5, Houston, TX, USA).

3. Results
3.1. Common Up- and Down-Regulated Genes in HF and AF Datasets

The gene expression dataset GSE120895 was downloaded from the GEO database,
and 362 HF-related DEGs were obtained by a differential analysis, of which 70 were highly
expressed (p < 0.05, log2FC > log21.5) and 292 were poorly expressed ((p < 0.05, log2FC <
−log21.5), Figure 1A). Similarly, from GSE57338 dataset of the patients with HF and the
healthy subjects, a total of 323 genes were extracted, among which 157 genes were up-
regulated and 166 genes were down-regulated (Figure 1B). Principle component analysis
(PCA) plots showed the presence of distinct batches in the AF datasets (Figure 1D). To
reduce the batch effects between these datasets, the merged dataset was normalized by
applying the ComBat algorithm in R, which works by adjusting the data based on a known
batch effect, and a PCA was performed (Figure 1E). The limma approach was subsequently
used to analyze the differentially expressed genes in the merged datasets and 475 up-
regulated and 110 down-regulated genes were identified. The results illustrated that there
are significant differences in the expression of multiple genes in patients with HF and AF.

In order to visualize the results and further determine the common DEGs that exist in
both datasets, Venn diagrams were plotted (Figure 1F,G). The result confirmed five common
DEGs, which comprise two up-regulated genes and three down-regulated genes. To unveil
the expression patterns of the DEGs among all subjects, we constructed a cluster heatmap
to show the cross-correlation of DEGs among each individual, and the top 50 DEGs were
selected based on the p-values (p < 0.05) (Figures S1–S3, Supplementary Material).

3.2. GO Enrichment Terms in HF and AF Datasets

To gain insight into the cellular component (CC), molecular function (MF), and biolog-
ical process (BP) of the DEGs products, we performed a gene ontology analysis. The GO
analysis extracted from heart failure patients and healthy subjects revealed that DEGs were
significantly enriched in the following biological processes (BP): the negative regulation of
cell growth (GO:0030308), neurotransmitter content and the uptake regulation (GO:0001505,
GO:0051581), and the drug catabolic process (GO:0042737). The cell component (CC) analy-
sis revealed that DEGs were predominantly located in the extracellular matrix (GO:0062023)
and basement membrane (GO:0005604). In the MF category, the DEGs were mainly en-
riched in heparin binding, glycosaminoglycan binding, and sulfur compound binding
(GO:0008201, GO:0005539, GO:1901681) (Figure 2A).

Similarly, from the combined datasets of GSE31821, GSE41177, GSE79768 in patients
with atrial fibrillation and healthy subjects, the BP terms of DEGs are mainly enriched in the
cellular response to a chemical stimulus (GO:0070887), immune response (GO:0006955) and
cell activation (GO:0001775). For the MF term, differentially expressed genes are mainly
enriched in oxidoreductase activity (GO:0016491), immunoglobulin binding (GO:0019865),
and in extracellular matrix structural constituent (GO:0005201); lastly, for the CC term,
they were involved in the extracellular region (GO:00044421) and the extracellular vesicle
(GO:1903561) (Figure 2B).

https://www.kegg.jp/kegg/rest/keggapi.html
https://www.kegg.jp/kegg/rest/keggapi.html
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Figure 1. Volcano plot of gene expression, PCA analysis result, and Venn diagrams of differentially 
expressed genes in the two datasets. Panels (A–C) are volcano plots of gene expression in 
GSE120895, GSE57338, and the combined dataset of AF, respectively (red points represent up-reg-
ulated genes in dataset, green represent down-regulated genes in dataset). Panel (D) shows PCA 
clustering results of three datasets representing atrial fibrillation before datasets were combined. 
Panel (E) shows PCA clustering results of three datasets representing atrial fibrillation after datasets 
were combined. Panels (F,G) show the overlap of up-regulated and down-regulated genes in da-
tasets. 
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Figure 1. Volcano plot of gene expression, PCA analysis result, and Venn diagrams of differentially
expressed genes in the two datasets. Panels (A–C) are volcano plots of gene expression in GSE120895,
GSE57338, and the combined dataset of AF, respectively (red points represent up-regulated genes in
dataset, green represent down-regulated genes in dataset). Panel (D) shows PCA clustering results of
three datasets representing atrial fibrillation before datasets were combined. Panel (E) shows PCA
clustering results of three datasets representing atrial fibrillation after datasets were combined. Panels
(F,G) show the overlap of up-regulated and down-regulated genes in datasets.

However, different terms from above results were found when performing the GO
enrichment analysis of common DEGs of two diseases. It was found that for the BP term,
the common DEGs were mostly enriched in the regulation of epithelial cell differentia-
tion (GO:0090090) and the negative regulation of the canonical Wnt signaling pathway
(GO:0030856), while for the MF term, they were mostly enriched in Wnt protein binding
(GO:0017147) (Table 2). These results demonstrated that the Wnt signaling pathway is
likely to contribute to the HF and AF.
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Figure 2. GO enrichment analysis of DEGs. Panel (A) shows the top 10 GO enrichment results in HF
dataset. Panel (B) shows the top 10 GO enrichment results in AF dataset. In this figure, the X-axis
represents the proportion of the current number of genes in GO terms, and the Y-axis represents the
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Table 2. GO terms in HF and AF common DEGs.

