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CXCL12/CXCR4 axis as a key mediator in atrial fibrillation via
bioinformatics analysis and functional identification
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Atrial fibrillation (AF) is an increasingly prevalent arrhythmia with significant health and socioeconomic impact. The underlying
mechanism of AF is still not well understood. In this study, we sought to identify hub genes involved in AF, and explored their
functions and underlying mechanisms based on bioinformatics analysis. Five microarray datasets in GEO were used to identify the
differentially expressed genes (DEGs) by Robust Rank Aggregation (RRA), and hub genes were screened out using protein–protein
interaction (PPI) network. AF model was established using a mixture of acetylcholine and calcium chloride (Ach-CaCl2) by tail vein
injection. We totally got 35 robust DEGs that mainly involve in extracellular matrix formation, leukocyte transendothelial migration,
and chemokine signaling pathway. Among these DEGs, we identified three hub genes involved in AF, of which CXCL12/CXCR4 axis
significantly upregulated in AF patients stands out as one of the most potent targets for AF prevention, and its effect on AF
pathogenesis and underlying mechanisms were investigated in vivo subsequently with the specific CXCR4 antagonist AMD3100
(6 mg/kg). Our results demonstrated an elevated transcription and translation of CXCL12/CXCR4 axis in AF patients and mice,
accompanied with the anabatic atrial inflammation and fibrosis, thereby providing the substrate for AF maintenance. Blocking its
signaling via AMD3100 administration in AF model mice reduced AF inducibility and duration, partly ascribed to decreased atrial
inflammation and structural remodeling. Mechanistically, these effects were achieved by reducing the recruitment of CD3+ T
lymphocytes and F4/80+ macrophages, and suppressing the hyperactivation of ERK1/2 and AKT/mTOR signaling in atria of AF
model mice. In conclusion, this study provides new evidence that antagonizing CXCR4 prevents the development of AF, and
suggests that CXCL12/CXCR4 axis may be a potential therapeutic target for AF.
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INTRODUCTION
Atrial fibrillation (AF) is a highly prevalent cardiac arrhythmia with
significant health and socioeconomic impact [1]. Apart from
worsening patient quality of life, AF is associated with stroke, new-
onset heart failure, dementia, and increased mortality [2]. Despite
significant effort has been done to clarify the molecular and
cellular mechanisms underlying AF, the advancement is
obstructed by the reality that AF is a complex arrhythmia. New
drugs specially designed for the therapy of AF remain suboptimal
and patients, especially with persistent AF, have to depend on
antique antiarrhythmic drugs, such as amiodarone, sotalol,
propafenone, and flecainide that have limited efficacy and
significant side effects [3]. Improving the understanding of AF
mechanisms and identifying regulatory pathways are pivotal to
prevent its perpetuation. In date, numerous researches have
suggested that AF cases in the general population have a
significant genetic component, even beyond traditional risk
factors [4, 5]. Therefore, exploring transcriptome data with
bioinformatics analysis may be detect some potential mechanisms

of AF to provide novel mechanism-targeting therapies and aid in
future clinical studies [6].
CXCL12 (C-X-C chemokine ligand 12), also known as stromal-

derived factor 1 (SDF-1), is a small proinflammatory chemoat-
tractant cytokine [7–11]. The CXCR4 (C-X-C chemokine receptor
type 4) as the receptor of CXCL12 belongs to the family of seven-
span transmembrane G-protein-coupled chemokine receptors
(GPCRs) [7–9]. The CXCL12/CXCR4 axis participates in complex
biological processes, such as homeostatic immune cell migration,
inflammatory response, tissue repair, and cell survival, which has
also been considered as an attractive therapeutic target for
various cardiac and noncardiac diseases [9, 10, 12]. Previous
clinical data have implicated that upregulated expression of
CXCL12 and CXCR4 in plasma or atria of AF patients is associated
with excessive atrial remodeling, longer hospital stay, and even a
higher mortality risk [13–15]. Nevertheless, the precise mechanism
for CXCL12/CXCR4 axis in AF has not been fully understood.
In this study, we applied bioinformatics tools to analyze five Gene

Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/)
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datasets with the goal of identifying differentially expressed genes
(DEGs) between AF and matched controls. The results of bioinfor-
matics analysis suggest that CXCL12/CXCR4 axis may function
pivotally in pathological processes of AF. Therefore, we aim to
further verify the expression profile of CXCL12/CXCR4 axis in AF
patients and mice and elucidate its role and underlying mechanisms
in AF development, in order to provide a novel target for optimizing
the treatment of AF (Fig. 1A).

MATERIALS AND METHODS
Retrieve the microarray gene expression datasets of AF in
GEO
The microarray gene expression datasets about AF and matched control
were retrieved from the GEO Datasets. We take “atrial fibrillation” as the
keyword for the retrieval in GEO Datasets. The “Homo sapiens” and
“Expression profiling by array” were as filter conditions for “Organism” and
“Study type,” respectively. The selection criteria for microarray datasets of
AF were as follows: (1) tissue samples of atria or appendage from patients
with AF and sinus rhythm control group, (2) gene expression profiling of
mRNA, and (3) sample count of each group are at least three. According to
the above screening criteria, five AF microarray gene expression datasets
were included in this study: GSE2240 (ref [16].), GSE14975 (ref [17].),
GSE41177 (ref [18].), GSE79768 (ref [19].) and GSE115574 (no citation,
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi.). These five microarray
gene expression databases contained 53 AF patients and 49 sinus rhythm
controls. The detailed information of these five GEO datasets were listed in
(Supplementary file 1).

Microarray data processing and DEGs’ identification
All of the raw data (CEL file) and probe annotation files of microarrays were
downloaded from GEO. R packages of “affy” and “affyPLM” provided by a
Bioconductor project were used to assess chip quality [20]. The raw data
were preprocessed via background correction, quantile normalization, and
calculating expression using the robust multi-array average (RMA)
algorithm [21]. Gene expression fold changes (FC) were computed by
subtracting the mean of normalized log2-based expression levels of the
respective control groups from each subject’s normalized log2-based
expression levels. The R package “limma” was utilized to find DEGs
between AF and matched control in each dataset [22]. The Benjami-
ni‑Hochberg (BH) method was used to adjust original p-values and
adjusted P < 0.05 was used to filter DEGs. Subsequently, the Robust Rank
Aggregation (RRA) was applied to rank the DEGs of these five datasets to
find robust DEGs by criteria of adjust P < 0.05 and genes expression values
of the | log2 FC | >0.5 (ref [23].).

Functional enrichment analysis of DEGs
We conducted gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses to predict the potential
function of robust DEGs by the R package “Clusterprofiler” [24]. GO terms
and KEGG pathways with adjust P < 0.05 were considered statistically
significant.

Protein–protein interaction (PPI) network of DEGs and hub
genes’ identification
PPI network of robust DEGs was constructed by the search tool for the
retrieval of interacting genes (STRING database, V11.0; http://string-db.org/) to
predict protein functional associations. Subsequently, the network was
visualized by Cytoscape software (V3.8.0; http://cytoscape.org/) [25]. Then,
we assessed the “degree” of every node in the interaction network by a
Cityscape’s plugin CytoHubba [26]. In this network, a node represents a
protein (gene), and lines represent interactions of the proteins. The “degree”
of each node is equal to the number of nodes interacting with this node. The
higher the degree is, the closer the connections with other nodes are,
indicating a higher importance of the node in the network. The top three
genes, as ranked by degree, were considered the hub genes of AF, which
would be further researched in vivo.

