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Atrial fibrillation (AF) is the most common clinical arrhythmia disorder. It can easily
lead to complications such as thromboembolism, palpitations, dizziness, angina,
heart failure, and stroke. The disability and mortality rates associated with AF are
extremely high, significantly affecting the quality of life and work of patients.
With the deepening of research into the brain-heart connection, the link
between AF and stroke has become increasingly evident. AF is now categorized
as either Known Atrial Fibrillation (KAF) or Atrial Fibrillation Detected After Stroke
(AFDAS), with stroke as the baseline. This article, through a literature review,
briefly summarizes the current pathogenesis of KAF and AFDAS, as well as the
status of their clinical pharmacological and non-pharmacological treatments. It
has been found that the existing treatments for KAF and AFDAS have limited
efficacy and are often associated with significant adverse reactions and a risk of
recurrence. Moreover, most drugs and treatment methods tend to focus on a
single mechanism pathway. For example, drugs targeting ion channels primarily
modulate ion channels and have relatively limited impact on other pathways.
This limitation underscores the need to break away from the “one disease, one
target, one drug/measurement” dogma for the development of innovative
treatments, promoting both drug and non-drug therapies and significantly
improving the quality of clinical treatment. With the increasing refinement of the
overall mechanisms of KAF and AFDAS, a deeper exploration of physiological
pathology, and comprehensive research on the brain-heart relationship, it is
imperative to shift from long-term symptom management to more precise and
optimized treatment methods that are effective for almost all patients. We
anticipate that drugs or non-drug therapies targeting the central nervous system
and upstream pathways can guide the simultaneous treatment of multiple
downstream pathways in AF, thereby becoming a new breakthrough in AF
treatment research.
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AF, atrial fibrillation; AFDAS, atrial fibrillation detected after stroke; KAF, known atrial fibrillaton; ANS,
autonomic nervous system; BBB, blood-brain barrier; ICAM-1, intercellular adhesion molecule-1; PDGF,
platelet derived growth factor; CMED, coronary microvascular endothelial dysfunction; MII, myocarditis
infiltration; EA, electric acupuncture; GGA, geranylgeranylacetone; pAF, paroxysmal atrial fibrillation; cAF,
chronic(persistent) atrial fibrillation; HFrEF-cAF, heart Failure with Reduced Ejection Fraction and chronic
Atrial Fibrillation; POAF, postoperative atrial fibrillation.
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1. Introduction

Atrial Fibrillation (AF)
arrhythmia,
subsequent loss of mechanical function, making it the most

is the most prevalent clinical

characterized by irregular atrial activity and
severe atrial electrical activity disorder. The atrium loses its
regular and orderly electrical activity, replaced by rapid and
disorganized fibrillation waves (1). According to estimates from
the 2010 Global Burden of Disease Study, the worldwide
prevalence of AF is approximately 33 million people. The
incidence of AF is higher in males, while females tend to have a
higher mortality rate associated with AF. In countries such as
Australia, Europe, and the USA, the prevalence of AF among
adults ranges from 1% to 4%, but this figure rises to over 13%
among individuals aged 80 and older. In the United States alone,
there are an estimated 3-5 million people living with AF. With
the aging of the population, it is projected that over 8 million
people in the USA will be affected by AF by 2050. In Europe, the
prevalence of AF is expected to increase from the current estimated
8.8 million to approximately 18 million by 2060. It is estimated that
Japan has around 700,000 individuals with AF, and this number is
projected to surpass 1 million by 2050. In China, approximately 3.9
million individuals aged 60 years or older have AF. However, by
2050, as China’s population of individuals aged 60 years or older
grows to 460 million, it is estimated that 9 million of them will
have AF (2). In 2020, the domestic cardiovascular health and
disease report conducted random sampling statistics of
community residents in 2015. It found that the prevalence of AF
among Chinese residents aged 35 and above was 0.7%, while it
was 1.2% for rural Chinese residents aged 35 and above. Within
this group, the prevalence was 0.1% for individuals aged 35-44
and 4.6% for those aged at least 75. The prevalence of AF did
not differ significantly between genders (3). The most common
comorbidities in AF patients include hypertension, followed by
coronary heart disease and heart failure. Patients aged over 75
with AF are more likely to have coronary heart disease,
hypertension, stroke, cognitive impairment, and chronic
obstructive pulmonary disease (COPD).

Every year, there are 8 million cases of ischemic stroke
worldwide. Among these, 20% of individuals have prevalent atrial
fibrillation, a condition characterized by irregular heart rhythms.
In the remaining 80% of patients without known atrial
fibrillation (KAF), up to 24% can be newly diagnosed with atrial
fibrillation  after

monitoring. Despite this, a significant number of cases still go

undergoing long-term electrocardiogram
undiagnosed due to inadequate monitoring (4). As research into
the brain-heart axis and brain-heart syndromes continues to
expand, scholars have unveiled a close relationship between the
brain and the heart. Within this context, stroke-heart syndrome
has emerged as a crucial branch of brain-heart research. While
some studies suggest there may not be a direct causal
relationship between stroke and atrial fibrillation, certain research
findings indicate that stroke can act as both a cause and a
consequence of atrial fibrillation, or that their interaction may
involve more complex mechanisms (5-7). Consequently, an
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increasing number of studies have started to investigate the
interplay between stroke and AF, categorizing AF into two
groups: known atrial fibrillation (KAF) and newly discovered
atrial fibrillation after stroke (AFDAS), using stroke as a baseline.
KAF is primarily driven by structural changes in the heart, and
therefore, it can be predominantly considered “cardiogenic.” On
the other hand, AFDAS is primarily linked to stroke and may be
regarded as “neurogenic,” or a combination of both.

2. Mechanisms of KAF

KAF is primarily cardiogenic, often stemming from underlying
cardiac abnormalities, and has undergone extensive research (8).
These altered
autonomic function, changes in calcium channels and gap

mechanisms encompass atrial remodeling,
junctional proteins, inflammatory responses, and abnormal gene
expression. When these underlying mechanisms trigger atrial
fibrillation, the rapid and irregular activation of the atria during
atrial fibrillation leads to electrical remodeling. This results in the
shortening of the atrial refractory period and promotes reentry,
creating a detrimental cycle known as “AF begets AF" (9, 10). AF
is both a cause and a consequence of atrial heart disease. The
pathogenesis of KAF is intricate. In this paper, we will provide a

concise overview of the following six aspects (11):

o Electrical remodeling and structural remodeling
« Alterations in the autonomic nervous system

« Calcium-handling remodeling

+ Gap-junction remodeling

o Inflammatory responses

« Abnormalities in gene expression

2.1. Atrial remodeling

Atrial
remodeling and electrical remodeling. Structural remodeling is

remodeling  primarily = encompasses  structural
recognized as a significant factor in the initiation and persistence
of AF (12). Tt involves changes such as atrial enlargement,
cardiomyocyte hypertrophy (13), depolarization, and atrial
fibrosis. Research has indicated that fibrosis is frequently
observed in AF patients, and the increased presence of
fibroblasts, myofibroblasts, and elevated extracellular matrix
deposition in fibrotic tissue disrupts the continuity of myocardial
bundles and

cardiomyocytes.

between
with
isolated atrial fibrillation have revealed abnormal alterations,
glycogen
changes, and signs of chromatin structure depolarization. These

interferes with the gap junctions

Endomyocardial biopsies in patients

including myolysis, accumulation, mitochondrial
changes are characterized by the dispersion and disappearance of
the sarcoplasmic reticulum, as well as degeneration and necrosis
of atrial myocytes (14). In the right atrium of patients with
persistent AF, micronodular content was found to be reduced,
and myolysis with loss of cellular myogenic fiber structure was
observed (15). Additionally, studies have shown that the

activation of the renin-angiotensin-aldosterone system (RAAS),
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particularly angiotensin II (Ang-II), also contributes to structural
remodeling of the atria (16).

Electrical
electrophysiological properties induced by AF and is considered a

remodeling in AF pertains to alterations in

compensatory mechanism to prevent intracellular Ca2+ overload.
Calcium overload is implicated in the electrical and structural
remodeling of the atria, leading to atrial fibrillation, impairment of
cardiac cell vitality, and contractile dysfunction (12, 17). Yoo et al,
using a novel gene therapy approach in a canine model of rapid atrial
pacing, demonstrated that oxidative damage caused by NADPH
oxidase 2 (NOX2) results in the upregulation of acetylcholine-
dependent K-current (IKACh) activity. This mechanism is not only
the origin but also a perpetuator of electrical remodeling in AF.
Experimental evidence also indicated that rapid pacing of canine
atrial myocytes is induced by oxidative damage through the
induction of NOX2 and the production of mitochondrial reactive
oxygen species. This suggests that oxidative damage may trigger
electrical remodeling in AF by a mechanism involving the activation
of protein kinase C epsilon, causing an upregulation of IKACh (18).
Recent studies have also suggested the involvement of SK channels in
atrial remodeling in experimental AF models. Cardiac SK channels
functionally connect voltage-gated calcium ion channels and are
activated during contraction, participating in cardiac action potential
(AP) repolarization. Experimental research demonstrated that SK
channel inhibition can have antiarrhythmic effects by directly
blocking SK channels (19, 20). Channels in the K2P family, such as
TWIK-1, TASK-1, and TASK-3, are background potassium channels,
and research suggests that they can influence the duration of
depolarization in ventricular muscle cells, potentially inducing
arrhythmias. Upregulation of K2P currents can lead to APD
shortening in chronic AF patients, and inhibition of channels like
TWIK-1, TASK-1, and TASK-3 may potentially reverse AF-related
APD shortening, thereby inhibiting atrial fibrillation occurrence and
preventing electrical remodeling (21, 22).

2.2. Changes in autonomic function

Many animal and clinical studies have shown that imbalances
in the cardiac autonomic nervous system (ANS) play a vital role in
developing and maintaining AF, and that parasympathetic and
sympathetic overactivity increase vulnerability to AF (23). The
autonomic nervous system communicates extensively with the
heart through external inputs and ganglionated plexi (GP)
located on the epicardial surface (24). The ANS is closely
associated with heart rate variability, and Agarwal et al. noted
that impaired cardiac autonomic function, characterized by
reduced resting heart rate variability, is associated with a higher
incidence of AF (25). Activation of the autonomic nervous
system can induce atrial tachyarrhythmias, including atrial
tachycardia and AF, by inducing significant and heterogeneous
changes in atrial electrophysiology (23). Research indicates that
autonomic regulation has a significant impact on cardiac ion
channels. Simultaneous activation of the sympathetic and
parasympathetic nervous systems, for example, can lead to
increased intracellular Ca2+ transients by the sympathetic
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nervous system and activation of IKAch by the parasympathetic
nervous system, resulting in shortened APD (action potential
duration) and larger and longer Ca2+ transients. Shortened APD
Ca2+
afterdepolarizations, which can trigger triggered activity and AF

and larger transients create conditions for early

(26). Patterson et al. found that in canine pulmonary veins, rapid
fibrillation could be triggered by
simultaneous stimulation of the parasympathetic and sympathetic

discharges and atrial
nervous systems (27). Other studies have suggested that the
autonomic nervous system not only contributes to the substrate
for AF in normal hearts but also participates in the genesis of
with
contributing to the maintenance of AF and the sympathetic

structural heart disease, the parasympathetic system
system affecting the frequency characteristics of AF (28). As
demonstrated by Arora, interactions between the vagus nerve and
sympathetic nerve stimulation can create ectopic foci, making the
autonomic nervous system a trigger for AF. Additionally, in
ANS forms a substrate for AF

maintenance (29). Park et al. (30) experimentally demonstrated

structural heart disease,

in a canine model that simultaneous sympathetic discharge was
the most common trigger for paroxysmal tachycardia and AF.
Chen et al. discussed the importance of autonomic nervous
system activity in inducing PAF. They demonstrated that vagal
denervation can enhance the efficacy of circumferential
pulmonary vein isolation in preventing AF recurrence. Through
heart rate variability analysis, they found that sympathetic and
parasympathetic imbalances existed before the onset of PAF;
sympathetic and vagal discharges occurred simultaneously prior
to PAF onset in experimental animals (31). Gould et al. also
suggested in their study of persistent AF patients that autonomic
remodeling may be a part of the atrial substrate for AF (32).
Zhang et al. (33) showed that the vagus nerve can regulate AF
through the o7nAChR-mediated cholinergic anti-inflammatory
pathway. To our knowledge, the sympathetic nervous system is
typically associated with the adrenergic system, while the
parasympathetic nervous system is typically associated with the
cholinergic system. In the human body, the autonomic nervous
system and the adrenergic/cholinergic systems interact to
maintain balance. When the sympathetic nervous system is
stimulated excessively or abnormally, it can lead to excessive
release of adrenaline. Workman stated in their research that
adrenergic stimulation by catecholamines can lead to AF in
patients. Catecholamines can influence every electrophysiological
mechanism of AF initiation and maintenance in human atria
(34). In summary, the autonomic nerves inherent to the heart
can act as the sole trigger for initiating AF. Furthermore, current
research suggests that the autonomic nervous system is linked to
other fundamental mechanisms of AF. Modulating the ANS
through electrical stimulation has been considered a promising

therapeutic strategy in clinical and research settings.

