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Background:Dingji Fumai Decoction (DFD), a traditional herbal mixture, has been widely

used to treat arrhythmia in clinical practice in China. However, the exploration of the

active components and underlying mechanism of DFD in treating atrial fibrillation (AF) is

still scarce.

Methods: Compounds of DFD were collected from TCMSP, ETCM, and literature. The

targets of active compounds were explored using SwissTargetPrediction. Meanwhile,

targets of AF were collected from DrugBank, TTD, MalaCards, TCMSP, DisGeNET, and

OMIM. Then, the H-C-T-D and PPI networks were constructed using STRING and

analyzed using CytoNCA. Meanwhile, VarElect was utilized to detect the correlation

between targets and diseases. Next, Metascape was employed for systematic analysis

of the mechanism of potential targets and protein complexes in treating AF. AutoDock

Vina, Pymol, and Discovery Studio were applied for molecular docking. Finally, the main

findings were validated through molecular biology experiments.

Results: A total of 168 active compounds and 1,093 targets of DFD were collected,

and there were 89 shared targets between DFD and AF. H-C-T-D network showed the

relationships among DFD, active compounds, targets, and AF. Three functional protein

complexes of DFD were extracted from the PPI network. Further systematic analysis

revealed that the regulation of cardiac oxidative stress, cardiac inflammation, and cardiac

ion channels were the potential mechanism of DFD in treating AF. Addtionally, molecular

docking verified the interactions between active compounds and targets. Finally, we

found that DFD significantly increased the level of SIRT1 and reduced the levels of ACE,

VCAM-1, and IL-6.

Conclusions: DFD could be utilized in treating AF through a complicated mechanism,

including interactions between related active compounds and targets, promoting the

explanation and understanding of the molecular biological mechanism of DFD in the

treatment of AF.

Keywords: Dingji Fumai Decoction, traditional Chinese medicine, atrial fibrillation, network pharmacology,

molecular docking, experimental verification
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INTRODUCTION

Atrial fibrillation (AF) is a common but fatal clinical
tachyarrhythmia and is caused by various factors that lead
to the defect of original regular and orderly atrial electrical
conduction activities and is showcased by rapid oscillations
or fibrillatory waves on the electrocardiogram (1). AF could
cause adverse hemodynamic effects, such as the loss of atrial
contraction and rapid ventricular rates, leading to the decreasing
of cardiac output (2). Especially, in patients with both chronic
heart failure and AF, the situation would worsen (3). Besides,
a study has pointed out that the incidence of ischemic stroke
in patients with AF is seven times that of patients without
AF (4). In recent years, the number of patients suffering from
cardiovascular diseases, including coronary artery disease,
hypertension, and heart failure, has increased year by year,
becoming a potentially high-risk group of AF, which has greatly
increased the burden of the medical system (5). A review of
epidemiological study mentioned that the prevalence of AF
increases with aging, which varies from 0.1 to 0.5% among
patients <50 years old, to 1–2% in the 50–60 years old range,
and 5–7% and higher in patients aged 70 years or older (6).
The basic therapy of AF often contains anticoagulation, rate
and rhythm control, and invasive treatment options including
radiofrequency ablation or cryoablation of pulmonary veins,
and surgical ablation (1, 7). However, most drug treatment
may be accompanied by adverse and unpredictable events, and
invasive treatment could be followed by the recurrence of AF (8),
Therefore, we need to actively explore better treatment options.

Dingji Fumai Decoction (DFD), consisting of Ligusticum
chuanxiong (Chuanxiong), Ziziphus jujuba Mill (Dazao),
Poria cocos (Schw.), Wolf (Fuling), Cinnamomum cassia (L.),
J.Presl (Guizhi), Albizia julibrissin Durazz (Hehuanpi), Os
Draconis (Longgu), Crassostrea Gigas (Muli), Semen Ziziphi
Spinosae (Suanzaoren), Polygala tenuifolia Willd (Yuanzhi), and
Glycyrrhiza uralensis Fisch (Gancao), is widely used in treating
arrhythmia (9). A previous clinical trial showed that after a
12-week follow-up, DFD significantly decreased the traditional
Chinese medicine syndrome score and the number of arrhythmia
compared with metoprolol with no adverse drug effects and
acceptable patient medication compliance (10). Moreover, DFD
prolonged the occurrence time and shortened the duration
of arrhythmia in vivo, decreased the malondialdehyde and
increased the superoxide dismutase, and alleviated the activation
of Na+-K+-ATPase and connexin-43 (11). Further, DFD
suppressed Nav1.5 dose-dependently with an IC50 of 24.0 ± 2.4
mg/mL (11). However, the exploration of the active components
in DFD and underlying mechanism for treating AF is still scarce.

Network pharmacology is an interdisciplinary subject, its
formation and development mainly benefit from artificial
intelligence and big data analysis (12). The primary advantage
of the network pharmacology is to emphasize the integrity,
systemic, and biological network of the research object (13),
which promotes the transformation of traditional Chinese
medicine research method from the “one target, one drug” to
“multiple target and multi-components,” thereby the molecular
association between the multiple components and multiple

targets could be analyzed. This feature more closely coincides
with the concept of traditional Chinese medicine (14), which
emphasizes the systemic and integrity in the progress of
diagnosis and therapy (15, 16). With the increasing influence
and application of network pharmacology, more and more
TCM typical prescriptions have been explained at the molecular
mechanism level and promoted in clinical practice (17). Here,
we explored the potential mechanism of DFD in treating AF
using network pharmacology and molecular docking integration
strategy (Figure 1) (18, 19). At first, we obtained the bioactive
compounds and potential targets of DFD in the treatment of
AF. Then, the protein-protein interaction (PPI) of potential
targets was constructed. Next, the functional enrichment analysis
of potential targets and protein complexes was conducted.
Meanwhile, the interactions between the bioactive compounds
and key targets were visualized using molecular docking.

METHODS

Acquisition of Bioactive Compounds and
Potential Targets of DFD
At first, the compounds of each herb in DFD were collected
from the Traditional Chinese Medicine Systems Pharmacology
database and analysis platform (TCMSP) (20), Encyclopedia of
Traditional Chinese Medicine (ETCM) (21), and the published
literature. Then, the structures of each compound were
obtained from PubChem (22). Next, the absorption, distribution,
metabolism, and excretion (ADME) of each compound were
detected using SwissADME with Gastrointestinal absorption
(GA) and drug-likeness (DL) (23, 24), compounds with both high
possibility of GA and DL were defined as bioactive compounds
(9). At last, bioactive compounds were adopted for potential
target screening using SwissTargetPrediction (25).

Therapy Targets of AF
Taking the “atrial fibrillation” or “Fibrillation, Atrial” as
keywords, we surveyed the therapy targets of AF from web-
based datasets, including DrugBank (26), Therapeutic Target
Database (TTD) (27), MalaCards (28), TCMSP (20), DisGeNET
(29), and Online Mendelian Inheritance in Man (OMIM) (30).
The species were limited to “human” or “Homo sapiens.” Among
the results, the format of candidate therapy targets in DrugBank
was transformed to a gene symbol using UniProt (31), the targets
with determined proofs were adopted for further analysis in
MalaCards (32), and the top 10% scores targets were adopted
in DisGeNET. After the removal of duplicates, all targets were
standardized using UniProt.