Human atrial tissues and ethical statement
To confirm the expression of CXCL12 and CXCR4 in AF patients and healthy
controls, 10 AF patients and seven matched controls (undergoing

open-heart surgery for valve repair or coronary artery bypass grafting) of
atrial tissues were obtained from the Second Affiliated Hospital of Xi’an
Jiaotong University (Xi’an, China). Every specimen was anonymously
handled based on ethical standards. The protocol was approved by the
Ethics Committee of the Second Affiliated Hospital of Xi’an Jiaotong
University and written informed consent was obtained from all patients.
Clinical characteristics of patients enrolled in this study are presented in
(Supplementary file 2). The protein expressions of CXCL12 and CXCR4 in
paraffin-embedded samples from 17 patients were detected by immuno-
histochemical staining.

Animal model and experimental procedures
A total of 60 C57BL/6 J male mice (8-week-old) were obtained from the
Experimental Animal Center of Medical School, Xi’an Jiaotong University.
AF model was established by a mixture of Ach (66 μg/kg; Shanghai Macklin
Biochemical Co., Ltd., Shanghai, China) and CaCl2 (10mg/kg; Shanghai
Macklin Biochemical Co., Ltd., Shanghai, China) by tail vein injection (i.v.)
for 3 weeks [27–29]. The mice were concurrently treated with specific
CXCR4 antagonist AMD3100 (ref [30].) (6 mg/kg; Topscience, Shanghai,
China) or vehicle (normal saline) by intraperitoneal injections (i.p.) for
3 weeks [31, 32]. Specifically, the study included the following treatment
groups: control (n= 15), AF model (Ach-CaCl2; n= 15), AF model+
AMD3100 (Ach-CaCl2+ AMD3100; n= 15), and AMD3100 alone (n= 15).
3 weeks later, echocardiography and electrophysiological examination
were performed before tissue sampling. The animal study was approved
by the Institutional Ethics Committee for Animal Experiments of Xi’an
Jiaotong University. All procedures conformed to the Guide for the Care
and Use of Laboratory Animals.

Transthoracic echocardiography
Transthoracic echocardiography was performed with the Vevo 1100
imaging (VisualSonics, Toronto, Canada) to detect cardiac structural and
functional indicators. The parameters, such as left atrium diameter (LAD),
interventricular septal thickness at end-systole (IVSd); interventricular
septal thickness at end-systolic (IVSs); left ventricular ejection fractions
(LVEF), left ventricular fractional shortening (LVFS), left ventricular internal
diameter at end-diastole (LVIDs), left ventricular internal diameter at end-
systole (LVIDd), left ventricular posterior wall thickness at end-diastole
(LVPWd), left ventricular posterior wall thickness at end-systole (LVPWs)
were measured. Furthermore, peak velocities of the early (MV E) and late
(MV A) phases of the mitral inflow from the Doppler recordings were
measured and their ratio (E/A) calculated. Echocardiography was
performed by a technician who was blind to the grouping of the mice.
Every parameter was measured three times and the average values were
calculated.

Electrophysiological analysis
Electrophysiological analysis was performed by surface electrocardiogram
(ECG) and intraesophageal burst pacing. After mice were anesthetized with
sodium pentobarbital (50mg/kg, i.p.). The electrode needles were inserted
subcutaneously into the fixed mice limbs. Surface ECGs were recorded and
amplified by RM6240E physiological signal acquisition system (Chengdu
Instrument Factory, Chengdu, China). The ECG parameters, such as P-wave
duration, PR interval, QRS duration, and QT interval were measured [33].
The intraesophageal burst pacing was performed as previously described
with VCS-3001 stimulator (MappingLab, Oxford, UK) [33, 34]. Briefly, a 2.0
French 4-polar electrodes catheter (interelectrode distance 2.0 mm) was
inserted into the esophagus and positioned near the left atrium. Regular
pacing and standard S1S2 pacing protocols were used to determine the
standard electrophysiological parameters, such as sinus node recovery
time (SNRT), sinoatrial conduction time (SACT), and atrioventricular nodal
refractory period (AVERP). To assess AF susceptibility, burst pacing was
applied at three different frequencies: 30 Hz, 35HZ, and 40 Hz (3-s burst
pacing, 5-s intervals, total 10 continuously bursts pacing in each frequency)
with two times the threshold current, respectively. The successful
induction of AF was defined as a period of rapid irregular atrial rhythm
for at least 1 s. The total time of AF episodes was defined as the sum of the
AF duration of each episode.

Atrial histology analysis
Animals were killed at the end of the experiments by deep anesthesia
followed by the rapid removal of the heart. The hearts were weighed, and
either fixed in 4% formalin in PBS for sectioning or snap-frozen in liquid
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Fig. 1 The research route and DEGs between AF and matched control by RRA analysis. A The research route and framework. B Heatmap
shows the 35 DEGs between the AF group and matched control. There are 32 upregulated genes and three downregulated genes in AF group
compared with the control group. Each row represents one gene and each column indicates one dataset. The red rectangles indicate the
genes are upregulated in AF group, on the contrary, the green rectangles indicate the genes are downregulated in AF group. The number in
the rectangle is the log2 FC of the gene (compare to the control group) in 5 respective datasets. C The combined log2 FC of 35 DEGs
calculated by RRA based on 5 datasets. The combined log2 FC of CXCR4 and CXCL12 are 0.94 and 0.88, respectively, which means these two
genes are significantly upregulated in AF group. DEG differentially expressed gene, GEO gene expression omnibus, RRA robust rank
aggregation, GSE gene expression omnibus series, log2 FC log2 fold change.
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nitrogen for molecular biology. Four-micron paraffin sections of atria were
stained with Masson’s trichrome to evaluate the distribution and
localization of collagen. The extent of interstitial fibrosis was quantified
in each of three random fields per section, using ImageJ software
(Bethesda, Maryland, USA) coupled to a TS100 microscope (Nikon, Tokyo,
Japan) at a magnification of X 400.
The immunohistochemistry (IHC) analysis was performed on paraffin-

embedded samples of atria of patients and mice. Paraffin blocks were
sectioned to 4 µm thickness. The sections were dewaxed, rehydrated, and
antigen-repaired. Then, the primary antibodies, including CXCL12 antibody
(1:200; Servicebio, Wuhan, China), CXCR4 antibody (1:1000; Servicebio), rabbit-
antimouse CD3 antibody (1:100; Servicebio), rabbit-antimouse F4/80 antibody
(1:800; Servicebio), and rabbit-antimouse CD20 antibody (1:800; Servicebio)
were added and incubated overnight at 4 °C for identification of CXCL12,
CXCR4, CD3+ T lymphocytes, CD20+ B lymphocytes and F4/80+ macro-
phages. After washing three times in PBS, sections were incubated with the
appropriate biotinylated secondary antibody (Servicebio) for 50min at room
temperature, and followed by incubation with DAB color developing solution
(Servicebio). Subsequently, the sections are counterstained with hematoxylin
stain solution and dehydrated. The nucleus of hematoxylin stained is blue,
and the positive expression of DAB is brownish yellow. Images were captured
under TS100 microscope (Nikon) at a magnification of X 400, and then
analyzed using ImageJ software (Bethesda).