2.3. Calcium-handling remodeling

Intracellular calcium (Ca2+) overload and abnormal Ca2+
handling processes can contribute to the development and
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persistence of AF. Research conducted in animal models and
human cardiomyocytes isolated from atrial appendages has
revealed that reduced mRNA and protein expression of L-type
Ca2+ channels, along with altered phosphorylation and redox
potential, result in decreased Ca2+ current density. A reduction
in Ca2+ current density is a hallmark of AF (35). Chelu and
colleagues discovered that abnormal ryanodine receptor 2
(RyR2) with enhanced calcium sensitivity in a mouse model of
AF leads to excessive intracellular calcium release from cardiac
myocytes. This, in turn, causes increased activity of calmodulin-
dependent protein kinase II (CaMKII), which is a critical
downstream effect in individuals susceptible to AF. In a
comparison of patients with and without AF, Hove-Madsen
et al. found that the development of AF was associated with
increased spontaneous calcium release from the sarcoplasmic
reticulum in atrial myocytes (36). Some studies have identified
significant differences in electrical remodeling and calcium
handling among different forms of primary atrial fibrillation
(AF), such as paroxysmal AF (pAF), persistent AF (cAF), and
persistent AF with heart failure (HFrEF-cAF). Their research
demonstrated that abnormal Ca2+ handling promotes ectopic
(triggered) activity and reentry through action potential
duration (APD) shortening and heterogeneous conduction.
These mechanisms are the primary causes of arrhythmia.
Classic indicators of atrial electrical remodeling associated with
AF primarily appear in cAF and HFrEF-cAF. Ca2+-dependent
triggered activity forms the basis for atrial arrhythmias in pAF
patients, primarily due to increased sarcoplasmic reticulum (SR)
Ca2+ load and dysregulation of RyR2, leading to an increased
incidence of spontaneous Ca2+ events (SCaEs), resulting in
delayed afterdepolarizations (DAD) and triggered activity.
Spontaneous cell activity in central atrial cardiomyocytes
increases in pAF patients. In cAF patients’ atrial muscle cells,
higher spontaneous Ca2+ release events are observed, along
with electrical remodeling characterized by APD shortening and
membrane potential hyperpolarization, which promotes reentry.
In cAF, the increased SR Ca2+ release is a result of increased
RyR2 channel open probability (RyR2 Po) mediated by CaMKII
due to excessive phosphorylation of RyR2, making RyR2
channels more sensitive to Ca2+. However, in PAF, there is
primarily an increase in SR Ca2+ uptake, opposite to the
cAF, in RyR2
phosphorylation is found, nor is atrial fibrillation-related

decrease observed in and no increase
electrical remodeling observed in pAF cardiomyocytes. Studies
in HFrEF-cAF patients did not observe a decrease in connexin-
43, but markers of fibrosis (collagen-1a, fibronectin, periostin)
were expressed at higher levels. Myosin and RyR2 protein levels
both decreased, but SERCA2a expression increased, leading to
increased RyR2-Ser2814 phosphorylation, making RyR2 more

sensitive to Ca2+ (10, 37, 38).

2.4. Gap-junction remodeling

Gap junctions represent a significant determinant of electrical
impulse conduction in cardiac tissue (39). In the atria, the
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primary gap junction subunits are connexins40 and connexins43.
Notably, there is substantial heterogeneity in the distribution of
connexins throughout different regions of the heart. In a study
on goats, it was discovered that the “gap junction remodeling”
process is involved in the stabilization of atrial fibrillation. As the
duration of atrial fibrillation increases, apart from the
redistribution of Cx40, the overall levels of these gap junction
proteins also significantly decrease (40). van der Velden et al. in
their research indicated that local variations in the expression of
connexin proteins (Cx40 or Cx43), whether upregulated or
downregulated, may underlie conduction velocity heterogeneity
(or dispersion), thereby creating conditions conducive to micro-
reentry, which could lead to sustained atrial fibrillation (41).
Therefore, Changes in connexins in AF may contribute to local
conduction abnormalities and may facilitate the initiation and

perpetuation of AF (17).

2.5. Inflammatory response

Inflammation and the associated immune response play a role
in initiating and sustaining AF. Inflammatory signaling pathways
are causally involved in the development of atrial electrical
remodeling, calcium handling, and structural remodeling. These
pathways can also influence neural growth and autonomic
variations by affecting the heart’s intrinsic cardiac nervous
system (42). Research has demonstrated that AF can further
exacerbate inflammation, and mediators of the inflammatory
response can modify atrial electrophysiology and structural
substrates, increasing susceptibility to AF. Postoperative atrial
fibrillation (POAF) is a common complication following cardiac
surgery, often peaking 2-4 days after the procedure. It typically
manifests as newly developed atrial fibrillation immediately after
surgery, with episodes being short in duration, paroxysmal, and
asymptomatic. Evidence suggests that inflammation may be one
of the complex mechanisms contributing to the occurrence of
POAF. Tt is associated with inflammatory biomarkers such as IL-
2, IL-6, and C-reactive protein (43). In their study, Fakuade and
colleagues also found that abnormal calcium handling, primarily
impaired SR calcium uptake, not only results in pre-existing
atrial contractile dysfunction but also creates a substrate for atrial
arrhythmias, making patients more susceptible to POAF (44).
Subsequent research by Heijman and others revealed that
patients who develop POAF exhibit clear abnormalities in
calcium handling and activation of the NLRP3-inflammatory/
CaMKII signaling pathway in atrial cardiomyocytes. These
substrates  render sensitive  to

molecular cardiomyocytes

spontaneous calcium release and arrhythmogenic
afterdepolarizations, particularly when exposed to inflammatory
mediators (45). Furthermore, inflammation also regulates calcium
homeostasis and connexins, which are linked to AF triggers and
heterogeneous atrial conduction. Inflammatory pathways mediate
myolysis, myocardial apoptosis, and fibrosis through fibroblast
activation, transforming growth factor-p signaling, and matrix
metalloproteinase activation, all structural

remodeling of the atria (46, 47).

contributing to
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2.6. Abnormal gene expression

Early studies have indicated that a family history of AF is linked
to a 70% increased risk of AF in offspring (48). Currently, AF
genetics is an emerging focus in AF research (49), and
microRNAs represent a significant target in genetic studies of
AF-related genes that regulate cardiac electrophysiology, as well
as the electrical and structural remodeling associated with AF.
MicroRNAs, often referred to as miRNAs, are highly conserved
noncoding RNAs that are abundantly present in microvesicles
and exert control over gene expression at the transcriptional or
post-transcriptional level. Some studies have unveiled the crucial
role of miRNAs in the
cardiovascular diseases, including AF. To date, several miRNAs
found in atrial tissue, such as miR-1, miR-21, miR-26, miR-29,
miR-30a/b, miR-31, miR-328, and miR-208a/b, have been reported
to be involved in atrial electrical and structural remodeling (50).

development and progression of

Certain studies have identified gain-of-function and loss-of-
function mutations in K-channel genes within families exhibiting
rare “isolated” AF. Furthermore, in genome-wide association
studies involving patients with “isolated” AF, common variants in
genes associated with potassium (K) currents have been identified
(51). Additionally, genome-wide association studies have identified
the chromosome 4q25 locus as the most significant genome-wide
association study locus influencing AF susceptibility in the general
population to date. Several haplotypes on chromosome 4q25 have

been independently linked to an increased risk of AF (52) (Refer to

10.3389/fcvm.2023.1270452

3. Potential mechanisms of AFDAS

Recent studies have revealed that AFDAS represents a
to KAF (53, 54).
Approximately 5% of patients who had no previous history of

distinct clinical condition compared
AF may develop AF following an acute ischemic stroke. This
newly occurring AF is referred to as newly detected AF or
newly diagnosed AF and is typically characterized by being
paroxysmal, brief in duration, and asymptomatic (55). The
concept of AFDAS has recently been incorporated into
the 2020 European Society of Cardiology guidelines for the
diagnosis and management of AF (56).

Early detection of AFDAS following a stroke poses a diagnostic
challenge, requiring extended electrocardiogram (ECG) monitoring
and long-term ECG examination during the initial stages of stroke
patients (53, 55). Studies have indicated that AF can be newly
diagnosed in around 7%-10% of patients within the first 3-5
days after a stroke. The detection rate increases to 24% or more
after cardiac monitoring spanning 6-12 months (7). It'’s worth
noting that the early-detected symptoms of atrial fibrillation may
not necessarily represent newly developed atrial fibrillation after a
stroke; they could also signify pre-existing (yet asymptomatic)

Current research has
(primary),
Although the question of

primary atrial fibrillation (5, 57, 58).
attributed AFDAS
(secondary),

to cardiogenic neurogenic
and mixed variants.
whether some AFDAS cases are neurogenic remains subject to

debate, clinical evidence still supports the existence of a post-

Figure 1). stroke neurogenic mechanism in patients with AFDAS.
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In certain instances, AFDAS discovered following an acute
ischemic stroke may be temporary and possibly intermittent,
resulting from autonomic dysfunction and an immune-
inflammatory response triggered by the stroke (6). The majority
of recent studies concur that autonomic dysfunction and the
immune-inflammatory response are the primary underlying
mechanisms of AFDAS. These mechanisms are intricately

connected to the insula region of the brain.

3.1. Autonomic nervous system

The central autonomic nervous system comprises neuronal
groups within various cortical regions, including the insula,
ventral medial prefrontal cortex, and anterior cingulate cortex, as
well as subcortical regions like the amygdala and hypothalamus,
along with the brainstem, including areas like the periaqueductal
gray matter of the midbrain, the parabrachial nucleus, the
Kolliker-Fuse region of the lateral pons, the solitary bundle
nucleus in the medulla, the ventral lateral medulla oblongata, and
the intermediate medullary reticular area. These structures
regulate cardiovascular function via sympathetic preganglionic
and parasympathetic postganglionic fibers collectively known as
the exogenous cardiac nervous system. This system connects to
the intrinsic cardiac nervous system, consisting of cardiac
located  within the
peripulmonary venous adipose tissue. This intricate network

neurons ganglion plexus found in
receives impulses from the myocardium and pressure receptors,
allowing for autonomic adjustments. Stroke-cardiac syndrome’s
diverse clinical manifestations are believed to stem from stroke-
induced changes in the central autonomic network’s function
and structure, resulting in dysregulation of cardiac autonomic
control. Notably, within the central autonomic network, which
encompasses various brain structures, the insular cortex,
prefrontal cortex, cingulate cortex, amygdala, hypothalamus, and
hippocampus roles

play vital in regulating cardiovascular

function by modulating sympathetic input to the heart (7). The

insular cortex, in particular, is a complex and highly
interconnected structure with diverse functions, including
interoception, multimodal sensory processing, autonomic

regulation, and emotional guidance of self-awareness and social
behavior. Research by Seifert et al. (59) suggests that reduced
heart rate variability (HRV) indicators are more pronounced in
patients with right insula involvement. This implies that the right
insular cortex, right frontal cortex, right parietal cortex, as well as
lesions in the right amygdala, basal ganglia, thalamus, and their
proximity to the development of arrhythmias, are interconnected.
Experimental studies have demonstrated that stimulating the left
insular cortex tends to evoke a parasympathetic cardiac response,
while stimulating the right insular cortex leads to a sympathetic
response. Cerebrovascular lesions near the right insular cortex
significantly impact heart function (60-62). According to Sposato
et al. (11), the autonomic regulation of cardiac rhythm
constitutes an integrated transmission system, with the highest
control center residing in the cerebral cortex, particularly within
the insular region. The occurrence of AF may result from an
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imbalance between sympathetic and parasympathetic activity, a
common consequence following insula infarction, disrupting
autonomic regulation and the brain’s control of the heart’s
intrinsic autonomic nervous system. Likewise, Cerasuolo et al.
(58) posited, based on heart neuroanatomy, that the heart’s
intrinsic autonomic nervous system consists of a ganglia plexus
distributed along the ends of the pulmonary veins in the left
atrium and within the pericardium. This system is highly
regulated by the external autonomic nervous system. Therefore,
damage to the insular cortex or its projection areas may trigger
AFDAS within the ganglion plexus. Clinical studies conducted by
Romano et al. (63) have revealed the critical role of the right
insular cortex in autonomic control of cardiac function. Strokes
confined to this region can lead to alterations in sympathetic
balance. Hilz et al. (64) investigated the relationship between
NIHSS scores and autonomic function, concluding that increased
stroke severity corresponds to a progressive loss of overall
autonomic regulation, reduced parasympathetic tone, heightened
stress reflex sensitivity, and a gradual shift toward sympathetic
dominance. Such changes within the autonomic nervous system
increase the risk of cardiovascular complications and worsen
prognosis in severe stroke patients. Additionally, Wang et al. (65)
demonstrated that sympathetic overactivity following stroke
results in a massive release of catecholamines, which directly
overstimulate B-adrenergic receptors on cardiac nerves. This
leads to abnormal Ca2+ handling in cardiomyocytes, triggering
ectopic cardiac activity. Dorrance et al. (66) also highlighted the
role of cerebral ischemia in the release of systemic catecholamines,
leading to increased sympathetic tone. The surge in catecholamines
overactivates B 1-adrenergic receptors, causing intracellular calcium
overload, muscle rigidity, metabolic imbalance, and cell death.
Furthermore, it overactivates o 1-adrenergic receptors, leading to
coronary artery constriction and reduced myocardial blood flow.