Construction of
Herb-Compound-Target-Disease Network
Based on the collected data, we constructed the herb-compound-
target-disease (H-C-T-D) network using Cytoscape (version
3.8.0) to showcase the correlation between bioactive compounds
and potential targets, moreover, to display the shard targets
between DFD and AF (33). The shard targets were applied
for further protein interaction exploration and functional
enrichment analysis.
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FIGURE 1 | The flow chart of this work.
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Protein-Protein Interaction Exploration
PPI is one of the cores of cellular processing, which makes
the interactions of proteins clear and helps with the functional
explanation of potential protein complexes or functionalmodules
(34). In this study, shared targets were applied for PPI
exploration using STRING (34), a web database providing online
analysis of PPI. The organism was set as “homo sapiens,” and
the disconnected nodes were hidden. Then, the results were
processed using Cytoscape (33), the CytoNCA plugin was used
for the hub gene screening (35) and the MCODE plugin was
employed for the investigation of functional protein complexes
(36). Besides, to survey the hub gene more exactly, we utilized
the VarElect dataset, an online tool that could point out the
likelihood of genes to be related to certain disorders with scores
(37), for the relevance analysis between the gene symbol of shared
targets and AF.

Functional Enrichment Analysis
In this study, functional enrichment analysis mainly includes
the analysis for Gene Ontology (GO) resource and Kyoto
Encyclopedia of Genes and Genomes (KEGG) dataset (38, 39),
which contribute to the functional interpretation of genes and
enable discoveries. Using Metascape, a web-based tool providing
the analysis of systems-level datasets for GO, KEGG, and other
datasets (40), we conducted the functional enrichment analysis
of shared targets and the functional protein complexes found in
the PPI network, GO terms or KEGG pathways with both P-value
< 0.01 and enriched with more than 3 genes were considered
significantly enrichment analysis. The results were visualized
using the ggplot2 package in R (41).

Molecular Docking
The intersection of hub genes and high relevance genes were
selected as candidate genes for molecular docking. The structures
of the receptors were obtained from the RCSB dataset (42), all
proteins were removed water molecule using Pymol (43), added
polar-hydrogen, and calculated gasteiger using AutodockTools
(version 1.5.6) (44). Then, the molecular docking was conducted
using Autodock vina (45), and the results were processed with
Discovery Studio (version 16.1) (46).

Experimental Validation
Reagents
Hydrogen peroxide (H2O2) was provided by The Affiliated
Traditional Chinese Medicine Hospital of Southwest Medical
University (Luzhou, China). DFD was made into freeze-
dried powder.

Cell Culture
HL-1 cells were obtained from Zhong Qiao Xin Zhou
Biotechnology (Shanghai, China) and cultured in dulbecco’s
modified eagle medium (Gibco, Billings, MT, USA) with 10%
fetal bovine serum (Biological Industries). Cells were cultured at
37◦C in an atmosphere of 5% CO2 for all experiments.

Cell Counting KIT-8
HL-1 cells were seeded into 96-well micro-test plates. After
incubation for 24 h, HL-1 cells were exposed to H2O2 or/and

TABLE 1 | The information of shared compounds.

Compound PubChem ID Herbal

Quercetin 5280343 Albizia julibrissin Durazz, Ziziphus jujuba

Mill., Glycyrrhiza uralensis Fisch

Protocatechuic

Acid

72 Ligusticum chuanxiong, Cinnamomum

cassia (L.) J.Presl

Cetylic Acid 985 Ligusticum chuanxiong, Poria Cocos

(Schw.) Wolf, Ziziphus jujuba Mill.

3-O-trans

ferulylquinic

acid

445858 Ligusticum chuanxiong, Ziziphi Spinosae

Semen

Peroxyergosterol 5351516 Ligusticum chuanxiong, Poria Cocos

(Schw.) Wolf

(S)-Coclaurine 160487 Semen Ziziphi Spinosae, Ziziphus jujuba

Mill.

Lysicamine 122691 Semen Ziziphi Spinosae, Ziziphus jujuba

Mill.

DFD. Then, 10 µL CCK-8 solution (Dojindo Molecular
Technologies, Inc) were added to each well, and cells were
incubated for another 1 h. The absorbance at 450 nm was
measured by the SYNERGY microplate reader (BioTek
Instruments, Inc, USA).

Enzyme-Linked Immunosorbent Assay
HL-1 cells were incubated with H2O2 for 24 h and then treated
with DFD for another 24 h. Supernatants were harvested to
determine the levels of ACE, eNOS, SIRT1, VCAM-1, and IL-6
using ELISA kits (Elabscience, Wuhan, China) according to the
manufacturers’ instructions.

Hoechst 33342 Stain
Nuclei were stained with Hoechst 33342 (Beyotime, Shanghai,
China) according to the manufacturer’s instructions. The cells
were then visualized under a fluorescence microscope (EVOS FL
Auto, Life Technologies, USA).

RESULTS

Bioactive Compounds and Potential
Targets
A total of 434 compounds of DFD were surveyed from TCMSP,
ETCM, and literature. In detail, we included 92, 76, 73, 70, 38, 36,
19, 18, and 12 compounds inGlycyrrhiza uralensis Fisch, Ziziphus
jujuba Mill, Ligusticum chuanxiong, Albizia julibrissin Durazz.,
Poria cocos (Schw.)Wolf, Semen Ziziphi Spinosae, Cinnamomum
cassia (L.) J.Presl, Polygala tenuifolia Willd, and Crassostrea
Gigas, respectively. Interestingly, several herbs contain the same
compounds, as shown in Table 1. After the screening of ADME
of each compound using SwissADME, a total of 168 compounds
were validated possessing both high possibilities of GA and DL,
details of screening are showcased in Supplementary Table 1.
Compounds which were bioactive were applied for potential
target prediction using SwissTargetPrediction, after the removal
of duplicates, a total of 1,093 targets were collected, as shown in
Supplementary Table 2.
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FIGURE 2 | The H-C-T-D network.

Identification of Potential Therapy Targets
To identify the therapy-related targets of AF, we surveyed
DrugBank, TTD, MalaCards, TCMSP, DisGeNET, and OMIM
with the cutoff mentioned above, after the removal of duplicates,
a total of 346 targets were obtained. Taking the intersection
between potential targets of DFD and therapy targets of AF, 89
shared targets were identified as potential therapeutic targets of
DFD in treating AF.

Construction of H-C-T-D Network
Based on the obtained data, we constructed the H-C-T-D
network using Cytoscape. The network was composed of 242

nodes, including DFD, VA, 9 herbals, 142 bioactive compounds,
and 89 common targets, and 1,237 edges were connected among
242 nodes (Figure 2). The network preliminarily revealed the
complex mechanism of multiple compounds andmultiple targets
in the treatment of AF.

Identification of Hub Genes
As we mentioned above, PPI analysis is pivotal to the explaining
of the protein interactions and functional analysis of potential
protein complexes or functional modules. We analyzed the PPI
analysis using STRING, the results were uploaded to Cytoscape
for hub gene identification and potential functional protein
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FIGURE 3 | The PPI network. All nodes colored according to the degree value. oval nodes on the inner circle indicate hub targets.

complexes detection, the hub gene was selected with the value
of 75% degree, which was calculated using CytoNCA plugin, the
details of degree value were shown in Supplementary Table 3,
and the PPI network was reconstructed according to the value
of degree (Figure 3). Besides, the MCODE plugin has surveyed
three functional protein complexes, which were named as
complex A, complex B, and complex C (Figure 4). To determine
the hub genes more exactly, we conducted the relevance analysis
using VarElect (Figure 4), the results suggested that 47 genes
were related to the therapy of AF directly, and 42 genes related
to the therapy of AF indirectly (Supplementary Table 4). After
taking the intersection of hub genes and high relevance genes and
checking related published literature, 6 genes, including NOS3,

ACE, SIRT1, IL-6, VCAM-1, and KCNH2, of DFD in treating AF
were finally determined.