Immunoblotting analysis
Protein lysates were extracted from atria, and the concentration was
determined using a bicinchoninic acid (BCA) protein assay. Proteins
(20–40 μg) were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluoride membrane,
which was incubated with primary antibodies against collagen-1 (1:1000;
Abcam, Cambridge, UK), collagen-3 (1:1000; Abcam), α-SMA (1:3000;
Abcam), MMP9 (1:3000; Abcam), p-AKT (1:1000; Cell Signaling Technology,
Danvers, MA, USA), AKT (1:3000; Cell Signaling Technology), p-mTOR
(1:3000; Cell Signaling Technology), mTOR (1:3000; Cell Signaling
Technology), p-ERK1/2 (1:3000; Cell Signaling Technology), ERK1/2
(1:3000; Cell Signaling Technology) and GAPDH (1:3000; Cell Signaling
Technology). The membranes were then incubated with antimouse or anti-
rabbit IgG secondary antibodies (1:5000; Cell Signaling Technology) at
room temperature for 1.5 h. Bands were visualized using a Tanon 4800
chemiluminescence detection system (Tanon, Shanghai, China). All blots
were analyzed by using the ImageJ (Bethesda) and normalized to GAPDH
levels.

Quantitative real-time PCR (qPCR) analysis
Total RNA was isolated from fresh atrial tissue using TRIzol (AG, Changsha,
China) according to the manufacturer’s protocol. The single-stranded

Fig. 2 The DEGs’ GO and KEGG functional enrichment and PPI network. A GO functional enrichment of DEGs, which includes BP, CC, and
MF. B KEGG pathway enrichment of DEGs. GO terms and KEGG pathways are presented in the bar chart. The y-axis depicts names of GO terms
and KEGG pathways, and the x-axis depicts the count of genes in each GO term or KEGG pathway. The higher q value is shown in color blue,
while the lower value is shown in red. C PPI network of DEGs. The nodes represent proteins, the edges represent the interaction of proteins.
The green and red diamonds indicate downregulated and upregulated DEGs in AF group respectively. The size of the diamond is positively
correlated with nodes’ degree calculated by Cytohubba in the network. The larger the diamond, the higher the degree of the protein
represented by the node in the network. D The top three hub genes screened by degree in PPI network. Red, greater degree. Yellow, lesser
degree. GO Gene Ontology, KEGG Kyoto Encyclopedia of Genes and Genomes, DEG differentially expressed gene, BP biological process, MF
molecular function, CC cellular component, PPI protein–protein interaction.
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Fig. 3 CXCL12 and CXCR4 expression in the atria of AF patients and model mice. A–D The Immunohistochemistry of atrial of control and AF
patients with anti-CXCL12 and CXCR4 antibody (SR, n= 7; AF, n= 10). E–F The qPCR analysis of the mRNA levels of chemokines CXCL12 and
CXCR4 in the atria of control and AF model mice (n= 4). G–H The Immunohistochemistry of atrial of control and AF model mice with anti-
CXCR4 antibody (n= 4). I–K AMD3100 administration prevents the induction of AF. I The representative surface electrocardiogram after the
transesophageal atrial burst pacing. J Percentage of successful AF induction (n= 15). K Duration of AF in mice after AF induction (n= 15). SR
Sinus rhythm, AF atrial fibrillation, Scale bar: 50 μm, Results are expressed as the mean ± SEM, and n represents the number of animals in each
group. *P < 0.05, **P < 0.01, ***P < 0.001.
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cDNA was transcribed with the help of Evo M-MLV RT Kit (AG). The
quantitative real-time polymerase chain reaction was used to detect gene
levels of CXCL12, CXCR4, collagen-1, collagen-3, α-SMA, IL-1β, IL-6, IL-18,
TNF-α, and β-actin in cardiac tissues using SYBR® Green Premix Pro Taq HS
qPCR Kit (AG) with RT-PCR Detection System (Bio-Rad, Hercules, CA) [35].
The PCR primers are listed in (Supplementary file 3). Gene expression was
normalized to a reference gene (β-actin). The relative quantification of
gene expression was determined with the 2−ΔΔCT method [36].

Statistical analysis
Statistical analysis was performed using SPSS version 25.0 software (SPSS
Inc., Chicago, IL, USA). The data are presented as mean ± standard error of
the mean (SEM). Normally distributed variables were compared by
Student’s t test, or one-way analysis of variance (ANOVA) followed by
Bonferroni correction for multiple comparisons. Chi-square test was used
to analyze the counting data. P < 0.05 was considered statistically
significant.

RESULTS
The DEGs between AF patients and matched controls from the
reanalysis of five GEO datasets
We identified 6686, 20079, 5639, 15636, and 14178 DEGs in
GSE2240, GSE41177, GSE14975, GSE79768, and GSE115574,
respectively (Supplementary file 4). These DEGs were excavated
in the subsequent RRA analysis. Finally, we got 35 robust DEGs,
including 32 upregulated and three downregulated in AF
(Fig. 1B, C, Supplementary file 5). Among these DEGs, CXCL12
and CXCR4 were significantly upregulated in the atria of AF
patients compared with controls (Fig. 1B, C). Furthermore, GO
and KEGG-enrichment analysis was performed to determine the
biological features of these robust DEGs. GO function-
enrichment analysis resulted in 134 items, of which biological
processes (BP) accounted for 97, cell components (CC) for 18,
and molecular function (MF) for 19 items (Supplementary file
6A). BP analysis reveals that these genes are markedly enriched
for leukocyte chemotaxis and cell chemotaxis (Fig. 2A). CC
analysis shows that these genes are mainly enriched in the
collagen-containing extracellular matrix and secretory granule
lumen (Fig. 2A). Alterations in the MF of these genes are
significantly enriched in collagen binding and cytokine binding
(Fig. 2A). Meanwhile, KEGG pathway analysis returned 16 items
(Supplementary file 6B), mainly, including intestinal immune
network for IgA production, phagosome, and chemokine
signaling pathway (Fig. 2B).

CXCL12 and CXCR4 are identified as hub genes which might
be closely related with AF
The PPI network of robust DEGs were analyzed in the String
database, followed by network visualization with Cytoscape
software. The network consists of 27 nodes and 92 edges
(Fig. 2C). Then, we screed out the top three hub genes by
CytoHubba in the PPI network, which were CXCR4 (degree= 14),
CXCL12 (degree= 13), and TIMP1 (degree= 13) (Fig. 2D). Among
these three hub genes, we selected CXCL12 and CXCR4, which
were rarely reported in AF before, to validate their function and
molecular mechanisms underlying AF.

The verification of the expression of CXCL12 and CXCR4 in AF
patients and mice
We identified the expression level of CXCL12 and CXCR4 in AF
patients and model mice. The IHC analyses demonstrated that the
protein expression level of CXCL12 and CXCR4 was significantly
increased in the atria of AF patients compared with controls
(Fig. 3A–D). Meanwhile, the mRNA expression of CXCL12 and
CXCR4 was also significantly increased in the atria of AF model
mice compared with controls (Fig. 3E, F), as well as the protein
expression of CXCR4 analyzed by the IHC (Fig. 3G, H). The
expression validation of CXCL12 and CXCR4 was completely
consistent with the results of our bioinformatics analysis, which
suggested the excessively activated CXCL12/CXCR4 axis may
contribute to the development of AF.