3.2. Immuno-inflammatory response

In the acute phase of a stroke, brain injury triggers a localized
inflammatory response, characterized by the proliferation of
microglia and astrogliosis. This leads to a substantial release of
cytokines and chemokines. Simultaneously, due to damage to
endothelial cells, the blood-brain barrier (BBB) becomes more
permeable, allowing pro-inflammatory molecules to enter the
peripheral circulation through the compromised BBB. This
process induces systemic inflammation (67).

It has been demonstrated that inflammatory mediators
alter  atrial structural

progressively electrophysiology and

substrates through various signaling pathways, increasing
susceptibility to AFDAS (65). Research by Cerasuolo et al. has
emphasized the critical role of systemic inflammation in AFDAS
development, primarily through the autonomic cascade response
and atrial myocarditis. The autonomic cascade response within
the ganglion plexus may result from autonomic dysfunction
caused by systemic inflammation following a stroke. Prolonged
inflammatory responses can lead to atrial remodeling and

perpetuate the effects of AF through atrial myocarditis, further
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contributing to the pro-thrombotic state associated with AF.
Furthermore, Sposato et al. (6) have suggested that inflammation
triggering AF in the first days after an ischemic stroke may occur
through the stimulation of inflammatory mediators on the
intrinsic autonomic nervous system and direct damage to the
atrial myocardium. Additionally, a study by Victoria et al. (68)
has indicated that ischemic stroke patients with localized damage
the
microvascular endothelial dysfunction (CMED), myocarditis
infiltration (MII), and fibrosis. Even 28 days after a stroke, left
ventricular tissue exhibited prolonged fibrosis and B-lymphocyte

to right insular cortex develop left atrial coronary

infiltration. This supports Balint et al.’s findings (69), suggesting
that CMED, MII, and fibrosis due to ischemic stroke in the left
and right insula are pathological markers of arrhythmogenesis.
Various inflammatory cytokines can significantly affect
changes in ion channel function and structural substrates. Studies
by Liew et al. have shown that TNF-o overexpression leads to
abnormal Ca2+ handling and electrical remodeling. Saba et al.
(70) have demonstrated that TNF-o activation also stimulates
mouse cardiac fibroblasts and increases matrix metalloproteinase
two secretion through the transforming growth factor j signaling
pathway. IL-6 promotes the synthesis of various inflammatory
factors, including TNF-o, C-reactive protein, fibrinogen, and
IL-1B, while also promoting ICAM-1 expression and activating
matrix metalloproteinases in cardiac myocytes. This induces
apoptosis and fibrosis (65). In mouse models, Liao et al. (71)
have identified mast cells as critical mediators of allergic and
immune responses, which are essential in the pathogenesis of AF
in stressed mouse hearts. In contrast, platelet-derived growth
factor (PDGF), primarily produced by fibroblasts and mast cells,
is another inflammatory cytokine that affects both electrical and
structural alterations in cardiac myocytes. PDGF-A promotes cell

10.3389/fcvm.2023.1270452

proliferation and collagen expression in mouse cardiac
fibroblasts, leading to atrial fibrosis, increased susceptibility to
AF, and electrical remodeling.

In summary, current research into the potential mechanisms of
AFDAS has centered on the role of autonomic dysfunction,
especially after insular damage. The inflammatory response in
the heart is triggered by cerebral ischemia, although these
mechanistic theories are still in the exploratory research stage.
There the

pathophysiological mechanisms of AFDAS. However, the clinical

is no definitive evidence to fully explain
incidence of AFDAS is rising, with studies suggesting that AF
may be newly detected in nearly a quarter of stroke or transient
ischemic attack patients and in around 5% of patients with no
prior history of AF (55, 72). Paroxysmal AF is more common
than persistent AF (73). AFDAS increases the risk of recurrent
stroke, and mortality rates are 1.5 times higher in patients with
AFDAS after a stroke compared to those without AF (74).
According to current guidelines, oral anticoagulants are the
preferred choice for early prevention and treatment of AFDAS.
However, anticoagulants pose a bleeding risk and may not be
suitable, especially for patients with hemorrhagic strokes.
Therefore, the need for new alternative treatments for early
prevention and management of AFDAS is pressing (Refer to
Figure 2).

In this article, we have broadened the concept of KAF to
encompass cardiogenic AF resulting from underlying cardiac
abnormalities. This type of AF not only significantly elevates the
risk of thromboembolism but is also associated with a higher
prevalence of coronary artery disease, congestive heart failure,
prior myocardial infarction, and a history of cerebrovascular
events compared to AFDAS. Patients with KAF typically exhibit

larger left atrial dimensions and lower left ventricular ejection
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Potential mechanisms of AFDAS.
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fractions than those with AFDAS. Moreover, patients with KAF
face a heightened risk of stroke recurrence compared to AFDAS
patients. It’s worth noting that in clinical practice, there is a
subtype of atrial fibrillation known as secondary atrial fibrillation
(SAF), which shares some similarities with AFDAS. SAF is
characterized by self-limiting and reversible clinical features and
is often secondary to conditions such as surgery, acute infections,
atrial fibrillation
(POAF) is the most common form of SAF, especially following

and myocardial infarction. Postoperative
valve replacement surgery. Inflammation and the influence of the

autonomic nervous system are key mechanisms in the
development of POAF, somewhat resembling the potential
mechanisms in AFDAS (75). Some studies suggest that SAF
patients may have different stroke and bleeding risks compared
to KAF patients. SAF patients have a higher bleeding risk than
KAF patients, and this bleeding risk may even surpass their risk
of stroke. This conclusion is drawn from observations that the
use of anticoagulants does not effectively reduce the risk of
ischemic stroke in newly diagnosed atrial fibrillation patients
associated with acute coronary syndrome (ACS), acute pulmonary
disease, and sepsis. Furthermore, a higher bleeding risk has been
noted in patients with acute pulmonary disease, leading to the
conclusion that anticoagulation therapy’s benefits for SAF may be
limited, offering no advantage in reducing stroke risk and
potentially increasing the risk of bleeding (76). Additionally,
research has shown that secondary atrial fibrillation patients face a
lower average recurrence risk and a reduced risk of heart failure.
However, this does not imply that we can disregard the risk of
recurrence. Infection-induced secondary atrial fibrillation carries a
thromboembolic risk twice as high as non-infection-induced atrial
fibrillation and is associated with higher mortality and poorer
treatment outcomes (77). For newly diagnosed and secondary atrial
fibrillation patients, heightened vigilance for recurrent atrial
fibrillation may be necessary. Nonetheless, the optimal monitoring
and thromboembolic prevention strategies for SAF patients remain
unclear at this time (78).

In summary, KAF, SAF, and AFDAS all pose significant clinical
challenges in contemporary medicine, and early imaging, such as
head CT or MRI],

monitoring, or Holter testing, should be conducted for early

long-term  electrocardiogram, cardiac

prevention and treatment.

4. Current therapeutic advances and
limitations

Over the past decade, significant breakthroughs have occurred
fibrillation  (AF),
epidemiology, genetics, electrophysiology, and molecular cell

in understanding  atrial encompassing
biology. Concurrently, there has been a growing focus on
research related to brain-cardiac syndrome and stroke-cardiac
syndrome, strengthening the connection between brain function
and cardiac health. This has accentuated the need to urgently
address the clinical issues surrounding cardiac complications
arising from strokes. In the 2020 guidelines by the European
Society of Cardiology (ESC) for the diagnosis and treatment of
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AF, patients with AF are recommended to undergo a thorough
evaluation based on four key criteria. These criteria encompass
assessing stroke risk using the CHA2DS2VASc score, evaluating
symptom severity with the EHRA Score, gauging the severity of
AF burden (which
persistent, and permanent forms), and assessing substrate
takes aging,
comorbidities, and structural heart disease. These guidelines also

includes  self-termination, paroxysmal,

severity, ~which into account factors like

propose a comprehensive A-B-C approach to treatment.

4.1. Stroke avoidance

In this context, “A” represents stroke avoidance, highlighting
the role of anticoagulation therapy. While current clinical
practice recommends oral anticoagulants as the primary
treatment for AFDAS, it’s important to note that the use of oral
anticoagulants has been associated with an increased risk of
bleeding, recurrent ischemic stroke, and mortality (79). Although
the adverse risks associated with early anticoagulant use are
lower compared to later stages of treatment (80), it’s crucial to
understand that this form of anticoagulation primarily aims to
prevent and manage complications related to ischemic strokes

rather than addressing the root cause of the condition.

4.2. Better symptom management

“B” represents better symptom management, emphasizing
heart rate and rhythm control. Early rhythm control refers to
prompt intervention with antiarrhythmic medications or AF
ablation for patients with early atrial fibrillation and underlying
cardiovascular diseases. A growing body of evidence supports the
effectiveness of early rhythm control in high-risk patients, as it
can reduce irreversible atrial remodeling, prevent adverse
outcomes like AF-associated death, heart failure, and stroke, and
potentially halt the progression of AF, sparing patients from
years of symptomatic AF (80-82). Current clinical treatments for
KAF

approaches. First-line pharmacologic therapy primarily includes

involve both pharmacologic and non-pharmacologic
antiarrhythmic drugs, with amiodarone being one of the most
commonly used and effective antiarrhythmic drugs. These drugs
primarily target ion channels, although their efficacy in
maintaining normal heart rhythm, especially as first-line drugs, is
somewhat limited. Additionally, they come with various toxicity
concerns (83), such as amiodarone, which can potentially lead to
thyroid dysfunction, pulmonary fibrosis, skin disorders, and
other minor adverse reactions (84). Some antiarrhythmic drugs
even have proarrhythmic effects and an increased risk of death
(85, 86).

Apart from antiarrhythmic drugs, modern clinical studies have
introduced various innovative ideas and methods for AF treatment.
For example, research by Wiedmann investigated the effectiveness
of Doxapram in antiarrhythmic effects using large clinical animal
models. They based their study on the significant upregulation of
TASK-1 (K2P3.1) in AF patients, providing a basis for inducing
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AF-related electrical remodeling. The study found that Doxapram
could block the upregulation of atrial TASK-1 current and
associated shortening of the action potential duration (APD),
successfully inducing acute cardioversion in paroxysmal AF and
rhythm control in persistent AF. This experiment served as a
preclinical pilot study, demonstrating Doxapram’s potential as a
Class IIT antiarrhythmic agent, with further clinical trials needed
to assess its impact on AF patients (87). Simultaneously, in another
study, they also discovered that the TASK-1 inhibitor A293 could
induce cardiac cardioversion in paroxysmal and persistent AF pig
models, exhibiting antiarrhythmic effects (88, 89). Currently, the
K2P3.1 channel has emerged as a novel strategy for treating atrial
fibrillation. However, it’s worth noting that some research indicates
an association between the new gene KCNK3 and familial and
idiopathic pulmonary arterial hypertension, potentially elevating
pulmonary artery pressure (89, 90).

SK channels have also become a new target for AF treatment,
similar to TASK-1, primarily expressed in the atria. Studies
suggest that in the late phase of inducing atrial fibrillation action
potentials, SK channels contribute to repolarization of atrial
myocardial cells. By blocking SK channels, one can prolong the
action potential duration of atrial myocardial cells, reduce their
excitability, and aid in restoring normal rhythm (91). Diness and
their team explored a novel SK channel inhibitor—AP14145 in
their research. They demonstrated that AP14145 selectively
prolonged the refractory period of the pig left atrium and
shortened the duration of acutely induced AF, but it’s important
to note potential adverse effects such as vomiting. In another
study, they evaluated the antiarrhythmic effects of three SK
channel inhibitors, UCL1684, N-(pyridin-2-yl)-4-(pyridin-2-yl)
thiazol-2-amine (ICA), and NS8593. These three drugs were
found to prolong atrial effective refractory period without
affecting the QT interval, effectively preventing or terminating
AF, and were equally suitable for patients with paroxysmal AF
and hypertension (92-94). However, SK channel blockers still
need further testing in large-scale phase III trials.