Functional Enrichment Analysis
The common targets between DFD and AF were performed
functional enrichment analysis using Metascape, including GO
Biological Processes, GO Molecular Function, GO Cellular
Components, and KEGG pathway. The results were visualized
using the ggplot package in R (Figure 5). The results suggested
that the shared targets were involved in various GO Biological
Processes including regulation of blood circulation, the vascular
process in the circulatory system, regulation of blood pressure,
heart contraction, heart process, muscle system process,
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FIGURE 4 | The functional protein complexes. (A) Complex A. (B) Complex B. (C) Complex C.
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FIGURE 5 | The functional enrichment analysis. (A) GO Biological Processes. (B) GO Molecular Function. (C) GO Cellular Components. (D) KEGG pathway.

regulation of hormone levels, and cardiac muscle contraction
(Figure 5A). numerous GO molecular functions involved
adrenergic receptor activity, G protein-coupled amine receptor
activity, alpha-adrenergic receptor activity, oxidoreductase
activity, reduction of molecular oxygen, transcription factor
activity, cation channel activity, and voltage-gated ion channel
activity (Figure 5B). Numerous GO cellular components were
involved in membrane region, T-tubule, plasma membrane
raft, sarcolemma, cation channel complex, ion channel
complex, intercalated disc, Z disc, cell-cell contact zone, I
band, contractile fiber part, and myofibril (Figure 5C), and
numerous KEGG pathways were involved in neuroactive
ligand-receptor interaction, cGMP-PKG signaling pathway,
adrenergic signaling in cardiomyocytes, serotonergic synapse,
calcium signaling pathway, calcium signaling pathway, and
cAMP signaling pathway (Figure 5D).

Besides, three potential functional protein complexes
were applied for functional enrichment analysis, respectively.
As showcased in Figure 6. Complex A was involved in

the AGE-RAGE signaling pathway, wound healing, acute
inflammatory response, pathways in cancer, response to
wounding, blood vessel morphogenesis, regulation of blood
vessel endothelial cell migration, and blood vessel development.
Complex B was involved in blood circulation, circulatory system
process, regulation of blood circulation, negative regulation of
amine transport, regulation of hormone levels, regulation of tube
diameter, blood vessel diameter maintenance, and regulation
of tube size. Complex C was involved in cardiac conduction,
multicellular organismal signaling, cell communication involved
in cardiac conduction, regulation of heart contraction, cardiac
muscle cell action potential, heart process, regulation of blood
circulation, and atrial cardiac muscle cell action potential.

Molecular Docking
After the checking of related published literature, 6 proteins
contain NOS3, ACE, SIRT1, IL-6, VCAM-1, and KCNH2 were
included in the molecular docking. The corresponding structures
were obtained from RCSB (Supplementary Table 5). The details
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FIGURE 6 | The functional analysis of protein complexes. (A) Complex A. (B)

Complex B. (C) Complex C.

TABLE 2 | Details of molecular docking.

Compound PubChem ID Target PDB ID Binding

Energy

(kcal/mol)

Kanzonol F 101666840 NOS3 1M9J −9.9

25-Hydroxy-3-

epidehydrotumulosic

acid

10368709 ACE 1O86 −9.8

Colubrinic acid 21672700 ACE 1O86 −9.2

Chrysophanol 10208 ACE 1O86 −9

Lysicamine 122691 ACE 1O86 −8.3

Fumarine 4970 SIRT1 4IG9 −7.9

Hederagenin 73299 IL-6 1ALU −7.6

Machaerinic acid

lactone

21594250 VCAM-1 1IJ9 −7.6

JL1 725031 ACE 1O86 −7.2

Jujubogenin 15515703 KCNH2 1BYW −6.9

The Binding energy refers to the strength of the binding between the receptor and the

ligand, the lower the binding energy, the more stable the docking module.

of molecular docking are shown in Table 2, the lower the binding
energy, the more stable the docking model. The results suggested
that the corresponding compounds could interact with the 6
selected proteins against AF, and the lowest 10 binding energy
docking models were shown in Figure 7.

As is shown above, the results suggested that Kanzonol
F formed binding energy of 9.9 kcal/mol with NOS3, which
mainly through the conventional hydrogen bond formed with
ARG365, the van der Waals force formed with HIS461,
HIS371 ASP369, SER102, and others, the Pi-cation interaction
with ARG372 (Figure 7A). 25-Hydroxy-3-epidehydrotumulosic
acid formed binding energy of −9.8 kcal/mol with ACE,
mainly through the conventional hydrogen bond, Vander Waals
forces, and Pi-Alkyl interaction (Figure 7B). Colubrinic acid
formed binding energy of −9.2 kcal/mol with ACE, mainly
through a conventional hydrogen bond, Vander Waals forces,
and Pi-Alkyl interaction (Figure 7C), Chrysophanol formed
binding energy of −9.0 kcal/mol with ACE, mainly through
a conventional hydrogen bond, van der Waals forces Pi-Pi
T-Shaped interaction, and Pi-Alkyl interaction (Figure 7D),
Lysicamine formed binding energy of −8.3 kcal/mol with ACE,
mainly through a conventional hydrogen bond, Vander Waals
forces, Pi-Pi T-Shaped interaction, Amide-Pi Stacked interaction
and Pi-Alkyl interaction (Figure 7E). Fumarine formed binding
energy of −7.9 kcal/mol with SIRT1, mainly through van der
Waals force (Figure 7F). Hederagenin formed binding energy of
−7.6 kcal/mol with IL-6, mainly through conventional hydrogen
bond and Vander Waals force (Figure 7G). Machaerinic acid
lactone formed binding energy of −7.6 kcal/mol with VCAM-
1, mainly through conventional hydrogen bond and Vander
Waals force (Figure 7H). JL1 formed binding energy of −7.2
kcal/mol with ACE, mainly through a conventional hydrogen
bond, Vander Waals forces, Pi-Pi T-Shaped interaction, Amide-
Pi Stacked interaction, Pi-anion interaction, and Pi-Alkyl
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FIGURE 7 | The top 10 binding energy molecular docking models. (A) Kanzonol F and NOS3. (B) 25-Hydroxy-3-epidehydrotumulosic acid and ACE. (C) Colubrinic

acid and ACE. (D) Chrysophanol and ACE. (E) Lysicamine and ACE. (F) Fumarine and SIRT1. (G) Hederagenin and IL-6. (H) Machaerinic acid lactone and VCAM-1.

(I) JL1 and ACE. (J) Jujubogenin and KCNH2.
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interaction (Figure 7I), and Jujubogenin formed binding energy
of −6.9 kcal/mol with KCNH2, mainly through a conventional
hydrogen bond, Vander Waals force and carbon-hydrogen bond
(Figure 7J).

Experimental Validation
First, we detected the effect of different doses of DFD and
H2O2 on the viability of HL-1 cells using the CCK-8 assay.
Compared with the control group, there was no significant
changes in the viability of HL-1 cells when 0.1–1.0 g/L DFD
was administrated (Figure 8A). Compared with the group,
there was 50% decrease in the viability of HL-1 cells when
700µM H2O2 was administrated (Figure 8B). Interestingly,
0.25–1.0 g/L DFD could siginificantly reverse the viability
of HL-1 treated with 700µM H2O2 (Figure 8C). Therefore,
we continued to use 1.0 g/L DFD and to 700µM H2O2

to further validate the results obtained in the systematic
pharmacologic analysis. We found that when 700µM H2O2

was given, the levels of ACE, VCAM-1 and IL-6 in HL-1 cells
increased, while SIRT1 and eNOS decreased (Figures 8D–H).
Interestingly, these changes could be restored after 1.0 g/L
DFD (Figures 8D–H). Hoechst 33342 stain indicated that H2O2

aggravated cell apoptosis, and DFD can play a good protective
role (Figure 8I).