AMD3100 administration reduces AF inducibility in AF model
mice
To evaluate whether CXCL12/CXCR4 axis is involved in the
development of AF, we treated AF model mice with the CXCR4
antagonist AMD3100 or vehicle for 3 weeks. The AF susceptibility
and duration were evaluated by transesophageal atrial pacing.
The basic ECG parameters and the cardiac electrophysiology data
are presented in (Table 1). AF model mice had a longer duration of
P wave, QRS wave, and SACT compared with the control group,
and the duration of the P wave and SACT could be significantly
decreased after the treatment of AMD3100. The AF inducibility in
AF model mice was significantly higher than controls, and this
phenomenon was significantly reduced with AMD3100 (Fig. 3I, J).
Accordingly, the duration of AF was significantly reduced in AF
model mice treated with AMD3100 compared with AF model mice
treated with vehicle (Fig. 3K). There was no significant difference
in AF inducibility and AF duration between the control and
AMD3100 groups. These data indicate that blocking CXCL12/
CXCR4 with AMD3100 reduces AF inducibility in AF model mice.

Table 1. Characterization of surface ECG parameters, transesophageal recording and atrial stimulation.

Parameter Groups

Control (n= 15) Model (n= 15) Model+ AMD3100 (n= 15) AMD3100 (n= 15)

Heart rate (bpm) 393.87 ± 24.09 342.93 ± 27.59 327.13 ± 9.15 376.87 ± 23.33

P (ms) 20.74 ± 0.65* 25.54 ± 0.42*#$ 21.07 ± 0.70# 20.20 ± 0.62$

PR (ms) 37.61 ± 1.45 39.72 ± 1.24 39.13 ± 1.30 37.70 ± 0.78

QRS (ms) 21.43 ± 0.40*& 23.66 ± 0.52*$ 23.90 ± 0.56& 20.62 ± 0.36$

QT (ms) 65.55 ± 0.79 66.22 ± 1.09 67.24 ± 0.78 64.83 ± 0.43

SNRT (ms) 249.60 ± 12.55 276.91 ± 16.17 273.87 ± 15.48 237.87 ± 4.09

SACT (ms) 26.50 ± 3.25* 30.95 ± 2.79*#$ 25.55 ± 1.53# 25.03 ± 1.69$

AVERP120 (ms) 74.00 ± 2.98 72.00 ± 3.34 75.47 ± 3.07 75.67 ± 2.38

AVERP110 (ms) 75.33 ± 3.21 74.33 ± 3.38 75.22 ± 3.00 74.34 ± 2.62

AVERP100 (ms) 72.67 ± 3.16 76.67 ± 3.54 76.84 ± 3.33 74.33 ± 2.96

SNRT sinus node recovery time, SACT sinoatrial conduction time, AVERP atrioventricular nodal refractory period.
All data are presented as means ± SEM, and n represents the number of animals in each group; *P < 0.05, Control vs. Model; &P < 0.05, Control vs. Model+
AMD3100; #P < 0.05, Model vs. Model+ AMD3100; $P < 0.05, Model vs. AMD3100.
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Fig. 4 AMD3100 administration prevents atrial structural remodeling. A–B The M-mode echocardiography of the left atrial chamber (left)
and the quantification of left atrial diameter (n= 15). C–D Collagen deposition in left atrial sections detected by Masson’s trichrome staining
(left). Quantification of fibrotic areas (n= 4). E–G The qPCR analysis of the mRNA levels of α-SMA, collagen -1, and collagen-3 in the atria from
four groups (n= 4). H–L Immunoblotting analysis of α-SMA, collagen -1, and collagen-3 and MMP9 protein levels in the atria (upper).
Quantification of each protein band (lower, n= 4). GAPDH was used as an internal control. Scale bar: 50 μm. Results are expressed as the
mean ± SEM, and n represents the number of animals in each group. *P < 0.05, **P < 0.01, ***P < 0.001.
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AMD3100 administration inhibits atrial dilation and fibrosis
Echocardiography indicated that the left atrial dilation observed in
vehicle-treated mice of the AF model was markedly blunted in
AMD3100-treated mice (Fig. 4A, B). There was no significant
difference in other echocardiographic index of the left ventricular
size or function (Table 2). As atrial fibrosis is the hallmark of
structural remodeling in AF, we assessed whether CXCL12/CXCR4
affected the formation of atrial fibrosis. The Masson-staining
showed the mice in the AF model group displayed distinct atrial
fibrosis compared with the control group, which could be
markedly reduced with AMD3100 treatment (Fig. 4C, D).
Correspondingly, we verified the effect of AMD3100 on the mRNA
and protein levels of collagen-1, collagen-3, and α-SMA in the atria
of different groups. The upregulated mRNAs and proteins of
collagen-1, collagen-3, and α-SMA were observed in AF model
mice compared with controls. The significantly downward trend of
these mRNAs and proteins were observed after the treatment of
AMD3100 in AF model mice (Fig. 4E–K). Furthermore, the protein
level of MMP9 was also upregulated in AF model mice, which
could be markedly reduced via the treatment of AMD3100
(Fig. 4H, L). Blocking CXCL12/CXCR4 axis may ameliorate the atrial
structural remodeling in AF model mice.

AMD3100 administration inhibits atrial immune cells
infiltration and inflammation
To elucidate the mechanisms by which CXCR4 antagonism
reduces AF inducibility, we evaluated the effect of CXCR4 on the
alteration of CD3+ T lymphocytes, CD20+ B lymphocytes and F4/
80+ macrophages in the atria using IHC. The infiltration of CD3+
lymphocytes in atria was markedly increased in AF model mice
compared with controls, which was reduced with the treatment of
AMD3100 (Fig. 5A, D). Moreover, the infiltration of F4/80+
macrophages was also significantly increased in AF model mice
compared with controls. Notably, AMD3100 markedly suppressed
the infiltration of F4/80+ macrophages in atria of AF model mice
(Fig. 5C, F). We found the infiltration of CD20+ B lymphocytes in
atria had no statistical difference between the groups (Fig. 5B, E).
Meanwhile, we examined the expression of proinflammatory
cytokines IL-1β, IL-6, IL-18, and TNF-α in atria. The mRNA levels of
IL-1β, IL-6, IL-18, and TNF-α were higher in the atria of model mice
compared with controls, while AMD3100 could markedly decrease
them (Fig. 5G–J). These results suggest that blocking CXCL12/

CXCR4 axis with CXCR4’s antagonist could prevent the immune
cells infiltration and inflammation in AF model mice.