The renin-angiotensin-aldosterone system (RAAS) plays a role
in the development and progression of AF, with angiotensin II
lead to
fibroblast
proliferation. Li et al. (95) demonstrated that sacubitril/valsartan

activating  intracellular ~ signaling cascades that

cardiomyocyte  hypertrophy,  apoptosis,  and
could improve atrial remodeling and ultimately reduce the
occurrence and recurrence of AF by inhibiting RAAS activation
and lowering blood pressure. However, this type of drug may be
more targeted to patients with hypertension-induced AF, and its
therapeutic scope may be relatively limited. Recent studies have
suggested that elevated expression of Hsp27, a chaperone shock
protein, observed in patients with paroxysmal AF, may help
protect cardiomyocytes and limit the progression of persistent
AF (96). Polyglutinyl acetone (GGA), a natural product extracted
from licorice, is thought to have various biological activities such
as anti-inflammatory, antioxidant, and anti-stress properties.
Some studies have found that HSP induction can prevent
remodeling induced by atrial tachycardia. Oral HSP inducer
GGA has been shown to prevent AF in clinically relevant animal
models, suggesting the use of HSP inducers as a novel approach
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to treating atrial fibrillation (97). Chloroquine, an anti-malarial
drug, has shown promise in treating AF as it selectively blocks
inwardly rectifying K+ channels (98-100). However, prolonged
use of chloroquine is not without systemic effects. Vericiguat, a
soluble guanylate cyclase agonist, has been investigated for its
potential to treat AF by decreasing electrical and structural
remodeling in rabbit models of AF. However, the specific
mechanism of its effect on AF remains unclear, and the drug has
not yet been widely validated, although it may hold potential
value in AF treatment (101). Other studies have indicated that
endoplasmic reticulum stress-induced autophagy is a crucial
pathway in the progression of AF. Experimental evidence has
shown that 4-phenylbutyrate can prevent electrical remodeling
and slow the progression of AF by inhibiting autophagy
activation and transient calcium loss, highlighting the potential
therapeutic benefits of the endoplasmic reticulum stress inhibitor,
4-phenylbutyrate (102). Zhang et al. also suggested that histone
deacetylase (HDAC6) has the potential to prevent AF-associated
remodeling, indicating that HDAC6 could be a viable therapeutic
target for clinical AF treatment. Ying et al. (103) demonstrated
that colchicine could reduce AF recurrence by mitigating
electrical remodeling in post-surgical AF. This effect is achieved
through the inhibition of immune-related gene expression and
the stabilization of microtubules. “IKur,” an ultra-rapid delayed-
rectifier K+ current, is exclusive to the atria, and several drugs
have shown that effective IKur inhibition can terminate AF and
prevent its recurrence (104). However, highly selective IKur
blockers are not effective in prolonging atrial refractoriness and
are downregulated in the human atria during persistent atrial
fibrillation, raising questions about the relevance of IKur as a
target for anti-fibrillation therapies (105, 106). A relatively low
dose of galactomannan (GM CT-01), administered intravenously,
demonstrated the ability to reduce both structural and electrical
remodeling, as well as the burden of AF in a sheep model of
persistent AF without comorbidities. However, it’s important to
note that Gal-3 inhibition did not lead to the long-term
restoration of sinus rhythm (105). Among the protein family,
Cx40 appears to be one of the most promising therapeutic
targets because of its high expression in the atria while not being
Shiroshita-Takeshita et al. (107)
discovered that antiarrhythmic peptides improved gap-function

present in the ventricles.
conduction, with rotigaptide showing improved conduction
velocity in several animal models. Although antiarrhythmic
peptides hold potential benefits for AF, their effects may not be
consistent throughout the atrium, possibly exacerbating the
existing heterogeneity of atrial electrophysiology. This interaction
could be influenced by factors such as fibrosis and ion channel
remodeling in the atria. The G-protein-IP3-Ca2+ signaling axis
has also been proposed as a potential target for AF treatment,
acting by modulating intracellular calcium ion concentrations
(108). However, doubts remain regarding its selectivity, as this
axis is functionally active in many cellular processes and cell
types, which could lead to potential adverse events in the heart
and other organs. Consequently, no drugs targeting the G-
protein-IP3-Ca2+ signaling axis have been tested for atrial
fibrillation treatment in humans (105). Inflammation of atrial
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tissue is implicated in arrhythmic remodeling and is considered a
potential target for antiarrhythmic therapy. Corticosteroids,
known for their potent anti-inflammatory effects, have been
studied for their ability to prevent atrial fibrillation after cardiac
surgery (109). However, their use is limited due to potential
adverse effects, especially with long-term use.

In addition to Western medicine, traditional Chinese herbs
have been explored for AF treatment. WenXin Granules, a Chinese
medicinal preparation consisting of various herbs like Gan Song,
Codonopsis, Panax Ginseng, Succinum, and Rhizoma Polygonati
QOdorati, has been used to aid in the treatment of cardiovascular
diseases. It offers benefits such as improving blood circulation,
reducing blood stasis, dilating blood vessels, and regulating
cardiac function. Research has suggested that WenXin Granules
might exhibit atrial-selective inhibitory effects on INa (110).

In addition to drug therapy, non-pharmacological treatments
the
cardioversion, pulmonary vein electrical isolation, ablation, left

primarily  encompass following  methods: electrical

atrial  appendage  occlusion, gene therapy, pacemaker
implantation, low-level vagus nerve stimulation, and acupuncture.
It’s worth noting that His bundle ablation, cardiac pacing, and
electrical cardioversion do not prevent the occurrence and
progression of new AF and necessitate continued anticoagulation
therapy. His bundle ablation, which disrupts the His bundle in
the conduction system between the atria and ventricles to block
abnormal electrical signaling and restore normal rhythm,
traditionally requires continuous right ventricular pacing after
interrupting ventricular conduction. This can potentially lead to
of

physiological pacing strategies, such as LBB/LB area pacing,

a deterioration cardiac function. However, modern
physiological rate-responsive pacing, multi-chamber pacing, and
adaptive pacing, have emerged to address the issues associated
with adverse reactions seen in traditional pacing. These strategies
maintain synchronous contraction of the left and right ventricles,
reducing adverse reactions and improving the effectiveness of
cardiac treatment and patient quality of life (111). Nonetheless,
it’s important to recognize that not all patients may require or
benefit from these modern physiological pacing strategies, and
factors such as regular monitoring and economic costs also need
consideration. Catheter ablation offers better efficacy in rhythm
control compared to antiarrhythmic drugs but carries a
significant rate of AF recurrence, particularly in patients with
persistent AF, which may necessitate repeat procedures (112).
There are numerous complications associated with catheter
ablation, with vascular complications being the most common,
followed by pericardial effusion, pericardial tamponade, and
stroke or transient ischemic attack (86). Among the different
types of catheter ablation, radiofrequency (RF) ablation is a
that rhythmic

conduction pathways using radiofrequency energy. However, RF

procedure disrupts abnormal sources or
ablation can lead to complications such as cardiac perforation,
esophageal injury, and pulmonary stenosis. Cryoballoon ablation,
which freezes abnormal rhythm sources or conduction pathways,
can result in complications like phrenic nerve injury (113). In
contrast, pulsed field ablation (PFA) is a novel non-thermal

ablation method that selectively ablates cardiac tissue while
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thus
complications associated with thermal ablation (114). Studies

preserving other anatomical structures, avoiding
have shown PFA to be a feasible and safe ablation method for
mitral isthmus ablation in persistent atrial fibrillation patients, in
addition to pulmonary vein isolation (PVI). However, some
reversible and non-lethal adverse events were observed in
experiments, such as coronary artery spasm and a 20%
recurrence rate (115). Furthermore, studies comparing cell death
induction between radiofrequency ablation, cryoballoon ablation,
and PFA ablation have suggested that PFA ablation may offer
faster, safer, and more tissue-selective ablation with less
inflammation due to apoptosis-dominated cell death (116).

Left atrial appendage occlusion is a surgical treatment used to
prevent AF-related thromboembolism. It does not directly target
AF but rather avoids the potential risks and side effects
associated with anticoagulants. However, this procedure is
indicated for specific groups of patients, such as those at high
of embolism,

risk those unable to tolerate anticoagulant

medications, or those experiencing complications from
anticoagulant therapy. Gene therapy for AF is an emerging
therapeutic approach aimed at treating or alleviating AF
symptoms by modulating or repairing genetic variations
associated with AF. These approaches include gene repair, gene-
targeted therapy, and gene modulation. While preliminary
studies and clinical trials have shown potential therapeutic
effects, gene therapy is still in the research and experimental
stage in the context of AF treatment. More studies and clinical
trials are needed to determine its safety and efficacy before
clinical application. Autonomic activity has been found to play a
significant role in initiating and maintaining AF (23).
Modulating autonomic function may help control AF, suggesting
potential therapeutic tools such as ganglion plexus ablation, renal
sympathetic denervation, stimulation,

cervical vagus nerve

pressure  reflex  stimulation, skin stimulation, novel
pharmacological approaches, and biological therapies (23). Low-
level vagus nerve stimulation is a recently introduced treatment
for AF that involves stimulating the dominant auricular branch
of the vagus nerve, located in the external acoustic canal and the
skin of the auricle. It has been effective in reducing the incidence
and burden of AF (117, 118). Studies have shown that low-level
vagal nerve stimulation can help suppress paroxysmal AF by
attenuating the inflammatory response through the activation of
(119). Additionally,

sustained low-level vagal nerve stimulation has been shown to

cholinergic anti-inflammatory pathways

suppress stellate ganglionic neural activity and reduce the
(120).
Acupuncture, as an effective non-invasive and safe treatment

incidence of paroxysmal atrial tachyarrhythmias
tool, has demonstrated the ability to significantly reduce the
number and duration of symptomatic AF attacks. It also has a
beneficial effect on maintaining sinus rhythm and converting AF
to sinus rhythm in acute cases (121). Moreover, acupuncture has
been shown to prevent recurrence in patients with persistent AF
after cardioversion (122, 123). One of the mechanisms behind its
effectiveness lies in the regulation of autonomic function. Based
on current research, the effectiveness and potential mechanisms

of acupuncture in AF treatment can be categorized into four
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aspects: regulating anti-inflammatory factors, modulating ion
channels and connexins, regulating the autonomic nervous
system, and enhancing the ultrastructure of atrial muscle (124-126)
(Refer to Figure 3).

4.3. Cardiovascular risk factor and
comorbidity management

“«c»
management, emphasizing the importance of early preventive

represents cardiovascular risk factor and comorbidity

management of AF and its complications. This management
primarily includes lifestyle changes, nutritional health treatment.
Lifestyle changes entail adopting moderate exercise, improving
physical fitness, and increasing exercise training, all of which can
reduce the recurrence of AF and provide overall cardiovascular
benefits. However, it's worth noting that intense exercise may
elevate the risk of developing atrial fibrillation in individuals with

10.3389/fcvm.2023.1270452

the condition (127). Research has shown that both physical and
mental exercises, such as yoga, tai chi, and qigong, have favorable
effects on cardiac autonomic function, may alleviate symptoms in
AF patients, normalize biomarkers of AF, and promote healthy
aging. Nutritional therapy involves making dietary adjustments,
ensuring balanced nutrition, and following a low-fat diet, all of
which can help reduce the accumulation of body and visceral fat
(128). Obesity is associated with an increased risk of developing AF
(129), so strategies to avoid excessive weight gain are essential for
preventing AF and its recurrences after the first episode. These
measures also contribute to improving patient symptoms and
enhancing their overall quality of life (130) (Refer to Figure 4).

5. Prospects and outlook

The development of AF is intricate, and it may involve multiple
factors. Therefore, a single pathway of drug therapy may be suitable
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for some patients but not for everyone. While the A-B-C pathway
of integrated care may help compensate for the limitations of a
single pathway, reduce some risks, and achieve a comprehensive
and holistic approach to preventive treatment, most therapeutic
interventions within each pathway still predominantly target the
symptoms or single mechanisms of AF. Furthermore, the
majority of therapeutic goals are directed toward downstream
pathways, with limited impact on upstream pathways. We should
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contemplate how to predict new treatment strategies based on
the diversity of AF mechanisms and upstream pathways.