DISCUSSION

AF is the most common arrhythmia among clinical practice,
owing to the control of cardiovascular diseases in recent years,
AF has declined significantly, but it still brings adverse results
to patients and a heavy burden to the medical system. DFD is a
traditional Chinese herb mixture, and has been utilized to treat
the phenotype of palpitations for a long time, and has good
effectiveness (10). Our previous work suggests that using the
therapy strategy of DFD combined with metoprolol could benefit
ventricular arrhythmia patients more than using metoprolol
only (10). Besides, using the whole-cell patch-clamp, we have
detected that one mechanism of DFD in treating arrhythmia
is suppressing Nav1.5 (11), and this work aims to detect the
mechanism of DFD in treating AF in network pharmacology
and molecular docking integration strategy and to provide a
supplement therapy strategy of traditional Chinese medicine
for AF.

After screening the related datasets, a total of 168 bioactive
compounds, 1,093 potential targets of DFD, and 346 therapy-
related targets of AF were collected. Then we constructed the
H-C-T-D network, which has demonstrated the highly complex
interactions among herbs, targets, and diseases and initially
revealed the potential mechanism of DFD in treating AF and
determined 89 candidate targets of DFD in treating AF. Next, to
analyze the hub gene and potential functional protein complex
of DFD in treating AF, the 89 candidate targets were applied to
PPI network analysis and relevance analysis, the results filtered
out 6 hub genes and 3 functional complexes. In terms of the 6
hub genes, NOS3 could produce nitric oxide, which is involved
in the progress of vascular smooth muscle relaxation, coronary
vessels angiogenesis, and blood clotting. Besides, NOS3 mediates

the stretch dependence of Ca2+ release in cardiomyocytes,
which is pivotal protection in the prevention of arrhythmia
(47, 48). A study has mentioned that a higher expression level
of NOS3 in Chinese hamster ovary cells could restore the
duration of the plateau phase of action potentials and increase
the bioavailability of nitric oxide, which is Impaired in AF
patients (49). Besides, a study points out that compared to sheep
without AF, the transcript level of NOS3 was attenuated in sheep
models of persistent AF, which was probably caused by increased
NADPH oxidase activity and a violent oxidative reaction (50).
IL-6 has participated in the progress of immune response and
anti-inflammatory activity (51). Recently, clinical proofs have
highlighted the mechanistic link between the expression level
of IL-6 and the development and prognostic of AF (52), the
results suggest a declined expression of IL-6 may spur a lower
incidence of AF (53), further mechanism studies have illustrated
that the mutation of IL-6 and inflammatory reactions related to
IL-6 are pivotal in the progress of atrial remodeling, which is
one of the cores of the development of AF (54–57). Similarly,
recent studies of rats suggested the declined release of IL-
6 is related to the reduction of atrial fibrosis and a lower
incidence of AF (58, 59). ACE is one of the critical regulators of
systemic vascular resistance, blood volume, and cardiovascular
homeostasis. Clinical evidence suggested that the treatment of
ACE blockers can reduce the incidence and the recurrence of
AF (60–62). A review figures out the plasma concentration
of IL-6 and ACE has high sensitivity in the diagnosis of
AF and could be the ideal candidate biomarkers of AF (63).
A study suggested the mutation of ACE is associated with
increased cardiac fibrosis, adverse cardiovascular diseases and
may cause the failure of anti-AF treatment (64). Mechanism
studies suggested that ACE inhibitors could prevent AF by
affecting the inflammation reaction, reducing the accumulation
of the epicardial adipose tissue, and decrease the incidence
of arrhythmia via reverse remodeling (65). KCNH2 is one of
the subunits of the voltage-gated inwardly rectifying potassium
channel.Whichmediates the rapidly activating component of the
delayed rectifying potassium current (IKr) in the heart (66, 67).
The mutation of KCNH2 is associated with familial AF (68)
and is companied by a higher incidence of AF in clinical (69).
Meanwhile, KCNH2 is part of the gene network regulated by
transcription factor ETV1, the upregulation of which is linked
to the development of AF (70). Recently, a gene therapy trial
produced an inspiring result, that gene therapy with KCNH2
could eliminate AF via prolonging atrial action potential duration
(71). Numerous studies suggest that SIRT1, VCAM, VEGFA,
TGFB1, CAP3, and CACNA1C are involved in the progress
of the occurrence, development, and treatment of AF (72–
76).

In further mechanism exploration, the results of GO
analysis suggest that DFD involves the biological processes
closely related to AF, including inflammation, heart modeling,
adrenergic receptor activity, transportation of cation, and cell-
cell contact, which promote the mechanism explaining of
DFD in treating AF. The results of the KEGG pathway
analysis suggest DFD is involved in the cGMP-PKG signaling
pathway via the regulation of ADRA, ADRB, and NOS3.
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FIGURE 8 | Experimental validation. (A) The effect of DFD on the cell viability of HL-1 cells. (B) The effect of H2O2 on the cell viability of HL-1 cells. (C) The effect of

DFD and H2O2 on the cell viability of HL-1 cells. (D) ACE. (E) VCAM-1. (F) IL-6. (G) SIRT1. (H) eNOS. (I) Hoechst 33342 stain. **P < 0.01 compared with control

group, ***P < 0.001 compared with control group, and ****P < 0.0001 compared with control group; #P < 0.05 compared with H2O2 group, ##P < 0.01 compared

with H2O2 group, ###P < 0.001 compared with H2O2 group, and ####P < 0.0001 compared with H2O2 group.

In cardiomyocytes, PKG could suppress Ca2+ conductance,
NFAT activation, myocardial damage, and myocyte hypertrophic
responses (77). Besides, PKG also opens mitochondrial ATP-
sensitive K+ channels and subsequent release of ROS triggers
cardioprotection (77, 78). DFD also involves two linked
pathways including adrenergic signaling in cardiomyocytes
and the cAMP signaling pathway via the regulation of

ADRA1, ADRB, CACNA1, and SCN5A. Pathway of adrenergic
signaling in cardiomyocytes mainly participates in the progress
of cardiomyocyte hypertrophy and apoptosis (79–81), and
the cAMP signaling pathway regulates important physiologic
processes including metabolism, gene transcription, calcium
homeostasis, and muscle contraction (82, 83). The calcium
signaling pathway is another significant pathway related to
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the occurrence of AF development that DFD involves. It is
pivotal in the regulation of muscle contraction, calcium ion
binding, transport, and cell metabolism (84, 85). Nevertheless,
numerous pathways cooperatively correlated with the initiation,
maintenance, and recurrence of AF could be found in the
enrichment analysis results. The results of enrichment analysis
of functional protein complexes suggested that complex A
involves the progress of acute inflammatory response, blood
vessel morphogenesis, regulation of blood vessel endothelial cell
migration, and blood vessel development, Complex B involves
the regulation of blood circulation, circulatory system process,
and hormone levels, which means complex A and B have a
great potential in the regulation of contractile remodeling and
structural remodeling, which are the core mechanisms of AF
(86). Complex C involves the progress of cardiac conduction,
multicellular organismal signaling, cell communication involved
in cardiac conduction, regulation of heart contraction, cardiac
muscle cell action potential, and atrial cardiac muscle cell action
potential, the results suggest that complex C could regulate the
electrical remodeling.

Nevertheless, this study has some limitations. First, although
we hope to detect all bioactive compounds, Os Draconis,
Crassostrea Gigas, has only several references that reported
several compounds, and were excluded for its poor quality of GA
and DL, this is inconsistent with the tranquilizing mind function
harbored by Os Draconis and Crassostrea Gigas mentioned
in traditional Chinese medicine. Moreover, this study was
designed to explore the potential mechanism based on network
pharmacology and molecular docking integration strategy. Same
as other network pharmacology analysis, although taking the
intersection of the potential targets of DFD and the therapy-
related targets of AF in this study makes the result of virtual
screening more reliable, some targets out of the intersection
may be pivotal to the therapy or diagnosis of AF has been
ignored, which is a common and inevitable issue in virtual
screening. Finally, we firstly explored the potential mechanism of
DFD against AF based on network pharmacology and molecular
docking integration strategy with more solid experimental
studies. Although our previous clinical study have proved that
DFD is safe and effective in the treatment of arrhythmias
(10), and in vivo experiments have also verified part of the

antiarrhythmic mechanism of DFD (11), more experiments are
still needed to verify our findings.