AMD3100 administration inhibits CXCR4-dependent ERK1/2
and AKT/mTOR pathways
To elucidate the precise mechanisms by which AMD3100 inhibits
AF development, we also examined the CXCR4-dependent AKT/
mTOR and ERK1/2 pathways, which are important regulators of
fibrogenesis. Indeed, western blot analysis observed the signifi-
cant activation of AKT and mTOR in the atria of AF model mice
than controls’, whereas this effect was markedly attenuated with
therapy of AMD3100 (Fig. 6A–C). Moreover, the phosphorylation
of ERK1/2 was more pronounced in AF model mice, which was
effectively reduced after the treatment of AMD3100 (Fig. 6A, D).
Taken together, these results indicate that the inhibition of
CXCL12/CXCR4 axis reduces atrial structural remodeling partly by
inhibiting AKT/mTOR and ERK1/2 signaling.

DISCUSSION
In the present study, we documented that the hyperactivation of
CXCL12/CXCR4 axis was associated with the anabatic atrial
inflammation and structure remodeling in AF model mice induced
by Ach-CaCl2. Inhibiting CXCL12/CXCR4 axis with AMD3100 could
significantly reduce atrial structural remodeling and AF suscept-
ibility in AF model mice, mechanistically, via inhibiting the
hyperactivation of pro-fibrosis signaling (ERK1/2 and AKT/mTOR)
and inflammatory response (the recruitment of CD3+ T lympho-
cytes and F4/80+ macrophages). Therefore, this study suggests
that the CXCL12/CXCR4 axis may be a potential therapeutic target
for AF. A working model is illustrated in (Fig. 6E).
Here, we firstly identified three hub genes (CXCR4, CXCL12 and

TIMP1) among the robust AF-DEGs using bioinformatics analysis, and
all of them were significantly upregulated in AF patients. TIMP1 is
involved in atrial extracellular matrix (ECM) remodeling and have
been well demonstrated for AF’s exacerbation previously [37, 38]. The
other two hub targets, CXCR4 and its endogenous ligand CXCL12, are
members of the family of seven-span transmembrane GPCRs and
chemokines respectively. Chemokines are a large family of small,
inducible, secreted proteins that bind to coupled GPCRs on target
cells and have the ability to recruit leukocytes to sites of injury, which
contributes to AF development [39–42]. For example, Zhang et al.

Table 2. Echocardiographic data of mice from different groups.

Parameter Groups

Control (n= 15) Model (n= 15) Model+ AMD3100 (n= 15) AMD3100 (n= 15)

Body weight (g) 23.78 ± 0.27 23.92 ± 0.75 23.62 ± 0.55 23.82 ± 0.68

IVSd (mm) 0.82 ± 0.04 0.82 ± 0.06 0.77 ± 0.03 0.82 ± 0.04

IVSs (mm) 1.14 ± 0.07 1.19 ± 0.06 1.08 ± 0.05 1.19 ± 0.07

LVIDd (mm) 3.36 ± 0.09 3.49 ± 0.12 3.47 ± 0.08 3.42 ± 0.11

LVIDs (mm) 2.26 ± 0.13 2.35 ± 0.11 2.48 ± 0.09 2.24 ± 0.14

LVPWd (mm) 0.63 ± 0.02 0.69 ± 0.03 0.68 ± 0.02 0.71 ± 0.02

LVPWs (mm) 1.05 ± 0.06 1.00 ± 0.05 0.98 ± 0.05 1.04 ± 0.05

LVEF (%) 61.57 ± 2.88 61.77 ± 1.94 60.66 ± 2.28 65.27 ± 2.64

LVFS (%) 33.04 ± 2.30 32.65 ± 1.37 32.17 ± 1.76 35.36 ± 1.92

MV A (mm/s) 175.77 ± 13.56 228.89 ± 41.84 179.60 ± 23.95 246.27 ± 91.91

MV E (mm/s) 319.68 ± 10.97 303.55 ± 10.90 286.92 ± 17.48 290.43 ± 24.09

MV E/A ratio 1.94 ± 0.14 1.89 ± 0.24 1.79 ± 0.12 1.88 ± 0.16

LVIDd left ventricular internal diameter at end-diastole, LVIDs left ventricular internal diameter at end-systole, LVPWd left ventricular posterior wall thickness at
end-diastole, LVPWs left ventricular posterior wall thickness at end-systole, IVSd, interventricular septal thickness at end-diastole, IVSs, interventricular septal
thickness at end-systole, LVEF left ventricular ejection fraction, LVFS left ventricular fractional shortening, MV E mitral valve E wave, MV A mitral valve A wave.
All data are presented as means ± SEM, and n represents the number of animals in each group.
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Fig. 5 AMD3100 administration prevents the infiltration of CD3+ T lymphocytes and F4/80+ macrophages and inhibits the activation of
proinflammatory. A, D Immunohistochemical staining of T lymphocytes with an anti-CD3 antibody and quantification of the CD3+ cells (n=
4). B, E Immunohistochemical staining of B lymphocytes with an anti-CD20 antibody and quantification of the CD20+ cells (n= 4).
C, F Immunohistochemical staining of macrophages with an anti-F4/80 antibody and quantification of the F4/80+ cells (n= 4). G–J The qPCR
analysis of the mRNA levels of IL-1β, IL-6, IL-18, and TNF-α in the atria from four groups (n= 4). Scale bar: 50 μm. Results are expressed as the
mean ± SEM, and n represents the number of animals in each group. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6 AMD3100 treatment inhibits profibrotic signaling pathways in the atria of AF model mice. A Immunoblotting analysis of p-AKT, AKT,
p-mTOR, mTOR, p-ERK1/2, and ERK1/2 protein levels in the atria. B–D Quantification of each protein band (n= 4). GAPDH was used as an
internal control. E A working model for CXCR4 mediated-AF development. AF upregulates CXCL12 expression to recruit CD3+ T lymphocytes
and F4/80+macrophages into the atrium, which trigger inflammation. Meanwhile, the upregulated CXCL12 and CXCR4 could directly activate
the downstream pathways including ERK1/2 and AKT/mTOR, which induce atrial fibrosis. In contrast, pharmacological blockage of CXCR4 with
AMD3100 blunted these effects. Results are expressed as the mean ± SEM, and n represents the number of animals in each group. ns P > 0.05,
*P < 0.05, **P < 0.01, ***P < 0.001.
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found that CXCL1/CXCR2 signaling could drive the infiltration of
monocyte in atria accelerating atrial remodeling and AF after
hypertension [42], while these effects could be mitigated by
inhibiting CXCR2 with SB225002 (ref [41].). CXCL12/CXCR4 axis also
involves in a diversity of pathological processes, such as homeostatic
immune cell migration, inflammatory response, tissue repair, and cell
survival, which is considered as an attractive therapeutic target both
in cardiac and noncardiac diseases. Few clinical studies have reported
that CXCL12 or CXCR4 is associated with AF, while their precise
mechanism has not been fully understood [6, 14, 15, 43]. We
demonstrated that the hyperactivation of CXCL12/CXCR4 axis in AF
patients and model mice, which was consistent with the results
obtained from bioinformatics analysis using five AF-related micro-
array datasets. Subsequently, we explored its underlying molecular
mechanism in AF from the aspects of inflammatory response and
fibrosis with the help of CXCR4 antagonist AMD3100 [44].
The infiltration of immune cells and related inflammatory