GO Term Gene Ratio Count p Value Q Value

GO-MF:0017147: Wnt-protein binding 0.40 2.00 2.43 × 10−5 3.33 × 10−4

GO-BP:0030856: regulation of epithelial cell differentiation 0.50 2.00 4.19 × 10−4 1.86 × 10−2

GO-BP:0090090: negative regulation of canonical Wnt
signaling pathway 0.50 2.00 5.25 × 10−4 1.86 × 10−2
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3.3. KEGG Pathways Identified in HF and AF Datasets

Next, to explore the mechanism of disease occurrence and development, we used R
software to identify the KEGG pathway of the DEGs from the two diseases. In the dataset
representing heart failure, three pathways were determined: (1) the cGMP-PKG signaling
pathway, (2) bile secretion, and (3) biosynthesis of amino acids (Table 3). Likewise, the top
10 pathways identified from the AF dataset include: (1) leishmaniasis, (2) staphylococcus
aureus infection, (3) phagosome, (4) oxidative phosphorylation, (5) intestinal immune
network for IgA production, (6) Parkinson’s disease, (7) Huntington’s disease, (8) viral
myocarditis, (9) cell adhesion molecules (CAMs), and (10) Alzheimer’s disease (Table 4).
However, significant KEGG pathways were not enriched in the common DEGs of the two
diseases; one possible reason for this is that the number of common genes is too small
(only five).

Table 3. KEGG pathways identified in heart failure DEGs.

KEGG Term Gene Ratio Count p Value Q Value

hsa04022: cGMP-PKG signaling pathway 0.19 3 4.22 × 10−3 1.44 × 10−1

hsa04976: Bile secretion 0.13 2 9.02 × 10−3 1.44 × 10−1

hsa01230: Biosynthesis of amino acids 0.13 2 9.76 × 10−3 1.44 × 10−1

Table 4. KEGG pathways identified in atrial fibrillation DEGs.

KEGG Term Gene Ratio Count p Value Q Value

hsa05140: Leishmaniasis 0.05 16 1.46 × 10−8 3.54 × 10−6

hsa05150: Staphylococcus aureus infection 0.05 15 2.43 × 10−6 2.94 × 10−4

hsa04145: Phagosome 0.06 18 1.41 × 10−5 1.14 × 10−3

hsa00190: Oxidative phosphorylation 0.05 16 3.49 × 10−5 2.11 × 10−3

hsa04672: Intestinal immune network for IgA production 0.03 9 7.15 × 10−5 3.14 × 10−3

hsa05012: Parkinson disease 0.05 16 7.79 × 10−5 3.14 × 10−3

hsa05016: Huntington disease 0.06 18 3.23 × 10−4 1.05 × 10−2

hsa05416: Viral myocarditis 0.03 9 3.58 × 10−4 1.05 × 10−2

hsa04514: Cell adhesion molecules (CAMs) 0.05 15 3.91 × 10−4 1.05 × 10−2

hsa05010: Alzheimer disease 0.05 16 6.66 × 10−4 1.49 × 10−2

4. Discussion

It is widely believed that HF and AF contain complex biological processes of multiple
factors and stages. In recent years, a large number of novel biomarkers have been developed
for early diagnosis, pathological mechanism research, and drug target screening in the two
diseases [17]. However, our understanding of the pathogenesis of HF and AF at the genetic
level remains extremely limited. In the present study, bioinformatic methods were used
to analyze the microarray data of patients with heart failure and with atrial fibrillation,
and we obtained the common DEGs and protein molecular networks of the two data
sets of healthy subjects and patients with heart failure or atrial fibrillation. Finally, five
genes (FRZB, SFRP4, ETNPPL, AQP4, C1orf105) were found to be highly co-expressed in
patients with heart failure and atrial fibrillation. As far as we are aware, this is the first
study to investigate the correlation between all differentially expressed genes between
the heart failure and atrial fibrillation datasets. The findings may contribute to a better
understanding of the mechanisms underlying the pathogenesis of HF and AF.