CONCLUSIONS

DFD could be utilized in treating AF through a complicated
mechanism, including interactions between related compounds
and targets, as predicted by network pharmacology and
molecular docking. This work confirmed that DFD could be used
for the treatment of AF and promoted the explanation of DFD
for AF in the molecular mechanism.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories
and accession number(s) can be found in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

YL, BL, and L-ZZ conceived, designed, and planned the study.
BL, YL, and X-RW acquired and analyzed the data. BL and
WC interpreted the results. YL and W-SL-H conducted the in
vitro experiment. YL and BL drafted the manuscript. BL and
L-ZZ contributed to the critical revision of the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was funded by General Project of Sichuan Provincial
Administration of Traditional Chinese Medicine (2021MS114)
and Research and Practice Innovation Plan for Postgraduates of
Jiangsu, China (KYCX21_1641).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2021.712398/full#supplementary-material

REFERENCES

1. January CT, Wann LS, Calkins H, Chen LY, Cigarroa JE, Cleveland
JC Jr, et al. 2019 AHA/ACC/HRS focused update of the 2014
AHA/ACC/HRS guideline for the management of patients with atrial
fibrillation: a report of the American college of cardiology/American
heart association task force on clinical practice guidelines and the
heart rhythm society in collaboration with the society of thoracic
surgeons. Circulation. (2019) 140:e125–51. doi: 10.1161/CIR.0000000000
000665

2. Clark DM, Plumb VJ, Epstein AE, Kay GN. Hemodynamic effects of an
irregular sequence of ventricular cycle lengths during atrial fibrillation.
J Am Coll Cardiol. (1997) 30:1039–45. doi: 10.1016/S0735-1097(97)0
0254-4

3. Andresen D, Brüggemann T, Ehlers C. [Clinical aspects and prognosis of atrial
fibrillation]. Zeitschrift Kardiol. (1994) 83 Suppl 5:35–9.

4. Ferro JM. Brain embolism. J Neurol. (2003) 250:139–
47. doi: 10.1007/s00415-003-1017-0

5. Zhao D, Liu J, Wang M, Zhang X, Zhou M. Epidemiology of
cardiovascular disease in China: current features and implications.
Nat Rev Cardiol. (2019) 16:203–12. doi: 10.1038/s41569-018-
0119-4

6. Platonov PG, McNitt S, Polonsky B, Rosero SZ, Zareba W. Atrial
fibrillation in long QT syndrome by genotype. Circ Arrhythm

Electrophysiol. (2019) 12:e007213–e. doi: 10.1161/CIRCEP.119.
007213

7. Liang B, Zhao Y-X, Gu N. Letter by liang et al. regarding article,
“oral anticoagulation in asian patients with atrial fibrillation

Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 November 2021 | Volume 8 | Article 712398

https://www.frontiersin.org/articles/10.3389/fcvm.2021.712398/full#supplementary-material
https://doi.org/10.1161/CIR.0000000000000665
https://doi.org/10.1016/S0735-1097(97)00254-4
https://doi.org/10.1007/s00415-003-1017-0
https://doi.org/10.1038/s41569-018-0119-4
https://doi.org/10.1161/CIRCEP.119.007213
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Liang et al. DFD for AF

and a history of intracranial hemorrhage”. Stroke. (2020)
51:e111. doi: 10.1161/STROKEAHA.120.029434

8. Vizzardi E, Curnis A, Latini MG, Salghetti F, Rocco E, Lupi L, et al.
Risk factors for atrial fibrillation recurrence: a literature review. J

Cardiovasc Med. (2014) 15:235–53. doi: 10.2459/JCM.0b013e32835
8554b

9. Liang Y, Liang B, Wu X-R, Chen W, Zhao L-Z. Network
pharmacology-based systematic analysis of molecular mechanisms
of dingji fumai decoction for ventricular arrhythmia. Evid Based

Complement Alternat Med. (2021) 2021:5535480. doi: 10.1155/2021/55
35480

10. Liang B, Zou F-H, Fu L, Liao H-L. Chinese herbal medicine dingji
fumai decoction for ventricular premature contraction: a real-world
trial. Bio Med Res Int. (2020) 2020:5358467. doi: 10.1155/2020/53
58467

11. Liang B, Zhou Y, Fu L, Liao H-L. Antiarrhythmic mechanisms
of Chinese herbal medicine Dingji fumai decoction. Evid Based

Compl Alternat Med. (2020) 2020:9185707. doi: 10.1155/2020/91
85707

12. Li S, Zhang B. Traditional Chinese medicine network pharmacology:
theory, methodology and application. Chin J Natural Med. (2013) 11:110–
20. doi: 10.1016/S1875-5364(13)60037-0

13. Liang B, Liang Y, Li R, Zhang H, Gu N. Integrating systematic
pharmacology-based strategy and experimental validation to
explore the synergistic pharmacological mechanisms of Guanxin
V in treating ventricular remodeling. Bioorg Chem. (2021)
115:105187. doi: 10.1016/j.bioorg.2021.105187

14. Li H, Zhao L, Zhang B, Jiang Y, Wang X, Guo Y, et al. A network
pharmacology approach to determine active compounds and action
mechanisms of ge-gen-qin-lian decoction for treatment of type 2 diabetes.
Evid Based Compl Altern Med. (2014) 2014:495840. doi: 10.1155/2014/4
95840

15. Liang B, Qu Y, Zhao Q-F, Gu N. Guanxin V for coronary
artery disease: a retrospective study. Biomed Pharmacother. (2020)
128:110280. doi: 10.1016/j.biopha.2020.110280

16. Zhang X-X, Liang B, Shao C-L, Gu N. Traditional chinese medicine
intervenes ventricular remodeling following acute myocardial
infarction: evidence from 40 random controlled trials with 3,659
subjects. Front Pharmacol. (2021) 12:707394. doi: 10.3389/fphar.2021.7
07394

17. Li S. Network pharmacology evaluationmethod guidance-draft.World J Tradi

Chin Med. (2021) 7:146–54. doi: 10.4103/wjtcm.wjtcm_11_21
18. Zhang GB, Li QY, Chen QL, Su SB. Network pharmacology: a new approach

for chinese herbal medicine research. Evid Based Compl Altern Med. (2013)
2013:621423. doi: 10.1155/2013/621423

19. Liang B, Zhang X-X, Gu N. Virtual screening and network
pharmacology-based synergistic mechanism identification of multiple
components contained in Guanxin V against coronary artery disease.
BMC Compl Med Ther. (2020) 20:345. doi: 10.1186/s12906-020-0
3133-w

20. Ru J, Li P,Wang J, ZhouW, Li B, Huang C, et al. TCMSP: a database of systems
pharmacology for drug discovery from herbal medicines. J Chemin. (2014)
6:13. doi: 10.1186/1758-2946-6-13

21. Xu HY, Zhang YQ, Liu ZM, Chen T, Lv CY, Tang SH, et al. ETCM: an
encyclopaedia of traditional Chinese medicine. Nucleic Acids Res. (2019)
47(D1):D976–d82. doi: 10.1093/nar/gky987

22. Kim S, Thiessen PA, Bolton EE, Chen J, Fu G, Gindulyte A, et al. PubChem
substance and compound databases.Nucleic Acids Res. (2016) 44(D1):D1202–
13. doi: 10.1093/nar/gkv951