Current research suggests that mechanism-based therapies for
AF are still in their early stages, and the strong connection
between the brain and the heart is gaining prominence as brain-
heart syndrome research expands (7, 131). In this discussion,
when summarizing the entire pathogenesis of AF briefly, it
becomes apparent that the central nervous system, housing the
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brain and autonomic nerves, plays a pivotal role in AF
development. It not only directly regulates the heart but also acts
as an upstream pathway influencing downstream pathways like
cardiac structural remodeling, immune-inflammatory responses,
ion channels and connexins, vasoconstriction, and thrombosis,
ultimately affecting cardiac function. However, most current
approaches target the
pathways and lack consideration for the central nervous system

therapeutic primarily downstream
and upstream pathways. This limitation narrows the scope of

action and increases the likelihood of recurrence. As our
understanding of AF genetics, the brain-heart axis, vagus nerve
stimulation therapy, and autonomic function modulation
continues to grow, the range of targets for AF treatment will
likely expand. It may be possible to effectively treat AF by
focusing on the upstream pathway to guide the coordinated
action of multiple downstream pathways. Predictably, central
nervous system regulation will likely become a major focus of AF
treatment in the future. However, this process will require
extensive experimental studies and clinical validation to progress.
With advancements in technology and increased comprehensive
mechanistic exploration and integrated research efforts, we can
gradually unravel the diversity and dynamic changes in AF
mechanisms. This will pave the way for innovative approaches in
both pharmaceutical and non-pharmaceutical treatments. While
translating these novel mechanism-based therapeutic strategies
into clinical applications poses significant challenges and
demands interdisciplinary, large-scale, and sustained collaborative
efforts, we maintain optimism about the future of atrial

fibrillation treatment and research based on the current landscape.

Author contributions

JH: Writing - original draft, Writing - review & editing.

BW: Writing review &

- editing, Funding acquisition,

References

1. Li JL, Wang LQ, Zhang N, Su XT, Lin Y, Yang JW, et al. Acupuncture as an
adjunctive therapy for arrhythmia: a Delphi expert consensus survey. Cardiovasc
Diagn Ther. (2021) 11(5):1067-79. doi: 10.21037/cdt-21-201

2. Rahman F, Kwan GF, Benjamin EJ. Global epidemiology of atrial fibrillation. Nat
Rev Cardiol. (2014) 11(11):639-54. doi: 10.1038/nrcardio.2014.118

3. Center NC. China cardiovascular health and disease report 2020 (Chinese version)
2020 edn. Beijing: Science Press (2021).

4. Sposato LA, Seiffge DJ. Atrial fibrillation detected after stroke and increased risk
of death. Neurology. (2021) 96(12):557-9. doi: 10.1212/WNL.0000000000011640

5. Brambatti M, Connolly SJ, Gold MR, Morillo CA, Capucci A, Muto C, et al.
Temporal relationship between subclinical atrial fibrillation and embolic events.
Circulation. (2014) 129(21):2094-9. doi: 10.1161/CIRCULATIONAHA.113.007825

6. Sposato LA, Riccio PM, Hachinski V. Poststroke atrial fibrillation: cause or
consequence? Critical review of current views. Neurology. (2014) 82(13):1180-6.
doi: 10.1212/WNL.0000000000000265

7. Scheitz JF, Nolte CH, Doehner W, Hachinski V, Endres M. Stroke-heart
syndrome: clinical presentation and underlying mechanisms. Lancet Neurol. (2018)
17(12):1109-20. doi: 10.1016/51474-4422(18)30336-3

8. Nattel S, Harada M. Atrial remodeling and atrial fibrillation: recent advances and
translational perspectives. ] Am Coll Cardiol. (2014) 63(22):2335-45. doi: 10.1016/j.
jacc.2014.02.555

Frontiers in Cardiovascular Medicine

13

10.3389/fcvm.2023.1270452

Conceptualization. PQ: Investigation, Writing — review & editing.
YC: Investigation, Writing — review & editing. ZZ: Resources,
Writing - review & editing. YC: Resources, Writing - review &
editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

I would like to express my gratitude to all those who help me
during the writing of this article.

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.

9. Heijman J, Voigt N, Nattel S, Dobrev D. Cellular and molecular electrophysiology
of atrial fibrillation initiation, maintenance, and progression. Circ Res. (2014) 114
(9):1483-99. doi: 10.1161/CIRCRESAHA.114.302226

10. Voigt N, Heijman J, Wang Q, Chiang DY, Li N, Karck M, et al. Cellular and
molecular mechanisms of atrial arrhythmogenesis in patients with paroxysmal atrial
fibrillation. Circulation. (2014) 129(2):145-56. doi: 10.1161/CIRCULATIONAHA.
113.006641

11. Yimei D, Zhang J, Li J. Recent insights into the pathophysiological mechanisms
of atrial fibrillation. J Clin Cardiovasc Dis. (2015) 31(03):231-3. doi: 10.13201/j.issn.
1001-1439.2015.03.001

12. De Jong AM, Maass AH, Oberdorf-Maass SU, Van Veldhuisen DJ, Van Gilst
WH, Van Gelder IC. Mechanisms of atrial structural changes caused by stretch
occurring before and during early atrial fibrillation. Cardiovasc Res. (2011) 89
(4):754-65. doi: 10.1093/cvr/cvq357

13. Anne W, Willems R, Roskams T, Sergeant P, Herijgers P, Holemans P, et al. Matrix
metalloproteinases and atrial remodeling in patients with mitral valve disease and atrial
fibrillation. Cardiovasc Res. (2005) 67(4):655-66. doi: 10.1016/j.cardiores.2005.04.016

14. Frustaci A, Chimenti C, Bellocci F, Morgante E, Russo MA, Maseri A.
Histological substrate of atrial biopsies in patients with lone atrial fibrillation.
Circulation. (1997) 96(4):1180-4. doi: 10.1161/01.CIR.96.4.1180

15. Schotten U, Ausma J, Stellbrink C, Sabatschus I, Vogel M, Frechen D, et al.
Cellular mechanisms of depressed atrial contractility in patients with chronic atrial
fibrillation. Circulation. (2001) 103(5):691-8. doi: 10.1161/01.CIR.103.5.691

frontiersin.org


https://doi.org/10.21037/cdt-21-201
https://doi.org/10.1038/nrcardio.2014.118
https://doi.org/10.1212/WNL.0000000000011640
https://doi.org/10.1161/CIRCULATIONAHA.113.007825
https://doi.org/10.1212/WNL.0000000000000265
https://doi.org/10.1016/S1474-4422(18)30336-3
https://doi.org/10.1016/j.jacc.2014.02.555
https://doi.org/10.1016/j.jacc.2014.02.555
https://doi.org/10.1161/CIRCRESAHA.114.302226
https://doi.org/10.1161/CIRCULATIONAHA.113.006641
https://doi.org/10.1161/CIRCULATIONAHA.113.006641
https://doi.org/10.13201/j.issn.1001-1439.2015.03.001
https://doi.org/10.13201/j.issn.1001-1439.2015.03.001
https://doi.org/10.1093/cvr/cvq357
https://doi.org/10.1016/j.cardiores.2005.04.016
https://doi.org/10.1161/01.CIR.96.4.1180
https://doi.org/10.1161/01.CIR.103.5.691
https://doi.org/10.3389/fcvm.2023.1270452
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Huang et al.

16. Jansen HJ, Mackasey M, Moghtadaei M, Belke DD, Egom EE, Tuomi JM, et al.
Distinct patterns of atrial electrical and structural remodeling in angiotensin II
mediated atrial fibrillation. J Mol Cell Cardiol. (2018) 124:12-25. doi: 10.1016/j.
yjmec.2018.09.011

17. Lee HC. Electrical remodeling in human atrial fibrillation. Chinese Med J-Peking.
(2013) 126(12):2380-3. doi: 10.3760/cma.j.issn.0366-6999.20130546

18. Yoo S, Pfenniger A, Hoffman J, Zhang W, Ng J, Burrell A, et al. Attenuation of
oxidative injury with targeted expression of NADPH oxidase 2 short hairpin RNA
prevents onset and maintenance of electrical remodeling in the canine atrium: a
novel gene therapy approach to atrial fibrillation. Circulation. (2020) 142
(13):1261-78. doi: 10.1161/CIRCULATIONAHA.119.044127

19. Qi XY, Diness JG, Brundel BJ, Zhou XB, Naud P, Wu CT, et al. Role of small-
conductance calcium-activated potassium channels in atrial electrophysiology and
fibrillation in the dog. Circulation. (2014) 129(4):430-40. doi: 10.1161/
CIRCULATIONAHA.113.003019

20. Skibsbye L, Poulet C, Diness JG, Bentzen BH, Yuan L, Kappert U, et al. Small-
conductance calcium-activated potassium (SK) channels contribute to action potential
repolarization in human atria. Cardiovasc Res. (2014) 103(1):156-67. doi: 10.1093/cvr/
cvul2l

21. Schmidt C, Wiedmann F, Voigt N, Zhou XB, Heijman ], Lang S, et al.
Upregulation of K(2P)3.1K+ current causes action potential shortening in patients
with chronic atrial fibrillation. Circulation. (2015) 132(2):82-92. doi: 10.1161/
CIRCULATIONAHA.114.012657

22. Ravens U, Odening KE. Atrial fibrillation: therapeutic potential of atrial K(+)
channel blockers. Pharmacol Therapeut. (2017) 176:13-21. doi: 10.1016/j.
pharmthera.2016.10.003

23. Chen PS, Chen LS, Fishbein MC, Lin SF, Nattel S. Role of the autonomic nervous
system in atrial fibrillation: pathophysiology and therapy. Circ Res. (2014) 114
(9):1500-15. doi: 10.1161/CIRCRESAHA.114.303772

24. Sohinki D, Stavrakis S. New approaches for treating atrial fibrillation: focus on
autonomic modulation. Trends Cardiovas Med. (2020) 30(7):433-9. doi: 10.1016/j.
tcm.2019.10.009

25. Agarwal SK, Norby FL, Whitsel EA, Soliman EZ, Chen LY, Loehr LR, et al.
Cardiac autonomic dysfunction and incidence of atrial fibrillation: results from 20
years follow-up. ] Am Coll Cardiol. (2017) 69(3):291-9. doi: 10.1016/j.jacc.2016.10.059

26. Burashnikov A, Antzelevitch C. Reinduction of atrial fibrillation immediately
after termination of the arrhythmia is mediated by late phase 3 early
afterdepolarization-induced triggered activity. Circulation. (2003) 107(18):2355-60.
doi: 10.1161/01.CIR.0000065578.00869.7C

27. Patterson E, Po SS, Scherlag BJ, Lazzara R. Triggered firing in pulmonary veins
initiated by in vitro autonomic nerve stimulation. Heart Rhythm. (2005) 2(6):624-31.
doi: 10.1016/j.hrthm.2005.02.012

28. Ng J, Villuendas R, Cokic I, Schliamser JE, Gordon D, Koduri H, et al.
Autonomic remodeling in the left atrium and pulmonary veins in heart failure:
creation of a dynamic substrate for atrial fibrillation. Circ-Arrhythmia Elec. (2011) 4
(3):388-96. doi: 10.1161/CIRCEP.110.959650

29. Arora R. Recent insights into the role of the autonomic nervous system in the
creation of substrate for atrial fibrillation: implications for therapies targeting the
atrial autonomic nervous system. Circ-Arrhythmia Elec. (2012) 5(4):850-9. doi: 10.
1161/CIRCEP.112.972273

30. Park HW, Shen M]J, Lin SF, Fishbein MC, Chen LS, Chen PS. Neural
mechanisms of atrial fibrillation. Curr Opin Cardiol. (2012) 27(1):24-8. doi: 10.
1097/HCO.0b013e32834dc4e8

31. Chen PS, Tan AY. Autonomic nerve activity and atrial fibrillation. Heart
Rhythm. (2007) 4(3 Suppl):S61-4. doi: 10.1016/j.hrthm.2006.12.006

32. Gould PA, Yii M, McLean C, Finch S, Marshall T, Lambert GW, et al. Evidence
for increased atrial sympathetic innervation in persistent human atrial fibrillation.
Pace. (2006) 29(8):821-9. doi: 10.1111/j.1540-8159.2006.00447.x

33. Zhang SJ, Huang CX, Zhao QY, Zhang SD, Dai ZX, Zhao HY, et al. The role of
0o7nAChR-mediated cholinergic anti-inflammatory pathway in vagal nerve regulated
atrial fibrillation. Int Heart J. (2021) 62(3):607-15. doi: 10.1536/ihj.18-510

34. Workman AJ. Cardiac adrenergic control and atrial fibrillation. N-S Arch
Pharmacol. (2010) 381(3):235-49. doi: 10.1007/500210-009-0474-0

35. Lenaerts I, Bito V, Heinzel FR, Driesen RB, Holemans P, D’Hooge J, et al.
Ultrastructural and functional remodeling of the coupling between Ca2+ influx and
sarcoplasmic reticulum Ca2+ release in right atrial myocytes from experimental
persistent atrial fibrillation. Circ Res. (2009) 105(9):876-85. doi: 10.1161/
CIRCRESAHA.109.206276

36. Hove-Madsen L, Llach A, Bayes-Genis A, Roura S, Rodriguez FE, Aris A, et al.
Atrial fibrillation is associated with increased spontaneous calcium release from the
sarcoplasmic reticulum in human atrial myocytes. Circulation. (2004) 110
(11):1358-63. doi: 10.1161/01.CIR.0000141296.59876.87