response in atrial tissue is associated with AF [45, 46]. The
infiltration of immune cells in the left atria of AF patients is mainly
consist of immunologically active macrophages and a small part of
CD3+ T lymphocytes [47, 48]. Macrophages can secret many
inflammatory cytokines, such as TNF-α, IL-1β, IL-6, IL-18, TGF-β
[49], which acts as the initiating factor of atrial structure and
electric remodeling in AF [45, 50]. CD3+ T lymphocytes can also
promote atrial inflammation, fibrosis, and influence the efficacy of
neutrophils and macrophages [45, 48]. Although recent studies
have demonstrated that CXCL12/CXCR4 axis plays a critical role in
lymphocytes and macrophages’ recruitment to the sites of injury
in diverse cardiovascular diseases, while its effect in AF is
unknown [10, 32, 51, 52]. Here, our results demonstrated that
the excessive activation of CXCL12/CXCR4 axis significantly
increased the infiltration of CD3+ T lymphocytes and F4/80+
macrophages in the atria of AF model mice, while AMD3100 could
markedly reduce this effect. Correspondingly, after the adminis-
tration of AMD3100, the increased inflammation-associated
cytokines, such as IL-1β, IL-6, IL-18, and TNF-α in the atria of AF
model mice were also significantly reduced. Our findings suggest
that the compensatory hyperactivation of CXCL12/CXCR4 axis in
AF mice can recruit immune cells and trigger inflammation, while
the antagonist of CXCR4 could significantly reduce these effects
and AF susceptibility. AF itself can induce inflammation during
atrial remodeling, which perpetuates the arrhythmia—the so-
called ‘AF begets AF’ phenomenon. Thus, the CXCR4/CXCL12 axis
may participate in the vicious cycle of “AF begets AF”. However,
we did not explore the mechanism by which AF lead to the
hyperactivation of CXCL12/CACR4 axis. We hypothesize that the
subclinical cardiomyocyte injury caused by AF can activate the
CXCL12/CXCR4 axis to promote atrial tissue repair, while the
hyperactivation of CXCL12/CXCR4 axis seems to be more
conducive to the formation of AF substrates, thereby contributing
to AF maintenance [53, 54].
Atrial fibrosis is characterized by abnormal deposition of ECM

proteins in the atria, which contribute to AF maintenance by
increasing the heterogeneity of atrial conduction [37]. In this
study, AMD3100 could significantly reduce atria’s excessive
fibrosis in AF model mice [28, 55]. It has been demonstrated that
the survival signaling pathways of ERK1/2 and AKT/mTOR are
important regulators of cardiac fibrosis [55–59]. In AF model mice
induced by Ach-CaCl2, the hyperactivation of ERK1/2 and AKT
/mTOR signaling not only improve the survival of cardiomyocytes
but also synchronously stimulate the proliferation and hypertro-
phy of and collagen production by cardiac fibroblasts aggravating
atrial fibrosis and providing substrate for AF [55]. Blocking
CXCL12/CXCR4 axis, an upstream regulator of ERK1/2 and AKT
/mTOR signaling, with AMD3100 of CXCR4’s specific antagonist
could counteract the hyperactivation of atrial fibrosis and reduce
AF susceptibility [60]. Furthermore, matrix metalloproteinases
(MMPs) and tissue inhibitors of matrix metalloproteinase (TIMPs)

regulate ECM metabolism in the atria and participate in atrial
fibrotic remodeling [61]. Although the function of MMPs in AF
remains controversial, there is consistent evidence supporting that
over-expressed MMP9 is associated with atrial structural remodel-
ing and AF susceptibility, which also considered as a therapeutic
target [61, 62]. Interestingly, the CXCL12/CXCR4 axis is also as an
upstream regulator of MMP9 [63]. We documented that blocking
CXCL12/CXCR4 axis with AMD3100 could reduce the expression of
MMP9 in AF model, which may also contribute to the alleviation of
atrial structural remodeling.
To the best of our knowledge, this is the first report

demonstrating the hyperactivation of CXCL12/CXCR4 axis confers
deterioration of AF. Nevertheless, it is unclear whether another
newly discovered CXCL12 ligand, CXCR7 [64], is involved in the
pathological process of AF. CXCR7 can be regulated by CXCL11 or
CXCL12, which is also associated with pathological process in
different diseases [30, 64]. Accordingly, further studies are
deserved to explore the role of CXCR7 and its interplay with
CXCR4 in AF development in the future.

CONCLUSIONS
To summarize, this study firstly shows that hyperactivation of
CXCL12/CXCR4 axis is observed in both the AF patients and AF
model mice induced by Ach-CaCl2, associating with the increase of
atrial inflammation and fibrosis. Blocking CXCL12/CXCR4 axis with
ADMD3100, a specific antagonist of CXCR4, can significantly
suppress atrial structural remodeling and AF susceptibility,
through inhibiting pro-fibrosis signaling (ERK1/2 and AKT/mTOR)
and inflammatory response (infiltration of CD3+ T lymphocytes
and F4/80+ macrophages). Nevertheless, more functional experi-
ments are warranted to provide deeper insights into the under-
lying mechanism and to support blocking CXCL12/CXCR4 axis as a
clinical treatment strategy for AF in the future.

DATA AVAILABILITY
All data are available upon request of the corresponding author.

REFERENCES
1. Giuseppe L, Fabian SG, Gianfranco C. Global epidemiology of atrial fibrillation: an

increasing epidemic and public health challenge. Int J Stroke. 2021;16:217–221.
2. Staerk L, Sherer JA, Ko D, Benjamin EJ, Helm RH. Atrial fibrillation: epidemiology,

pathophysiology, and clinical outcomes. Circ Res. 2017;120:1501–17.
3. Peyronnet R, Ravens U. Atria-selective antiarrhythmic drugs in need of alliance

partners. Pharmacol Res. 2019;145:104262.
4. Calvo D, Filgueiras-Rama D, Jalife J. Mechanisms and drug development in atrial

fibrillation. Pharm Rev. 2018;70:505–25.
5. Roselli C, Rienstra M, Ellinor PT. Genetics of atrial fibrillation in 2020: GWAS,

genome sequencing, polygenic risk, and beyond. Circ Res. 2020;127:21–33.
6. Zou R, Zhang D, Lv L, Shi W, Song Z, Yi B, et al. Bioinformatic gene analysis for

potential biomarkers and therapeutic targets of atrial fibrillation-related stroke. J
Transl Med. 2019;17:45.

7. Damås JK, Eiken HG, Oie E, Bjerkeli V, Yndestad A, Ueland T, et al. Myocardial
expression of CC- and CXC-chemokines and their receptors in human end-stage
heart failure. Cardiovasc Res. 2000;47:778–87.

8. Segret A, Rücker-Martin C, Pavoine C, Flavigny J, Deroubaix E, Châtel MA, et al.
Structural localization and expression of CXCL12 and CXCR4 in rat heart and
isolated cardiac myocytes. J Histochem Cytochem. 2007;55:141–50.

9. Pozzobon T, Goldoni G, Viola A, Molon B. CXCR4 signaling in health and disease.
Immunol Lett. 2016;177:6–15.

10. Döring Y, Pawig L, Weber C, Noels H. The CXCL12/CXCR4 chemokine ligand/
receptor axis in cardiovascular disease. Front Physiol. 2014;5:212.

11. Yu L, Cecil J, Peng SB, Schrementi J, Kovacevic S, Paul D, et al. Identification and
expression of novel isoforms of human stromal cell-derived factor. Gene.
2006;374:174–9.