23. Kesarwani K, Gupta R, Mukerjee A. Bioavailability
enhancers of herbal origin: an overview. Asian Pacific J

Trop Biomed. (2013) 3:253–66. doi: 10.1016/S2221-1691(13)6
0060-X

24. Daina A, Michielin O, Zoete V. SwissADME: a free web tool to
evaluate pharmacokinetics, drug-likeness and medicinal chemistry
friendliness of small molecules. Sci Rep. (2017) 7:42717. doi: 10.1038/srep
42717

25. Daina A, Michielin O, Zoete V. SwissTargetPrediction: updated data and new
features for efficient prediction of protein targets of small molecules. Nucleic
Acids Res. (2019) 47:W357–64. doi: 10.1093/nar/gkz382

26. Wishart DS, Feunang YD, Guo AC, Lo EJ, Marcu A, Grant JR,
et al. DrugBank 5.0: a major update to the DrugBank database for
2018. Nucleic Acids Res. (2018) 46:D1074–d82. doi: 10.1093/nar/gk
x1037

27. Chen X, Ji ZL, Chen YZ. TTD: therapeutic target database. Nucleic Acids Res.
(2002) 30:412–5. doi: 10.1093/nar/30.1.412

28. Rappaport N, Twik M, Plaschkes I, Nudel R, Iny Stein T, Levitt J, et al.
MalaCards: an amalgamated human disease compendiumwith diverse clinical
and genetic annotation and structured search. Nucleic Acids Res. (2017)
45:D877–7. doi: 10.1093/nar/gkw1012

29. Piñero J, Bravo À, Queralt-Rosinach N, Gutiérrez-Sacristán A, Deu-
Pons J, Centeno E, et al. DisGeNET: a comprehensive platform
integrating information on human disease-associated genes and
variants. Nucleic Acids Res. (2017) 45(D1):D833–9. doi: 10.1093/nar/g
kw943

30. Amberger JS, Hamosh A. Searching online mendelian inheritance in man
(OMIM): a knowledgebase of human genes and genetic phenotypes. Curr
Protoc Bioinform. (2017) 58:1.2.1-.2.12. doi: 10.1002/cpbi.27

31. Bateman A, Martin MJ, O’Donovan C, Magrane M, Alpi E, Antunes R.
UniProt: the universal protein knowledgebase. Nucleic Acids Res. (2017)
45:D158–69. doi: 10.1093/nar/gkw1099

32. Liang B, Zhao Y-X, Liao H-L, Gu N. Potential mechanism of suanzaoren
decoction for insomnia based on network pharmacology. Psychosomatic Med

Res. (2019) 1:62–72. doi: 10.12032/psmr2019-1220-013
33. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage

D, et al. Cytoscape: a software environment for integrated
models of biomolecular interaction networks. Genome Res. (2003)
13:2498–504. doi: 10.1101/gr.1239303

34. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas
J, et al. STRING v10: protein-protein interaction networks, integrated over
the tree of life. Nucleic Acids Res. (2015) 43:D447–52. doi: 10.1093/nar/g
ku1003

35. Tang Y, Li M, Wang J, Pan Y, Wu FX. CytoNCA: a cytoscape plugin for
centrality analysis and evaluation of protein interaction networks. Bio Systems.

(2015) 127:67–72. doi: 10.1016/j.biosystems.2014.11.005
36. Bader GD, Hogue CW. An automated method for finding molecular

complexes in large protein interaction networks. BMC Bioinform. (2003)
4:2. doi: 10.1186/1471-2105-4-2

37. Stelzer G, Plaschkes I, Oz-Levi D, Alkelai A, Olender T, Zimmerman S,
et al. VarElect: the phenotype-based variation prioritizer of the GeneCards
Suite. BMC Genom. (2016) 17(Suppl. 2):444. doi: 10.1186/s12864-016-
2722-2

38. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. (2000) 28:27–30. doi: 10.1093/nar/28.1.27

39. Wang XY, Huang GY, Lian FZ, Pan M, Ruan CS, Ling XX, et al.
Protective effect of Xin-Ji-Er-Kang on cardiovascular remodeling
in high-salt induced hypertensive mice: Role ofoxidative stress and
endothelial dysfunction. Biomed Pharmacother Biomed Pharmacother.

(2019) 115:108937. doi: 10.1016/j.biopha.2019.108937
40. Ma S, Ma J, Zhou Y, Guo L, Bai J, Zhang M. Tongguan capsule derived-

herb ameliorates remodeling at infarcted border zone and reduces ventricular
arrhythmias in rats after myocardial infarction. Biomed Pharmacother Biomed

Pharmacother. (2019) 120:109514. doi: 10.1016/j.biopha.2019.109514
41. Ito K, Murphy D. Application of ggplot2 to pharmacometric graphics. CPT

Pharmacometr Syst Pharmacol. (2013) 2:e79. doi: 10.1038/psp.2013.56
42. Burley SK, Berman HM, Christie C, Duarte JM, Feng Z, Westbrook J, et al.

RCSB protein data bank: sustaining a living digital data resource that enables
breakthroughs in scientific research and biomedical education. Protein Sci.

(2018) 27:316–30. doi: 10.1002/pro.3331
43. Rigsby RE, Parker AB. Using the PyMOL application to reinforce visual

understanding of protein structure. Biochem Mol Biol Educ. (2016) 44:433–
7. doi: 10.1002/bmb.20966

44. Sanner MF. Python: a programming language for software integration and
development. J Mol Graph Model. (1999) 17:57–61.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 November 2021 | Volume 8 | Article 712398

https://doi.org/10.1161/STROKEAHA.120.029434
https://doi.org/10.2459/JCM.0b013e328358554b
https://doi.org/10.1155/2021/5535480
https://doi.org/10.1155/2020/5358467
https://doi.org/10.1155/2020/9185707
https://doi.org/10.1016/S1875-5364(13)60037-0
https://doi.org/10.1016/j.bioorg.2021.105187
https://doi.org/10.1155/2014/495840
https://doi.org/10.1016/j.biopha.2020.110280
https://doi.org/10.3389/fphar.2021.707394
https://doi.org/10.4103/wjtcm.wjtcm_11_21
https://doi.org/10.1155/2013/621423
https://doi.org/10.1186/s12906-020-03133-w
https://doi.org/10.1186/1758-2946-6-13
https://doi.org/10.1093/nar/gky987
https://doi.org/10.1093/nar/gkv951
https://doi.org/10.1016/S2221-1691(13)60060-X
https://doi.org/10.1038/srep42717
https://doi.org/10.1093/nar/gkz382
https://doi.org/10.1093/nar/gkx1037
https://doi.org/10.1093/nar/30.1.412
https://doi.org/10.1093/nar/gkw1012
https://doi.org/10.1093/nar/gkw943
https://doi.org/10.1002/cpbi.27
https://doi.org/10.1093/nar/gkw1099
https://doi.org/10.12032/psmr2019-1220-013
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1016/j.biosystems.2014.11.005
https://doi.org/10.1186/1471-2105-4-2
https://doi.org/10.1186/s12864-016-2722-2
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1016/j.biopha.2019.108937
https://doi.org/10.1016/j.biopha.2019.109514
https://doi.org/10.1038/psp.2013.56
https://doi.org/10.1002/pro.3331
https://doi.org/10.1002/bmb.20966
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Liang et al. DFD for AF

45. Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy
of docking with a new scoring function, efficient optimization, and
multithreading. J Comput Chem. (2010) 31:455–61. doi: 10.1002/jcc.21334

46. Kemmish H, Fasnacht M, Yan L. Fully automated antibody structure
prediction using BIOVIA tools: validation study. PLoS ONE. (2017)
12:e0177923. doi: 10.1371/journal.pone.0177923