37. Voigt N, Li N, Wang Q, Wang W, Trafford AW, Abu-Taha I, et al. Enhanced
sarcoplasmic reticulum Ca2+ leak and increased na+-Ca2+ exchanger function
underlie delayed afterdepolarizations in patients with chronic atrial fibrillation.
Circulation. (2012) 125(17):2059-70. doi: 10.1161/CIRCULATIONAHA.111.067306

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1270452

38. Molina CE, Abu-Taha IH, Wang Q, Rosello-Diez E, Kamler M, Nattel S, et al.
Profibrotic, electrical, and calcium-handling remodeling of the atria in heart failure
patients with and without atrial fibrillation. Front Physiol. (2018) 9:1383. doi: 10.
3389/fphys.2018.01383

39. Igarashi T, Finet JE, Takeuchi A, Fujino Y, Strom M, Greener ID, et al. Connexin
gene transfer preserves conduction velocity and prevents atrial fibrillation. Circulation.
(2012) 125(2):216-25. doi: 10.1161/CIRCULATIONAHA.111.053272

40. Ausma J, van der Velden HM, Lenders MH, van Ankeren EP, Jongsma H]J,
Ramaekers FC, et al. Reverse structural and gap-junctional remodeling after
prolonged atrial fibrillation in the goat. Circulation. (2003) 107(15):2051-8. doi: 10.
1161/01.CIR.0000062689.04037.3F

41. van der Velden HM, Jongsma HJ. Cardiac gap junctions and connexins: their
role in atrial fibrillation and potential as therapeutic targets. Cardiovasc Res. (2002)
54(2):270-9. doi: 10.1016/S0008-6363(01)00557-0

42. Scridon A, Dobreanu D, Chevalier P, Serban RC. Inflammation, a link between
obesity and atrial fibrillation. Inflamm Res. (2015) 64(6):383-93. doi: 10.1007/s00011-
015-0827-8

43. Dobrev D, Aguilar M, Heijman ], Guichard JB, Nattel S. Postoperative atrial
fibrillation: mechanisms, manifestations and management. Nat Rev Cardiol. (2019)
16(7):417-36. doi: 10.1038/s41569-019-0166-5

44, Fakuade FE, Steckmeister V, Seibertz F, Gronwald ], Kestel S, Menzel J, et al.
Altered atrial cytosolic calcium handling contributes to the development of
postoperative atrial fibrillation. Cardiovasc Res. (2021) 117(7):1790-801. doi: 10.
1093/cvr/cvaal62

45. Heijman J, Muna AP, Veleva T, Molina CE, Sutanto H, Tekook M, et al. Atrial
myocyte NLRP3/CaMKII nexus forms a substrate for postoperative atrial
fibrillation. Circ Res. (2020) 127(8):1036-55. doi: 10.1161/CIRCRESAHA.120.
316710

46. Hu YF, Chen Y], Lin Y], Chen SA. Inflammation and the pathogenesis of atrial
fibrillation. Nat Rev Cardiol. (2015) 12(4):230-43. doi: 10.1038/nrcardio.2015.2

47. van der Bilt IA, Vendeville JP, van de Hoef TP, Begieneman MP, Lagrand WK,
Kros JM, et al. Myocarditis in patients with subarachnoid hemorrhage: a
histopathologic study. J Crit Care. (2016) 32:196-200. doi: 10.1016/j.jcrc.2015.12.005

48. Arnar DO, Thorvaldsson S, Manolio TA, Thorgeirsson G, Kristjansson K,
Hakonarson H, et al. Familial aggregation of atrial fibrillation in Iceland. Eur Heart
J. (2006) 27(6):708-12. doi: 10.1093/eurheartj/ehi727

49. Tucker NR, Ellinor PT. Emerging directions in the genetics of atrial fibrillation.
Circ Res. (2014) 114(9):1469-82. doi: 10.1161/CIRCRESAHA.114.302225

50. van den Berg N, Kawasaki M, Berger WR, Neefs J, Meulendijks E, Tijsen AJ,
et al. MicroRNAs in atrial fibrillation: from expression signatures to functional
implications. Cardiovasc Drug Ther. (2017) 31(3):345-65. doi: 10.1007/s10557-017-
6736-2

51. Ellinor PT, Lunetta KL, Glazer NL, Pfeufer A, Alonso A, Chung MK, et al.
Common variants in KCNN3 are associated with lone atrial fibrillation. Nat Genet.
(2010) 42(3):240-4. doi: 10.1038/ng.537

52. Wong GR, Nalliah CJ, Lee G, Voskoboinik A, Prabhu S, Parameswaran R, et al.
Genetic susceptibility to atrial fibrillation is associated with atrial electrical remodeling
and adverse post-ablation outcome. Jacc-Clin Electrophy. (2020) 6(12):1509-21.
doi: 10.1016/j.jacep.2020.05.031

53. Sposato LA, Chaturvedi S, Hsieh CY, Morillo CA, Kamel H. Atrial fibrillation
detected after stroke and transient ischemic attack: a novel clinical concept
challenging current views. Stroke. (2022) 53(3):¢94-el103. doi: 10.1161/
STROKEAHA.121.034777

54. Fridman S, Jimenez-Ruiz A, Vargas-Gonzalez JC, Sposato LA. Differences
between atrial fibrillation detected before and after stroke and TIA: a systematic
review and meta-analysis. Cerebrovasc Dis. (2022) 51(2):152-7. doi: 10.1159/
000520101

55. Seet RC, Friedman PA, Rabinstein AA. Prolonged rhythm monitoring for the
detection of occult paroxysmal atrial fibrillation in ischemic stroke of unknown
cause. Circulation. (2011) 124(4):477-86. doi: 10.1161/CIRCULATIONAHA.111.
029801

56. Sposato LA, Hilz MJ, Aspberg S, Murthy SB, Bahit MC, Hsieh CY, et al. Post-
stroke cardiovascular complications and neurogenic cardiac injury: JACC state-of-the-
art review. ] Am Coll Cardiol. (2020) 76(23):2768-85. doi: 10.1016/j.jacc.2020.10.009

57. Tayal AH, Callans DJ. Occult atrial fibrillation in ischemic stroke: seek and you
shall find. Neurology. (2010) 74(21):1662-3. doi: 10.1212/WNL.0b013e3181e19559

58. Cerasuolo JO, Cipriano LE, Sposato LA. The complexity of atrial fibrillation
newly diagnosed after ischemic stroke and transient ischemic attack: advances and
uncertainties. Curr Opin Neurol. (2017) 30(1):28-37. doi: 10.1097/WCO.
0000000000000410

59. Seifert F, Kallmunzer B, Gutjahr I, Breuer L, Winder K, Kaschka I, et al.
Neuroanatomical correlates of severe cardiac arrhythmias in acute ischemic stroke.
J Neurol. (2015) 262(5):1182-90. doi: 10.1007/s00415-015-7684-9

60. Cheshire WJ, Saper CB. The insular cortex and cardiac response to stroke.
Neurology. (2006) 66(9):1296-7. doi: 10.1212/01.wnl.0000219563.87204.7d

frontiersin.org


https://doi.org/10.1016/j.yjmcc.2018.09.011
https://doi.org/10.1016/j.yjmcc.2018.09.011
https://doi.org/10.3760/cma.j.issn.0366-6999.20130546
https://doi.org/10.1161/CIRCULATIONAHA.119.044127
https://doi.org/10.1161/CIRCULATIONAHA.113.003019
https://doi.org/10.1161/CIRCULATIONAHA.113.003019
https://doi.org/10.1093/cvr/cvu121
https://doi.org/10.1093/cvr/cvu121
https://doi.org/10.1161/CIRCULATIONAHA.114.012657
https://doi.org/10.1161/CIRCULATIONAHA.114.012657
https://doi.org/10.1016/j.pharmthera.2016.10.003
https://doi.org/10.1016/j.pharmthera.2016.10.003
https://doi.org/10.1161/CIRCRESAHA.114.303772
https://doi.org/10.1016/j.tcm.2019.10.009
https://doi.org/10.1016/j.tcm.2019.10.009
https://doi.org/10.1016/j.jacc.2016.10.059
https://doi.org/10.1161/01.CIR.0000065578.00869.7C
https://doi.org/10.1016/j.hrthm.2005.02.012
https://doi.org/10.1161/CIRCEP.110.959650
https://doi.org/10.1161/CIRCEP.112.972273
https://doi.org/10.1161/CIRCEP.112.972273
https://doi.org/10.1097/HCO.0b013e32834dc4e8
https://doi.org/10.1097/HCO.0b013e32834dc4e8
https://doi.org/10.1016/j.hrthm.2006.12.006
https://doi.org/10.1111/j.1540-8159.2006.00447.x
https://doi.org/10.1536/ihj.18-510
https://doi.org/10.1007/s00210-009-0474-0
https://doi.org/10.1161/CIRCRESAHA.109.206276
https://doi.org/10.1161/CIRCRESAHA.109.206276
https://doi.org/10.1161/01.CIR.0000141296.59876.87
https://doi.org/10.1161/CIRCULATIONAHA.111.067306
https://doi.org/10.3389/fphys.2018.01383
https://doi.org/10.3389/fphys.2018.01383
https://doi.org/10.1161/CIRCULATIONAHA.111.053272
https://doi.org/10.1161/01.CIR.0000062689.04037.3F
https://doi.org/10.1161/01.CIR.0000062689.04037.3F
https://doi.org/10.1016/S0008-6363(01)00557-0
https://doi.org/10.1007/s00011-015-0827-8
https://doi.org/10.1007/s00011-015-0827-8
https://doi.org/10.1038/s41569-019-0166-5
https://doi.org/10.1093/cvr/cvaa162
https://doi.org/10.1093/cvr/cvaa162
https://doi.org/10.1161/CIRCRESAHA.120.316710
https://doi.org/10.1161/CIRCRESAHA.120.316710
https://doi.org/10.1038/nrcardio.2015.2
https://doi.org/10.1016/j.jcrc.2015.12.005
https://doi.org/10.1093/eurheartj/ehi727
https://doi.org/10.1161/CIRCRESAHA.114.302225
https://doi.org/10.1007/s10557-017-6736-z
https://doi.org/10.1007/s10557-017-6736-z
https://doi.org/10.1038/ng.537
https://doi.org/10.1016/j.jacep.2020.05.031
https://doi.org/10.1161/STROKEAHA.121.034777
https://doi.org/10.1161/STROKEAHA.121.034777
https://doi.org/10.1159/000520101
https://doi.org/10.1159/000520101
https://doi.org/10.1161/CIRCULATIONAHA.111.029801
https://doi.org/10.1161/CIRCULATIONAHA.111.029801
https://doi.org/10.1016/j.jacc.2020.10.009
https://doi.org/10.1212/WNL.0b013e3181e19559
https://doi.org/10.1097/WCO.0000000000000410
https://doi.org/10.1097/WCO.0000000000000410
https://doi.org/10.1007/s00415-015-7684-9
https://doi.org/10.1212/01.wnl.0000219563.87204.7d
https://doi.org/10.3389/fcvm.2023.1270452
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Huang et al.