12. Kawaguchi N, Zhang TT, Nakanishi T. Involvement of CXCR4 in normal and
abnormal development. Cells. 2019;8:185.

P. Liu et al.

11

Cell Death and Disease          (2021) 12:813 



13. Goette A, Jentsch-Ullrich K, Lendeckel U, Röcken C, Agbaria M, Auricchio A, et al.
Effect of atrial fibrillation on hematopoietic progenitor cells: a novel pathophy-
siological role of the atrial natriuretic peptide? Circulation. 2003;108:2446–9.

14. Li D, Bjørnager L, Langkilde A, Andersen O, Jøns C, Agner BF, et al. Stromal cell-
derived factor 1α (SDF-1α): A marker of disease burden in patients with atrial
fibrillation. Scand Cardiovasc J. 2016;50:36–41.

15. Wang XX, Zhang FR, Zhu JH, Xie XD, Chen JZ. Up-regulation of CXC chemokine
receptor 4 expression in chronic atrial fibrillation patients with mitral valve dis-
ease may be attenuated by renin-angiotensin system blockers. J Int Med Res.
2009;37:1145–51.

16. Barth AS, Merk S, Arnoldi E, Zwermann L, Kloos P, Gebauer M, et al. Functional
profiling of human atrial and ventricular gene expression. Pflug Arch.
2005;450:201–8.

17. Adam O, Lavall D, Theobald K, Hohl M, Grube M, Ameling S, et al. Rac1-induced
connective tissue growth factor regulates connexin 43 and N-cadherin expres-
sion in atrial fibrillation. J Am Coll Cardiol. 2010;55:469–80.

18. Yeh YH, Kuo CT, Lee YS, Lin YM, Nattel S, Tsai FC, et al. Region-specific gene
expression profiles in the left atria of patients with valvular atrial fibrillation. Heart
rhythm. 2013;10:383–91.

19. Tsai FC, Lin YC, Chang SH, Chang GJ, Hsu YJ, Lin YM, et al. Differential left-to-right
atria gene expression ratio in human sinus rhythm and atrial fibrillation: Impli-
cations for arrhythmogenesis and thrombogenesis. Int J Cardiol.
2016;222:104–12.

20. Chen Z, McGee M, Liu Q, Scheuermann RH. A distribution free summarization
method for Affymetrix GeneChip arrays. Bioinformatics. 2007;23:321–7.

21. Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf U.
Exploration, normalization, and summaries of high density oligonucleotide array
probe level data. Biostatistics. 2003;4:249–64.

22. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential
expression analyses for RNA-sequencing and microarray studies. Nucleic Acids
Res. 2015;43:e47.

23. Kolde R, Laur S, Adler P, Vilo J. Robust rank aggregation for gene list integration
and meta-analysis. Bioinformatics. 2012;28:573–80.

24. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing bio-
logical themes among gene clusters. OMICS. 2012;16:284–7.

25. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING
v11: protein-protein association networks with increased coverage, supporting
functional discovery in genome-wide experimental datasets. Nucleic Acids Res.
2019;47:D607–d613.

26. Chin CH, Chen SH, Wu HH, Ho CW, Ko MT, Lin CY. cytoHubba: identifying hub
objects and sub-networks from complex interactome. BMC Syst Biol. 2014;8:S11.
Suppl 4

27. Zhao ZY, Guo YM. CaCl2-ACh induced atrial fibrillation (flutter) in mice. Acta
pharmacologica Sin. 1982;3:185–8.

28. Zhou Q, Chen B, Chen X, Wang Y, Ji J, Kizaibek M, et al. Arnebiae Radix prevents
atrial fibrillation in rats by ameliorating atrial remodeling and cardiac function. J
Ethnopharmacol. 2020;248:112317.

29. Lv X, Li J, Hu Y, Wang S, Yang C, Li C, et al. Overexpression of miR-27b-3p
targeting Wnt3a regulates the signaling pathway of Wnt/-catenin and attenuates
atrial fibrosis in rats with atrial fibrillation. Oxid Med Cell Longev.
2019;2019:5703764.

30. Wang C, Chen W, Shen J. CXCR7 targeting and its major disease r. Front Pharm.
2018;9:641.

31. Bordenave J, Thuillet R, Tu L, Phan C, Cumont A, Marsol C, et al. Neutralization of
CXCL12 attenuates established pulmonary hypertension in rats. Circ Res.
2020;116:686–97.

32. Chu PY, Joshi MS, Horlock D, Kiriazis H, Kaye DM. CXCR4 antagonism reduces
cardiac fibrosis and improves cardiac performance in dilated cardiomyopathy.
Front Pharmacol. 2019;10:117.

33. Schrickel JW, Bielik H, Yang A, Schimpf R, Shlevkov N, Burkhardt D, et al. Induction
of atrial fibrillation in mice by rapid transesophageal atrial pacing. Basic Res
Cardiol. 2002;97:452–60.

34. Maria Z, Campolo AR, Scherlag BJ, Ritchey JW, Lacombe VA. Dysregulation of
insulin-sensitive glucose transporters during insulin resistance-induced atrial
fibrillation. Biochim Biophys Acta Mol Basis Dis. 2018;1864:987–96.

35. Zhang N, An X, Lang P, Wang F, Xie Y. Ginsenoside Rd contributes the attenuation
of cardiac hypertrophy in vivo and in vitro. Biomed Pharmacother.
2019;109:1016–23.

36. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2−ΔΔCT method. Methods. 2001;25:402–8.

37. Lin CS, Pan CH. Regulatory mechanisms of atrial fibrotic remodeling in atrial
fibrillation. CMLS. 2008;65:1489–508.

38. Nattel S. Molecular and Cellular Mechanisms of Atrial Fibrosis in Atrial Fibrillation.
JACC Clin Electrophysiol. 2017;3:425–35.

39. Balestrieri ML, Balestrieri A, Mancini FP, Napoli C. Understanding the immu-
noangiostatic CXC chemokine network. Cardiovasc Res. 2008;78:250–6.

40. Huang J, Wu N, Xiang Y, Wu L, Li C, Yuan Z, et al. Prognostic value of chemokines
in patients with newly diagnosed atrial fibrillation. Int J Cardiol. 2020;320:83–89.

41. Zhang YL, Teng F, Han X, Li PB, Yan X, Guo SB, et al. Selective blocking of CXCR2
prevents and reverses atrial fibrillation in spontaneously hypertensive rats. J Cell
Mol Med. 2020;24:11272–82.

42. Zhang YL, Cao HJ, Han X, Teng F, Chen C, Yang J, et al. Chemokine Receptor
CXCR-2 Initiates Atrial Fibrillation by Triggering Monocyte Mobilization in Mice.
Hypertension. 2020;76:381–92.

43. Zhang J, Huang X, Wang X, Gao Y, Liu L, Li Z, et al. Identification of potential
crucial genes in atrial fibrillation: a bioinformatic analysis. BMC Med Genomics.
2020;13:104.

44. Fricker SP, Anastassov V, Cox J, Darkes MC, Grujic O, Idzan SR, et al. Character-
ization of the molecular pharmacology of AMD3100: a specific antagonist of the
G-protein coupled chemokine receptor, CXCR4. Biochem Pharm. 2006;72:588–96.