47. Petroff MG, Kim SH, Pepe S, Dessy C, Marbán E, Balligand JL, et al.
Endogenous nitric oxide mechanisms mediate the stretch dependence
of Ca2+ release in cardiomyocytes. Nature Cell Biol. (2001) 3:867–
73. doi: 10.1038/ncb1001-867

48. Carnicer R, Crabtree MJ, Sivakumaran V, Casadei B, Kass DA. Nitric
oxide synthases in heart failure. Antioxid Redox Sign. (2013) 18:1078–
99. doi: 10.1089/ars.2012.4824

49. Gómez R, Núñez L, Vaquero M, Amorós I, Barana A, de Prada T, et al. Nitric
oxide inhibits Kv4.3 and human cardiac transient outward potassium current
(Ito1). Cardiov Res. (2008) 80:375–84. doi: 10.1093/cvr/cvn205

50. Lenaerts I, Driesen RB, Hermida N, Holemans P, Heidbüchel H,
Janssens S, et al. Role of nitric oxide and oxidative stress in a
sheep model of persistent atrial fibrillation. Eur Soc Cardiol. (2013)
15:754–60. doi: 10.1093/europace/eut012

51. Kang S, Tanaka T, Narazaki M, Kishimoto T. Targeting interleukin-6 signaling
in clinic. Immunity. (2019) 50:1007–23. doi: 10.1016/j.immuni.2019.03.026

52. Markousis-Mavrogenis G, Tromp J, Ouwerkerk W, Devalaraja M, Anker
SD, Cleland JG, et al. The clinical significance of interleukin-6 in heart
failure: results from the BIOSTAT-CHF study. Eur J Heart Failure. (2019)
21:965–73. doi: 10.1002/ejhf.1482

53. Pan J, Wang W, Wu X, Kong F, Pan J, Lin J, et al. Inflammatory
cytokines in cardiac pacing patients with atrial fibrillation
and asymptomatic atrial fibrillation. Panm Med. (2018) 60:86–
91. doi: 10.23736/S0031-0808.18.03452-3

54. Wu N, Xu B, Liu Y, Chen X, Tang H, Wu L, et al. Elevated plasma levels of
Th17-related cytokines are associated with increased risk of atrial fibrillation.
Sci Rep. (2016) 6:26543. doi: 10.1038/srep26543

55. Marcus GM, Whooley MA, Glidden DV, Pawlikowska L, Zaroff JG, Olgin
JE. Interleukin-6 and atrial fibrillation in patients with coronary artery
disease: data from the heart and soul study. Am Heart J. (2008) 155:303–
9. doi: 10.1016/j.ahj.2007.09.006

56. Li J, Solus J, Chen Q, Rho YH, Milne G, Stein CM, et al. Role of inflammation
and oxidative stress in atrial fibrillation. Heart Rhythm. (2010) 7:438–
44. doi: 10.1016/j.hrthm.2009.12.009

57. Lim GB. Arrhythmias: IL-6 and risk of atrial fibrillation in chronic kidney
disease. Nat Rev Cardiol. (2016) 13:183. doi: 10.1038/nrcardio.2016.23

58. Wu Q, Liu H, Liao J, Zhao N, Tse G, Han B, et al. Colchicine prevents
atrial fibrillation promotion by inhibiting IL-1β-induced IL-6 release and
atrial fibrosis in the rat sterile pericarditis model. Biomed Pharmacother

Biomed Pharmacother. (2020) 129:110384. doi: 10.1016/j.biopha.2020.
110384

59. Qiu H, Liu W, Lan T, Pan W, Chen X, Wu H, et al. Salvianolate reduces
atrial fibrillation through suppressing atrial interstitial fibrosis by inhibiting
TGF-β1/Smad2/3 and TXNIP/NLRP3 inflammasome signaling pathways in
post-MI rats. Phytomed Int J Phytother Phytopharmacol. (2018) 51:255–
65. doi: 10.1016/j.phymed.2018.09.238

60. Novo G, Guttilla D, Fazio G, Cooper D, Novo S. The role of the
renin-angiotensin system in atrial fibrillation and the therapeutic
effects of ACE-Is and ARBS. Brit J Clin Pharmacol. (2008)
66:345–51. doi: 10.1111/j.1365-2125.2008.03234.x

61. Mathew JP, Fontes ML, Tudor IC, Ramsay J, Duke P, Mazer CD, et al. A
multicenter risk index for atrial fibrillation after cardiac surgery. JAMA. (2004)
291:1720–9. doi: 10.1001/jama.291.14.1720

62. Genovesi S, Vincenti A, Rossi E, Pogliani D, Acquistapace I, Stella
A, et al. Atrial fibrillation and morbidity and mortality in a cohort
of long-term hemodialysis patients. Am J Kidney Dis. (2008) 51:255–
62. doi: 10.1053/j.ajkd.2007.10.034

63. Tsioufis C, Konstantinidis D, Nikolakopoulos I, Vemmou E, Kalos T,
Georgiopoulos G, et al. Biomarkers of atrial fibrillation in hypertension. Curr
Med Chem. (2019) 26:888–97. doi: 10.2174/0929867324666171006155516

64. Ueberham L, Bollmann A, Shoemaker MB, Arya A, Adams V, Hindricks
G, et al. Genetic ACE I/D polymorphism and recurrence of atrial

fibrillation after catheter ablation. Circ Arrhythm Electrophysiol. (2013) 6:732–
7. doi: 10.1161/CIRCEP.113.000253

65. Martens P, Nuyens D, Rivero-Ayerza M, Van Herendael H, Vercammen
J, Ceyssens W, et al. Sacubitril/valsartan reduces ventricular arrhythmias
in parallel with left ventricular reverse remodeling in heart failure
with reduced ejection fraction. Clin Res Cardiol. (2019) 108:1074–
82. doi: 10.1007/s00392-019-01440-y

66. Kang Y, Guo J, Yang T, LiW, Zhang S. Regulation of the human ether-a-go-go-
related gene (hERG) potassium channel by Nedd4 family interacting proteins
(Ndfips). Biochem J. (2015) 472:71–82. doi: 10.1042/BJ20141282

67. Li K, Jiang Q, Bai X, Yang YF, Ruan MY, Cai SQ. Tetrameric assembly
of K(+) channels requires ER-located chaperone proteins. Mol Cell. (2017)
65:52–65. doi: 10.1016/j.molcel.2016.10.027

68. Shimizu W, Horie M. Phenotypic manifestations of mutations in genes
encoding subunits of cardiac potassium channels. Circ Res. (2011) 109:97–
109. doi: 10.1161/CIRCRESAHA.110.224600

69. Sinner MF, Pfeufer A, Akyol M, Beckmann BM, Hinterseer M, Wacker
A, et al. The non-synonymous coding IKr-channel variant KCNH2-K897T
is associated with atrial fibrillation: results from a systematic candidate
gene-based analysis of KCNH2 (HERG). Eur Heart J. (2008) 29:907–
14. doi: 10.1093/eurheartj/ehm619

70. Rommel C, Rösner S, Lother A, Barg M, Schwaderer M, Gilsbach R, et al. The
transcription factor ETV1 induces atrial remodeling and arrhythmia. Circ Res.
(2018) 123:550–63. doi: 10.1161/CIRCRESAHA.118.313036

71. Amit G, Kikuchi K, Greener ID, Yang L, Novack V, Donahue JK. Selective
molecular potassium channel blockade prevents atrial fibrillation. Circulation.
(2010) 121:2263–70. doi: 10.1161/CIRCULATIONAHA.109.911156

72. Aimé-Sempé C, Folliguet T, Rücker-Martin C, Krajewska M,
Krajewska S, Heimburger M, et al. Myocardial cell death in
fibrillating and dilated human right atria. J Am Coll Cardiol. (1999)
34:1577–86. doi: 10.1016/S0735-1097(99)00382-4

73. Willeit K, Pechlaner R, Willeit P, Skroblin P, Paulweber B,
Schernthaner C, et al. Association between vascular cell adhesion
molecule 1 and atrial fibrillation. JAMA Cardiol. (2017) 2:516–
23. doi: 10.1001/jamacardio.2017.0064

74. Binas S, Knyrim M, Hupfeld J, Kloeckner U, Rabe S, Mildenberger S, et al.
miR-221 and −222 target CACNA1C and KCNJ5 leading to altered cardiac
ion channel expression and current density. Cell Mol Life Sci. (2020) 77:903–
18. doi: 10.1007/s00018-019-03217-y

75. Han L, Tang Y, Li S, Wu Y, Chen X, Wu Q, et al. Protective mechanism of
SIRT1 on Hcy-induced atrial fibrosis mediated by TRPC3. J Cell Mol Med.