61. Daniele O, Caravaglios G, Fierro B, Natale E. Stroke and cardiac arrhythmias.
J Stroke Cerebrovasc. (2002) 11(1):28-33. doi: 10.1053/js¢d.2002.123972

62. Min J, Young G, Umar A, Kampfschulte A, Ahrar A, Miller M, et al. Neurogenic
cardiac outcome in patients after acute ischemic stroke: the brain and heart
connection. ] Stroke Cerebrovasc. (2022) 31(12):106859. doi: 10.1016/j.
jstrokecerebrovasdis.2022.106859

63. Romano IJ, Lippolis A, D’Anna M, Gentile F. Cardiac arrhythmias and acute
cerebrovascular events: a case of QT prolongation and torsades de pointes early
after right insular stroke. J Stroke Cerebrovasc. (2019) 28(11):104308. doi: 10.1016/j.
jstrokecerebrovasdis.2019.104308

64. Hilz MJ, Moeller S, Akhundova A, Marthol H, Pauli E, De Fina P, et al. High
NIHSS values predict impairment of cardiovascular autonomic control. Stroke.
(2011) 42(6):1528-33. doi: 10.1161/STROKEAHA.110.607721

65. Wang Y, Qian Y, Smerin D, Zhang S, Zhao Q, Xiong X. Newly detected atrial
fibrillation after acute stroke: a narrative review of causes and implications.
Cardiology. (2019) 144(3-4):112-21. doi: 10.1159/000502971

66. Dorrance AM, Fink G. Effects of stroke on the autonomic nervous system.
Compr Physiol. (2015) 5(3):1241-63. doi: 10.1002/cphy.c140016

67. Gauberti M, Montagne A, Quenault A, Vivien D. Molecular magnetic resonance
imaging of brain-immune interactions. Front Cell Neurosci. (2014) 8:389. doi: 10.3389/
fncel.2014.00389

68. Victoria J, Stella I, Thomas M, Lynn W, Shawn NW, Luciano AS. Assessing post-
stroke cardiac dysfunction in the insular ischemic stroke rat model (522.009).
Neurology. (2019) 92(15 Supplement):S22-9. doi: 10.1096/fasebj.2019.33.1_supplement.
772.1

69. Balint B, Jaremek V, Thorburn V, Whitehead SN, Sposato LA. Left atrial
microvascular endothelial dysfunction, myocardial inflammation and fibrosis after
selective insular cortex ischemic stroke. Int | Cardiol. (2019) 292:148-55. doi: 10.
1016/j.ijcard.2019.06.004

70. Saba S, Janczewski AM, Baker LC, Shusterman V, Gursoy EC, Feldman AM,
et al. Atrial contractile dysfunction, fibrosis, and arrhythmias in a mouse model of
cardiomyopathy secondary to cardiac-specific overexpression of tumor necrosis
factor-{alpha}. Am ] Physiol-Heart C. (2005) 289(4):H1456-67. doi: 10.1152/
ajpheart.00733.2004

71. Liao CH, Akazawa H, Tamagawa M, Ito K, Yasuda N, Kudo Y, et al. Cardiac
mast cells cause atrial fibrillation through PDGF-A-mediated fibrosis in pressure-
overloaded mouse hearts. J Clin Invest. (2010) 120(1):242-53. doi: 10.1172/JCI39942

72. Escudero-Martinez I, Morales-Caba L, Segura T. Atrial fibrillation and stroke: a
review and new insights. Trends Cardiovas Med. (2023) 33(1):23-9. doi: 10.1016/j.tcm.
2021.12.001

73. Rizos T, Wagner A, Jenetzky E, Ringleb PA, Becker R, Hacke W, et al.
Paroxysmal atrial fibrillation is more prevalent than persistent atrial fibrillation in
acute stroke and transient ischemic attack patients. Cerebrovasc Dis. (2011) 32
(3):276-82. doi: 10.1159/000330348

74. Ozdemir H, Sagris D, Lip G, Abdul-Rahim AH. Stroke in atrial fibrillation and
other atrial dysrhythmias. Curr Cardiol Rep. (2023) 25(5):357-69. doi: 10.1007/
511886-023-01862-1

75. Gaudino M, Di Franco A, Rong LQ, Piccini J, Mack M. Postoperative atrial
fibrillation: from mechanisms to treatment. Eur Heart J. (2023) 44(12):1020-39.
doi: 10.1093/eurheartj/ehad019

76. Quon MJ, Behlouli H, Pilote L. Anticoagulant use and risk of ischemic stroke
and bleeding in patients with secondary atrial fibrillation associated with acute
coronary syndromes, acute pulmonary disease, or sepsis. Jacc-Clin Electrophy.
(2018) 4(3):386-93. doi: 10.1016/j.jacep.2017.08.003

77. Gundlund A, Olesen JB, Butt JH, Christensen MA, Gislason GH, Torp-Pedersen
C, et al. One-year outcomes in atrial fibrillation presenting during infections: a
nationwide registry-based study. Eur Heart J. (2020) 41(10):1112-9. doi: 10.1093/
eurheartj/ehz873

78. Lubitz SA, Yin X, Rienstra M, Schnabel RB, Walkey AJ, Magnani JW, et al.
Long-term outcomes of secondary atrial fibrillation in the community: the
framingham heart study. Circulation. (2015) 131(19):1648-55. doi: 10.1161/
CIRCULATIONAHA.114.014058

79. Benz AP, Hohnloser SH, Eikelboom JW, Carnicelli AP, Giugliano RP, Granger CB,
et al. Outcomes of patients with atrial fibrillation and ischemic stroke while on oral
anticoagulation. Eur Heart ]. (2023) 44(20):1807-14. doi: 10.1093/eurheartj/ehad200

80. Fischer U, Koga M, Strbian D, Branca M, Abend S, Trelle S, et al. Early versus
later anticoagulation for stroke with atrial fibrillation. New Engl ] Med. (2023) 388
(26):2411-21. doi: 10.1056/NEJM0a2303048

81. Kirchhof P, Camm AJ, Goette A, Brandes A, Eckardt L, Elvan A, et al. Early
rhythm-control therapy in patients with atrial fibrillation. New Engl ] Med. (2020)
383(14):1305-16. doi: 10.1056/NEJM0a2019422

82. Andrade JG, Wells GA, Deyell MW, Bennett M, Essebag V, Champagne J, et al.
Cryoablation or drug therapy for initial treatment of atrial fibrillation. New Engl | Med.
(2021) 384(4):305-15. doi: 10.1056/NEJM0a2029980

83. Freemantle N, Lafuente-Lafuente C, Mitchell S, Eckert L, Reynolds M. Mixed
treatment comparison of dronedarone, amiodarone, sotalol, flecainide, and

Frontiers in Cardiovascular Medicine

15

10.3389/fcvm.2023.1270452

propafenone, for the management of atrial fibrillation. Europace. (2011) 13
(3):329-45. doi: 10.1093/europace/euq450

84. Singh BN. Amiodarone as paradigm for developing new drugs for atrial fibrillation.
] Cardiovasc Pharm. (2008) 52(4):300-5. doi: 10.1097/FJC.0b013e31818914b6

85. Valembois L, Audureau E, Takeda A, Jarzebowski W, Belmin J, Lafuente-
Lafuente C. Antiarrhythmics for maintaining sinus rhythm after cardioversion of
atrial fibrillation. Cochrane Database Syst Rev. (2019) 9(9):CD5049. doi: 10.1002/
14651858.CD005049.pub5

86. Benali K, Khairy P, Hammache N, Petzl A, Da CA, Verma A, et al. Procedure-
Related complications of catheter ablation for atrial fibrillation. ] Am Coll Cardiol.
(2023) 81(21):2089-99. doi: 10.1016/j.jacc.2023.03.418

87. Wiedmann F, Beyersdorf C, Zhou XB, Kraft M, Paasche A, Javorszky N, et al.
Treatment of atrial fibrillation with doxapram: tASK-1 potassium channel
inhibition as a novel pharmacological strategy. Cardiovasc Res. (2022) 118
(7):1728-41. doi: 10.1093/cvr/cvab177

88. Wiedmann F, Beyersdorf C, Zhou X, Biischer A, Kraft M, Nietfeld J, et al.
Pharmacologic TWIK-related acid-sensitive K+ channel (TASK-1) potassium channel
inhibitor A293 facilitates acute cardioversion of paroxysmal atrial fibrillation in a porcine
large animal model. ] Am Heart Assoc. (2020) 9(10):e15751. doi: 10.1161/JAHA.119.015751

89. Wiedmann F, Beyersdorf C, Zhou XB, Kraft M, Foerster KI, El-Battrawy I, et al.
The experimental TASK-1 potassium channel inhibitor A293 can be employed for
rhythm control of persistent atrial fibrillation in a translational large animal model.
Front Physiol. (2020) 11:629421. doi: 10.3389/fphys.2020.629421

90. Ma L, Roman-Campos D, Austin ED, Eyries M, Sampson KS, Soubrier F, et al. A
novel channelopathy in pulmonary arterial hypertension. New Engl | Med. (2013) 369
(4):351-61. doi: 10.1056/NEJMoal211097

91. Tsai WC, Chan YH, Hsueh CH, Everett TT, Chang PC, Choi EK, et al. Small
conductance calcium-activated potassium current and the mechanism of atrial
arrhythmia in mice with dysfunctional melanocyte-like cells. Heart Rhythm. (2016)
13(7):1527-35. doi: 10.1016/j.hrthm.2016.03.011

92. Diness JG, Skibsbye L, Jespersen T, Bartels ED, Serensen US, Hansen RS, et al.
Effects on atrial fibrillation in aged hypertensive rats by ca(2+)-activated K(+) channel
inhibition. Hypertension. (2011) 57(6):1129-35. doi: 10.1161/HYPERTENSIONAHA.
111.170613

93. Diness JG, Serensen US, Nissen JD, Al-Shahib B, Jespersen T, Grunnet M, et al.
Inhibition of small-conductance Ca2+-activated K+ channels terminates and protects
against atrial fibrillation. Circ-Arrhythmia Elec. (2010) 3(4):380-90. doi: 10.1161/
CIRCEP.110.957407

94. Diness JG, Skibsbye L, Simé-Vicens R, Santos JL, Lundegaard P, Citerni C, et al.
Termination of vernakalant-resistant atrial fibrillation by inhibition of small-
conductance ca(2+)-activated K(+) channels in pigs. Circ-Arrhythmia Elec. (2017)
10(10):e5125. doi: 10.1161/CIRCEP.117.005125

95. Li Q, Fang Y, Peng DW, Li LA, Deng CY, Yang H, et al. Sacubitril/valsartan
reduces susceptibility to atrial fibrillation by improving atrial remodeling in
spontaneously hypertensive rats. Eur ] Pharmacol. (2023) 952:175754. doi: 10.1016/
j.ejphar.2023.175754

96. Brundel B], Henning RH, Ke L, van Gelder IC, Crijns HJ, Kampinga HH. Heat
shock protein upregulation protects against pacing-induced myolysis in HL-1 atrial
myocytes and in human atrial fibrillation. ] Mol Cell Cardiol. (2006) 41(3):555-62.
doi: 10.1016/j.yjmcc.2006.06.068

97. Brundel BJ, Shiroshita-Takeshita A, Qi X, Yeh YH, Chartier D, van Gelder IC,
et al. Induction of heat shock response protects the heart against atrial fibrillation. Circ
Res. (2006) 99(12):1394-402. doi: 10.1161/01.RES.0000252323.83137.fe

98. Takemoto Y, Slough DP, Meinke G, Katnik C, Graziano ZA, Chidipi B, et al.
Structural basis for the antiarrhythmic blockade of a potassium channel with a
small molecule. Faseb J. (2018) 32(4):1778-93. doi: 10.1096/1j.201700349R

99. Filgueiras-Rama D, Martins RP, Mironov S, Yamazaki M, Calvo CJ, Ennis SR,
et al. Chloroquine terminates stretch-induced atrial fibrillation more effectively than
flecainide in the sheep heart. Circ-Arrhythmia Elec. (2012) 5(3):561-70. doi: 10.
1161/CIRCEP.111.966820

100. Burrell ZJ, Martinez AC. Chloroquine and hydroxychloroquine in the
treatment of cardiac arrhythmias. New Engl | Med. (1958) 258(16):798-800. doi: 10.
1056/NEJM195804172581608

101. Lou Q, Li L, Liu G, Li T, Zhang L, Zang Y, et al. Vericiguat reduces electrical
and structural remodeling in a rabbit model of atrial fibrillation. ] Cardiovasc Pharm T.
(2023) 28:2070224028. doi: 10.1177/10742484231185252

102. Wiersma M, Meijering R, 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. ] Am Heart Assoc. (2017)
6(10):e006458. doi: 10.1161/JAHA.117.006458

103. Ying H, Guo W, Tang X, Pan ], Yu P, Fan H, et al. Colchicine attenuates the
electrical remodeling of post-operative atrial fibrillation through inhibited expression
of immune-related hub genes and stabilization of microtubules. Int J Biol Sci. (2023)
19(9):2934-56. doi: 10.7150/ijbs.81961