45. Liu Y, Shi Q, Ma Y, Liu Q. The role of immune cells in atrial fibrillation. J Mol Cell
Cardiol. 2018;123:198–208.

46. Hu YF, Chen YJ, Lin YJ, Chen SA. Inflammation and the pathogenesis of atrial
fibrillation. Nat Rev Cardiol. 2015;12:230–43.

47. Yamashita T, Sekiguchi A, Iwasaki YK, Date T, Sagara K, Tanabe H, et al. Recruit-
ment of immune cells across atrial endocardium in human atrial fibrillation. Circ J.
2010;74:262–70.

48. Liu L, Lee J, Fu G, Liu X, Wang H, Zhang Z, et al. Activation of Peripheral Blood
CD3 (+) T-lymphocytes in Patients With Atrial Fibrillation. Int Heart J.
2012;53:221–4.

49. Guo Y, Lip GY, Apostolakis S. Inflammation in Atrial Fibrillation. J Am Coll Cardiol.
2012;60:2263–70.

50. Wynn TA, Ramalingam TR. Mechanisms of fibrosis: therapeutic translation for
fibrotic disease. Nat Med. 2012;18:1028–40.

51. Wang Y, Dembowsky K, Chevalier E, Stüve P, Korf-Klingebiel M, Lochner M, et al.
C-X-C motif chemokine receptor 4 blockade promotes tissue Repair After Myo-
cardial Infarction by Enhancing Regulatory T Cell Mobilization and Immune-
Regulatory Function. Circulation. 2019;139:1798–812.

52. Chu PY, Walder K, Horlock D, Williams D, Nelson E, Byrne M, et al. CXCR4
antagonism attenuates the development of diabetic cardiac fibrosis. PLoS ONE.
2015;10:e0133616.

53. Van den Bos EJ, Constantinescu AA, van Domburg RT, Akin S, Jordaens LJ,
Kofflard MJ. Minor elevations in troponin I are associated with mortality and
adverse cardiac events in patients with atrial fibrillation. Eur Heart J.
2011;32:611–7.

54. Hu X, Dai S, Wu WJ, Tan W, Zhu X, Mu J, et al. Stromal cell derived factor-1 alpha
confers protection against myocardial ischemia/reperfusion injury: role of the
cardiac stromal cell derived factor-1 alpha CXCR4 axis. Circulation.
2007;116:654–63.

55. Zou D, Geng N, Chen Y, Ren L, Liu X, Wan J, et al. Ranolazine improves oxidative
stress and mitochondrial function in the atrium of acetylcholine-CaCl2 induced
atrial fibrillation rats. Life Sci. 2016;156:7–14.

56. Goette A, Staack T, Röcken C, Arndt M, Geller JC, Huth C, et al. Increased
expression of extracellular signal-regulated kinase and angiotensin-converting
enzyme in human atria during atrial fibrillation. J Am Coll Cardiol.
2000;35:1669–77.

57. Meijering RAM, Wiersma M, Zhang D, Lanters EAH, Hoogstra-Berends F, Scholma
J, et al. Application of kinomic array analysis to screen for altered kinases in atrial
fibrillation remodeling. Heart Rhythm. 2018;15:1708–16.

58. Wiersma M, Meijering RAM, Qi XY, Zhang D, Liu T, Hoogstra-Berends F, et al.
Endoplasmic reticulum stress is associated with autophagy and cardiomyocyte
remodeling in experimental and human atrial fibrillation. J Am Heart Assoc.
2017;6:e006458.

59. Zhao QD, Viswanadhapalli S, Williams P, Shi Q, Tan C, Yi X, et al. NADPH oxidase 4
induces cardiac fibrosis and hypertrophy through activating Akt/mTOR and NFκB
signaling pathways. Circulation. 2015;131:643–55.

60. Jackson EK, Zhang Y, Gillespie DD, Zhu X, Cheng D, Jackson TC. SDF-1α (stromal
cell-derived factor 1α) induces cardiac fibroblasts, renal microvascular smooth
muscle cells, and glomerular mesangial cells to proliferate, cause hypertrophy,
and produce collagen. J Am Heart Assoc. 2017;6:e007253.

61. Polyakova V, Miyagawa S, Szalay Z, Risteli J, Kostin S. Atrial extracellular matrix
remodelling in patients with atrial fibrillation. BMC Cardiovasc Disord.
2008;12:189–208.

62. Nakano Y, Niida S, Dote K, Takenaka S, Hirao H, Miura F, et al. Matrix
metalloproteinase-9 contributes to human atrial remodeling during atrial fibril-
lation. J Am Coll Cardiol. 2004;43:818–25.

63. Xu D, Li R, Wu J, Jiang L, Zhong HA. Drug design targeting the CXCR4/CXCR7/
CXCL12 Pathway. Curr Top Med Chem. 2016;16:1441–51.

P. Liu et al.

12

Cell Death and Disease          (2021) 12:813 



64. Huynh C, Dingemanse J, Meyer Zu Schwabedissen HE, Sidharta PN. Relevance of
the CXCR4/CXCR7-CXCL12 axis and its effect in pathophysiological conditions.
Pharm Res. 2020;161:105092.

AUTHOR CONTRIBUTIONS
All authors approved final version of this manuscript. Q.Z., and X.Q. took the
responsibility for study design. P.L., X.Z., Q.W., F.G., T.L., Y.W., H.S., B.F., X.L., T.J., and
Y.F. performed the experiments, data acquisition, and the data analysis. P.L. wrote the
manuscript and X.Q. took the responsibility for interpretation of the data.

FUNDING
This work was supported by the National Natural Science Foundation of China (grant
number 81870257 and 31871172) and Key Research and Development Program of
Shaanxi (grant number 2021SF-132).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-021-04109-5.

Correspondence and requests for materials should be addressed to X.Q. or Q.Z.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

P. Liu et al.

13

Cell Death and Disease          (2021) 12:813 

https://doi.org/10.1038/s41419-021-04109-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	CXCL12/CXCR4 axis as a key mediator in atrial fibrillation via bioinformatics analysis and functional identification
	Introduction
	Materials and methods
	Retrieve the microarray gene expression datasets of AF in GEO
	Microarray data processing and DEGs&#x02019; identification
	Functional enrichment analysis of DEGs
	Protein&#x02013;nobreakprotein interaction (PPI) network of DEGs and hub genes&#x02019; identification
	Human atrial tissues and ethical statement
	Animal model and experimental procedures
	Transthoracic echocardiography
	Electrophysiological analysis
	Atrial histology analysis
	Immunoblotting analysis
	Quantitative real-time PCR (qPCR) analysis
	Statistical analysis

	Results
	The DEGs between AF patients and matched controls from the reanalysis of five GEO datasets
	CXCL12 and CXCR4 are identified as hub genes which might be closely related with AF
	The verification of the expression of CXCL12 and CXCR4 in AF patients and mice
	AMD3100 administration reduces AF inducibility in AF model mice
	AMD3100 administration inhibits atrial dilation and fibrosis
	AMD3100 administration inhibits atrial immune cells infiltration and inflammation
	AMD3100 administration inhibits CXCR4-dependent ERK1/2 and AKT/mTOR pathways

	Discussion
	Conclusions
	References
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