Considerable experimental and clinical data have shown that HF is a complicated
pathophysiological process in which oxidative stress, calcium overload, myocardial remod-
eling, inflammatory activation, and myofibroblast activation serve important roles [18].
All of the above factors may participate in the atrial extracellular matrix and electrical
remodeling, resulting in high AF inducibility [19]. This is analogous to a positive feedback
mechanism that amplifies instability, further aiding in the complexity of the disease.
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FRZB (frizzled-related protein, SFRP3) and SFRP4 are both members of the SFRP
family. It is currently thought that SFRPs, as inhibitors of Wnt signaling, compete with the
frizzled receptor for Wnt ligands based on their structural resemblance, and participate in
physiological and pathological processes, such as embryonic development, tissue prolifera-
tion and differentiation, and anti-apoptosis [20,21]. Typically, the cardiovascular system
of healthy adults depends on regulated canonical Wnt signaling precision, and numerous
studies have shown that the abnormal activation of the Wnt/β-catenin signaling pathway
is associated with cardiovascular diseases [22]. Askevold and Ren et al. suggested that the
abnormal activation of FRZB in human heart failure and hypertension is a significant cause
of disease progression [23,24]. Some researchers have reported that increased SFRP4 ex-
pression in the rat myocardial infarction model and in human coronary heart disease serum
have also been observed and the knock-out of SFRP4 leads to significantly lower heart dam-
age following an ischemia-reperfusion injury as compared to wild-type animals [25–27].
Moreover, our study found that despite the upregulation of the expression of FRZB in the
heart tissue of patients with HF and AF, the gene expression of β-catenin downstream
of the Wnt pathway was still upregulated. A similar phenomenon was also found in a
previous study [28]. Wolke et al. [28] considered that the up-regulation of FRZB cuts off
any potentially harmful signal factor input through the Wnt pathway. Mechanistically, the
activation of β-catenin in AF may be due to increased Akt/GSK-3b/β-catenin signaling, a
pathway that has only recently been shown to induce atrial fibrosis [29]. However, further
studies are still needed in order to elucidate the roles of FRZB and SFRP4 in the growth of
HF and AF.

ETNPPL (Ethanolamine-phosphate phospho-lyase), also known as AGXT2L1
(Alanine—glyoxylate aminotransferase 2-like 1), is located on chromosome 4q25. The gene
product catalyzes the pyridoxal-phosphate-dependent breakdown of phosphoethanolamine,
and converts it to ammonia, inorganic phosphate, and acetaldehyde. Some studies have
shown that ETNPPL plays a certain role in glioma, gastric cancer, and liver fibrosis [30–32].
However, the specific function of ETNPPL remains unclear currently, especially in the study
of cardiovascular disease. In our present study, ETNPPL as a significantly down-regulated
gene in patients with dilated cardiomyopathy-induced heart failure and atrial fibrillation
was detected. As a potential co-pathogenesis and therapeutic target of the two diseases,
the role of ETNPPL in the cardiovascular system remains to be further studied.

AQP4 (aquaporin 4), a kind of membrane protein, is mainly distributed around the
intercalated discs at the junction of cardiomyocytes. This protein mediates the permeability
of water and small molecules across the cardiomyocyte membrane driven by an osmosis
gradient, maintaining the water balance inside and outside the cell. Several studies have
suggested that myocardial interstitial edema and endothelial damage can be observed in
patients with heart failure and atrial fibrillation [33,34]. Additionally, Tan et al. found that
the high expression of AQPs promotes myocardial inflammation and edema in doxorubicin-
induced heart failure mice [35]. However, in the present study, we analyzed the data at the
gene transcription level and found that AQP4 showed low expression significantly in the
datasets of heart failure and atrial fibrillation. One possible reason for this discrepancy may
be different causes of myocardial edema. Myocardial interstitial edema is mainly caused
by fluid leakage in heart failure and atrial fibrillation, and the low expression of AQP4
aggravates the accumulation of fluid between myocardial cells. As a potential therapeutic
target, the role of AQP4 in the pathogenesis of heart failure and atrial fibrillation deserves
further attention.

C1orf105 is located on human chromosome 1q24, and its product-specific biological
function is not clear. Zhang et al. [36] found that the transcription of C1orf105 was signifi-
cantly lower in patients with atrial fibrillation than in those with sinus rhythm. A previous
study reported that the C1orf105 gene was associated with the remodeling response to
atherosclerosis [37]. In the present study, we found that C1orf105 showed a trend of low ex-
pression in both heart failure and atrial fibrillation patients, which indicated that C1orf105
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was involved in the development of both diseases; it may become a new therapeutic target
for patients with heart failure with atrial fibrillation.

However, the limitations of this study should not be ignored. Firstly, considering that
the development of HF and AF results from various environmental and genetic factors,
some unmeasured factors, such as family history and environmental risk factors of HF and
AF, should be evaluated in further research. Moreover, five potential crucial genes need
further validation by RT-qPCR in human heart tissue and the mechanisms on which these
genes act are not completely clear. More evidence is required to find out the biological
foundation. Finally, diastolic dysfunction was not included in this study, which is an
important cause of heart failure. Further research should expand the sample size and target
more diverse patients with heart failure with reduced and preserved ejection fraction.

5. Conclusions

In summary, five crucial candidate genes (FRZB, SFRP4, ETNPPL, AQP4, C1orf105)
may play key roles in the occurrence and development of HF and AF, suggesting they may
serve as potential biomarkers and therapeutic targets in the two diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/medicina58101319/s1, Figure S1: Heatmap of top 50 gene of GSE120895;
Figure S2: Heatmap of top 50 gene of GSE57338; Figure S3: Heatmap of top 50 gene of atrial
fibrillation datasets.
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