104. Linz DK, Afkham F, Itter G, Riitten H, Wirth KJ. Effect of atrial electrical
remodeling on the efficacy of antiarrhythmic drugs: comparison of amiodarone

frontiersin.org


https://doi.org/10.1053/jscd.2002.123972
https://doi.org/10.1016/j.jstrokecerebrovasdis.2022.106859
https://doi.org/10.1016/j.jstrokecerebrovasdis.2022.106859
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104308
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104308
https://doi.org/10.1161/STROKEAHA.110.607721
https://doi.org/10.1159/000502971
https://doi.org/10.1002/cphy.c140016
https://doi.org/10.3389/fncel.2014.00389
https://doi.org/10.3389/fncel.2014.00389
https://doi.org/10.1096/fasebj.2019.33.1_supplement.772.1
https://doi.org/10.1096/fasebj.2019.33.1_supplement.772.1
https://doi.org/10.1016/j.ijcard.2019.06.004
https://doi.org/10.1016/j.ijcard.2019.06.004
https://doi.org/10.1152/ajpheart.00733.2004
https://doi.org/10.1152/ajpheart.00733.2004
https://doi.org/10.1172/JCI39942
https://doi.org/10.1016/j.tcm.2021.12.001
https://doi.org/10.1016/j.tcm.2021.12.001
https://doi.org/10.1159/000330348
https://doi.org/10.1007/s11886-023-01862-1
https://doi.org/10.1007/s11886-023-01862-1
https://doi.org/10.1093/eurheartj/ehad019
https://doi.org/10.1016/j.jacep.2017.08.003
https://doi.org/10.1093/eurheartj/ehz873
https://doi.org/10.1093/eurheartj/ehz873
https://doi.org/10.1161/CIRCULATIONAHA.114.014058
https://doi.org/10.1161/CIRCULATIONAHA.114.014058
https://doi.org/10.1093/eurheartj/ehad200
https://doi.org/10.1056/NEJMoa2303048
https://doi.org/10.1056/NEJMoa2019422
https://doi.org/10.1056/NEJMoa2029980
https://doi.org/10.1093/europace/euq450
https://doi.org/10.1097/FJC.0b013e31818914b6
https://doi.org/10.1002/14651858.CD005049.pub5
https://doi.org/10.1002/14651858.CD005049.pub5
https://doi.org/10.1016/j.jacc.2023.03.418
https://doi.org/10.1093/cvr/cvab177
https://doi.org/10.1161/JAHA.119.015751
https://doi.org/10.3389/fphys.2020.629421
https://doi.org/10.1056/NEJMoa1211097
https://doi.org/10.1016/j.hrthm.2016.03.011
https://doi.org/10.1161/HYPERTENSIONAHA.111.170613
https://doi.org/10.1161/HYPERTENSIONAHA.111.170613
https://doi.org/10.1161/CIRCEP.110.957407
https://doi.org/10.1161/CIRCEP.110.957407
https://doi.org/10.1161/CIRCEP.117.005125
https://doi.org/10.1016/j.ejphar.2023.175754
https://doi.org/10.1016/j.ejphar.2023.175754
https://doi.org/10.1016/j.yjmcc.2006.06.068
https://doi.org/10.1161/01.RES.0000252323.83137.fe
https://doi.org/10.1096/fj.201700349R
https://doi.org/10.1161/CIRCEP.111.966820
https://doi.org/10.1161/CIRCEP.111.966820
https://doi.org/10.1056/NEJM195804172581608
https://doi.org/10.1056/NEJM195804172581608
https://doi.org/10.1177/10742484231185252
https://doi.org/10.1161/JAHA.117.006458
https://doi.org/10.7150/ijbs.81961
https://doi.org/10.3389/fcvm.2023.1270452
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Huang et al.

with I(kr)- and I(to)/IKur-blockade in vivo. J Cardiovasc Electr. (2007) 18
(12):1313-20. doi: 10.1111/j.1540-8167.2007.00962.x

105. Calvo D, Filgueiras-Rama D, Jalife J. Mechanisms and drug development in
atrial fibrillation. Pharmacol Rev. (2018) 70(3):505-25. doi: 10.1124/pr.117.014183

106. Pavri BB, Greenberg HE, Kraft WK, Lazarus N, Lynch JJ, Salata JJ, et al. MK-
0448, a specific Kv1.5 inhibitor: safety, pharmacokinetics, and pharmacodynamic
electrophysiology in experimental animal models and humans. Circ-Arrhythmia
Elec. (2012) 5(6):1193-201. doi: 10.1161/CIRCEP.111.969782

107. Shiroshita-Takeshita A, Sakabe M, Haugan K, Hennan JK, Nattel S. Model-
dependent effects of the gap junction conduction-enhancing antiarrhythmic peptide
rotigaptide (ZP123) on experimental atrial fibrillation in dogs. Circulation. (2007)
115(3):310-8. doi: 10.1161/CIRCULATIONAHA.106.665547

108. Opel A, Nobles M, Montaigne D, Finlay M, Anderson N, Breckenridge R, et al.
Absence of the regulator of G-protein signaling, RgS4, predisposes to atrial fibrillation
and is associated with abnormal calcium handling. J Biol Chem. (2015) 290
(31):19233-44. doi: 10.1074/jbc.M115.666719

109. Halonen J, Halonen P, Jirvinen O, Taskinen P, Auvinen T, Tarkka M, et al.
Corticosteroids for the prevention of atrial fibrillation after cardiac surgery: a
randomized controlled trial. JAMA. (2007) 297(14):1562-7. doi: 10.1001/jama.297.14.1562

110. Hu D, Barajas-Martinez H, Burashnikov A, Panama BK, Cordeiro JM,
Antzelevitch C. Mechanisms underlying atrial-selective block of sodium channels by
Wenxin Keli: experimental and theoretical analysis. Int ] Cardiol. (2016)
207:326-34. doi: 10.1016/j.ijcard.2016.01.016

111. Kapa S, Bruce CJ, Friedman PA, Asirvatham SJ. Advances in cardiac pacing:
beyond the transvenous right ventricular apical lead. Cardiovasc Ther. (2010) 28
(6):369-79. doi: 10.1111/j.1755-5922.2010.00157.x

112. Choi SH, Yu HT, Kim D, Park JW, Kim TH, Uhm JS, et al. Late recurrence of
atrial fibrillation 5 years after catheter ablation: predictors and outcome. Europace.
(2023) 25(5):EUAD113. doi: 10.1093/europace/euad113

113. Andrade JG, Wazni OM, Kuniss M, Hawkins NM, Deyell MW, Chierchia GB,
et al. Cryoballoon ablation as initial treatment for atrial fibrillation: JACC state-of-the-
art review. ] Am Coll Cardiol. (2021) 78(9):914-30. doi: 10.1016/j.jacc.2021.06.038

114. Reddy VY, Anic A, Koruth J, Petru J, Funasako M, Minami K, et al. Pulsed field
ablation in patients with persistent atrial fibrillation. ] Am Coll Cardiol. (2020) 76
(9):1068-80. doi: 10.1016/j.jacc.2020.07.007

115. Davong B, Adelino R, Delasnerie H, Albenque JP, Combes N, Cardin C, et al.
Pulsed-field ablation on mitral isthmus in persistent atrial fibrillation: preliminary data
on efficacy and safety. Jacc-Clin Electrophy. (2023) 9(7 Pt 2):1070-81. doi: 10.1016/j.
jacep.2023.03.021

116. Liu D, Li Y, Zhao Q. Effects of inflammatory cell death caused by catheter ablation
on atrial fibrillation. J Inflamm Res. (2023) 16:3491-508. doi: 10.2147/JIR.S422002

117. Shen M]J, Choi EK, Tan AY, Lin SF, Fishbein MC, Chen LS, et al. Neural
mechanisms of atrial arrhythmias. Nat Rev Cardiol. (2011) 9(1):30-9. doi: 10.1038/
nrcardio.2011.139

Frontiers in Cardiovascular Medicine

16

10.3389/fcvm.2023.1270452

118. Stavrakis S, Humphrey MB, Scherlag B, Iftikhar O, Parwani P, Abbas M, et al.
Low-level vagus nerve stimulation suppresses post-operative atrial fibrillation and
inflammation: a randomized study. Jacc-Clin Electrophy. (2017) 3(9):929-38. doi: 10.
1016/j.jacep.2017.02.019

119. Stavrakis S, Humphrey MB, Scherlag BJ, Hu Y, Jackman WM, Nakagawa H,
et al. Low-level transcutaneous electrical vagus nerve stimulation suppresses
atrial fibrillation. J Am Coll Cardiol. (2015) 65(9):867-75. doi: 10.1016/j.jacc.
2014.12.026

120. Shen M], Shinohara T, Park HW, Frick K, Ice DS, Choi EK, et al. Continuous
low-level vagus nerve stimulation reduces stellate ganglion nerve activity and
paroxysmal atrial tachyarrhythmias in ambulatory canines. Circulation. (2011) 123
(20):2204-12. doi: 10.1161/CIRCULATIONAHA.111.018028

121. Olex S. Cardioversion of atrial fibrillation with acupuncture. Med Acupunct.
(2021) 33(3):235-9. doi: 10.1089/acu.2021.0022

122. Lombardi F, Belletti S, Battezzati PM, Lomuscio A. Acupuncture for
paroxysmal and persistent atrial fibrillation: an effective non-pharmacological tool?
World ] Cardiol. (2012) 4(3):60-5. doi: 10.4330/wjc.v4.i3.60

123. Lomuscio A, Belletti S, Battezzati PM, Lombardi F. Efficacy of acupuncture in
preventing atrial fibrillation recurrences after electrical cardioversion. J Cardiovasc
Electr. (2011) 22(3):241-7. doi: 10.1111/j.1540-8167.2010.01878 x

124. Abdul-Aziz AA, Altawil M, Lyon A, MacEachern M, Richardson CR, Rubenfire
M, et al. Lifestyle therapy for the management of atrial fibrillation. Am ] Cardiol.
(2018) 121(9):1112-7. doi: 10.1016/j.amjcard.2018.01.023

125. Hu WS, Lin CL, Hsu CY. Effect of acupuncture on atrial fibrillation stratified by
CHA2DS2-VASc score-a nationwide cohort investigation. Qjm-Int ] Med. (2021) 114
(6):398-402. doi: 10.1093/qjmed/hcab147

126. Lin Y, Wang X, Li XB, Wu BQ, Zhang ZH, Guo WH, et al. Acupuncture for
persistent atrial fibrillation after catheter ablation: study protocol for a pilot
randomized controlled trial. Trials. (2021) 22(1):35. doi: 10.1186/s13063-020-04967-y

127. Thompson PD. Physical fitness, physical activity, exercise training, and atrial
fibrillation: first the good news, then the bad. ] Am Coll Cardiol. (2015) 66
(9):997-9. doi: 10.1016/j.jacc.2015.07.003

128. Wong CX, Ganesan AN, Selvanayagam JB. Epicardial fat and atrial fibrillation:
current evidence, potential mechanisms, clinical implications, and future directions.
Eur Heart J. (2017) 38(17):1294-302. doi: 10.1093/eurheartj/ehw045

129. Pathak RK, Elliott A, Middeldorp ME, Meredith M, Mehta AB, Mahajan R,
et al. Impact of CARDIOrespiratory FITness on arrhythmia recurrence in obese
individuals with atrial fibrillation: the CARDIO-FIT study. ] Am Coll Cardiol.
(2015) 66(9):985-96. doi: 10.1016/j.jacc.2015.06.488

130. Brundel B, Ai X, Hills MT, Kuipers MF, Lip G, de Groot N. Atrial fibrillation.
Nat Rev Dis Primers. (2022) 8(1):21. doi: 10.1038/s41572-022-00347-9

131. Chen Z, Venkat P, Seyfried D, Chopp M, Yan T, Chen J. Brain-heart
interaction: cardiac complications after stroke. Circ Res. (2017) 121(4):451-68.
doi: 10.1161/CIRCRESAHA.117.311170

frontiersin.org


https://doi.org/10.1111/j.1540-8167.2007.00962.x
https://doi.org/10.1124/pr.117.014183
https://doi.org/10.1161/CIRCEP.111.969782
https://doi.org/10.1161/CIRCULATIONAHA.106.665547
https://doi.org/10.1074/jbc.M115.666719
https://doi.org/10.1001/jama.297.14.1562
https://doi.org/10.1016/j.ijcard.2016.01.016
https://doi.org/10.1111/j.1755-5922.2010.00157.x
https://doi.org/10.1093/europace/euad113
https://doi.org/10.1016/j.jacc.2021.06.038
https://doi.org/10.1016/j.jacc.2020.07.007
https://doi.org/10.1016/j.jacep.2023.03.021
https://doi.org/10.1016/j.jacep.2023.03.021
https://doi.org/10.2147/JIR.S422002
https://doi.org/10.1038/nrcardio.2011.139
https://doi.org/10.1038/nrcardio.2011.139
https://doi.org/10.1016/j.jacep.2017.02.019
https://doi.org/10.1016/j.jacep.2017.02.019
https://doi.org/10.1016/j.jacc.2014.12.026
https://doi.org/10.1016/j.jacc.2014.12.026
https://doi.org/10.1161/CIRCULATIONAHA.111.018028
https://doi.org/10.1089/acu.2021.0022
https://doi.org/10.4330/wjc.v4.i3.60
https://doi.org/10.1111/j.1540-8167.2010.01878.x
https://doi.org/10.1016/j.amjcard.2018.01.023
https://doi.org/10.1093/qjmed/hcab147
https://doi.org/10.1186/s13063-020-04967-y
https://doi.org/10.1016/j.jacc.2015.07.003
https://doi.org/10.1093/eurheartj/ehw045
https://doi.org/10.1016/j.jacc.2015.06.488
https://doi.org/10.1038/s41572-022-00347-9
https://doi.org/10.1161/CIRCRESAHA.117.311170
https://doi.org/10.3389/fcvm.2023.1270452
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Research on atrial fibrillation mechanisms and prediction of therapeutic prospects: focus on the autonomic nervous system upstream pathways
	Introduction
	Mechanisms of KAF
	Atrial remodeling
	Changes in autonomic function
	Calcium-handling remodeling
	Gap-junction remodeling
	Inflammatory response
	Abnormal gene expression

	Potential mechanisms of AFDAS
	Autonomic nervous system
	Immuno-inflammatory response

	Current therapeutic advances and limitations
	Stroke avoidance
	Better symptom management
	Cardiovascular risk factor and comorbidity management

	Prospects and outlook
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