(2020) 24:488–510. doi: 10.1111/jcmm.14757
76. Wang J, Ye Q, Bai S, Chen P, Zhao Y, Ma X, et al. Inhibiting microRNA-155

attenuates atrial fibrillation by targeting CACNA1C. J Mol Cell Cardiol. (2021)
155:58–65. doi: 10.1016/j.yjmcc.2021.02.008

77. Jang Y, Wang H, Xi J, Mueller RA, Norfleet EA, Xu Z. NO mobilizes
intracellular Zn2+ via cGMP/PKG signaling pathway and prevents
mitochondrial oxidant damage in cardiomyocytes. Cardiov Res. (2007)
75:426–33. doi: 10.1016/j.cardiores.2007.05.015

78. Sandoval A, Duran P, Gandini MA, Andrade A, Almanza A, Kaja
S, et al. Regulation of L-type Ca(V)1.3 channel activity and insulin
secretion by the cGMP-PKG signaling pathway. Cell Calcium. (2017) 66:1–
9. doi: 10.1016/j.ceca.2017.05.008

79. Schaub MC, Hefti MA, Zaugg M. Integration of calcium with the
signaling network in cardiac myocytes. J Mol Cell Cardiol. (2006) 41:183–
214. doi: 10.1016/j.yjmcc.2006.04.005

80. Grimm M, Brown JH. Beta-adrenergic receptor signaling in
the heart: role of CaMKII. J Mol Cell Cardiol. (2010) 48:322–
30. doi: 10.1016/j.yjmcc.2009.10.016

81. Yang JH, Saucerman JJ. Computational models reduce complexity and
accelerate insight into cardiac signaling networks. Circ Res. (2011) 108:85–
97. doi: 10.1161/CIRCRESAHA.110.223602

82. Serezani CH, Ballinger MN, Aronoff DM, Peters-Golden M. Cyclic AMP:
master regulator of innate immune cell function. Am J Resp Cell Mol Biol.

(2008) 39:127–32. doi: 10.1165/rcmb.2008-0091TR
83. Ahuja M, Jha A, Maléth J, Park S, Muallem S. cAMP and Ca²? signaling

in secretory epithelia: crosstalk and synergism. Cell Calcium. (2014) 55:385–
93. doi: 10.1016/j.ceca.2014.01.006

Frontiers in Cardiovascular Medicine | www.frontiersin.org 15 November 2021 | Volume 8 | Article 712398

https://doi.org/10.1002/jcc.21334
https://doi.org/10.1371/journal.pone.0177923
https://doi.org/10.1038/ncb1001-867
https://doi.org/10.1089/ars.2012.4824
https://doi.org/10.1093/cvr/cvn205
https://doi.org/10.1093/europace/eut012
https://doi.org/10.1016/j.immuni.2019.03.026
https://doi.org/10.1002/ejhf.1482
https://doi.org/10.23736/S0031-0808.18.03452-3
https://doi.org/10.1038/srep26543
https://doi.org/10.1016/j.ahj.2007.09.006
https://doi.org/10.1016/j.hrthm.2009.12.009
https://doi.org/10.1038/nrcardio.2016.23
https://doi.org/10.1016/j.biopha.2020.110384
https://doi.org/10.1016/j.phymed.2018.09.238
https://doi.org/10.1111/j.1365-2125.2008.03234.x
https://doi.org/10.1001/jama.291.14.1720
https://doi.org/10.1053/j.ajkd.2007.10.034
https://doi.org/10.2174/0929867324666171006155516
https://doi.org/10.1161/CIRCEP.113.000253
https://doi.org/10.1007/s00392-019-01440-y
https://doi.org/10.1042/BJ20141282
https://doi.org/10.1016/j.molcel.2016.10.027
https://doi.org/10.1161/CIRCRESAHA.110.224600
https://doi.org/10.1093/eurheartj/ehm619
https://doi.org/10.1161/CIRCRESAHA.118.313036
https://doi.org/10.1161/CIRCULATIONAHA.109.911156
https://doi.org/10.1016/S0735-1097(99)00382-4
https://doi.org/10.1001/jamacardio.2017.0064
https://doi.org/10.1007/s00018-019-03217-y
https://doi.org/10.1111/jcmm.14757
https://doi.org/10.1016/j.yjmcc.2021.02.008
https://doi.org/10.1016/j.cardiores.2007.05.015
https://doi.org/10.1016/j.ceca.2017.05.008
https://doi.org/10.1016/j.yjmcc.2006.04.005
https://doi.org/10.1016/j.yjmcc.2009.10.016
https://doi.org/10.1161/CIRCRESAHA.110.223602
https://doi.org/10.1165/rcmb.2008-0091TR
https://doi.org/10.1016/j.ceca.2014.01.006
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Liang et al. DFD for AF

84. Ferrier GR, Howlett SE. Cardiac excitation-contraction coupling: role of
membrane potential in regulation of contraction. Am J Physiol Heart Circ

Physiol. (2001) 280:H1928–44. doi: 10.1152/ajpheart.2001.280.5.H1928
85. Berridge MJ, Bootman MD, Roderick HL. Calcium signalling: dynamics,

homeostasis and remodelling. Nat Rev Mol Cell Biol. (2003) 4:517–
29. doi: 10.1038/nrm1155

86. Le Heuzey JY, Marijon E, Chachoua K, Waintraub X, Lepillier A, Otmani A,
et al. Pathophysiology of atrial fibrillation: insights into the renin-angiotensin
system. Arch Cardiov Dis. (2008) 101:787–91. doi: 10.1016/j.acvd.2008.09.015

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Liang, Liang, Chen,Wu, Liu-Huo and Zhao. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 16 November 2021 | Volume 8 | Article 712398

https://doi.org/10.1152/ajpheart.2001.280.5.H1928
https://doi.org/10.1038/nrm1155
https://doi.org/10.1016/j.acvd.2008.09.015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Potential Mechanism of Dingji Fumai Decoction Against Atrial Fibrillation Based on Network Pharmacology, Molecular Docking, and Experimental Verification Integration Strategy
	Introduction
	Methods
	Acquisition of Bioactive Compounds and Potential Targets of DFD
	Therapy Targets of AF
	Construction of Herb-Compound-Target-Disease Network
	Protein-Protein Interaction Exploration
	Functional Enrichment Analysis
	Molecular Docking
	Experimental Validation
	Reagents
	Cell Culture
	Cell Counting KIT-8
	Enzyme-Linked Immunosorbent Assay
	Hoechst 33342 Stain


	Results
	Bioactive Compounds and Potential Targets
	Identification of Potential Therapy Targets
	Construction of H-C-T-D Network
	Identification of Hub Genes
	Functional Enrichment Analysis
	Molecular Docking
	Experimental Validation

	Discussion
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


