
www.jzus.zju.edu.cn; www.springer.com/journal/11585
E-mail: jzus_b@zju.edu.cn

Journal of Zhejiang University-SCIENCE B (Biomedicine & Biotechnology)   2024 25(2):135-152

Therapeutic advances in atrial fibrillation based on animal models
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Abstract: Atrial fibrillation (AF) is the most prevalent sustained cardiac arrhythmia among humans, with its incidence 
increasing significantly with age. Despite the high frequency of AF in clinical practice, its etiology and management remain 
elusive. To develop effective treatment strategies, it is imperative to comprehend the underlying mechanisms of AF; therefore, 
the establishment of animal models of AF is vital to explore its pathogenesis. While spontaneous AF is rare in most animal 
species, several large animal models, particularly those of pigs, dogs, and horses, have proven as invaluable in recent years in 
advancing our knowledge of AF pathogenesis and developing novel therapeutic options. This review aims to provide a 
comprehensive discussion of various animal models of AF, with an emphasis on the unique features of each model and its utility 
in AF research and treatment. The data summarized in this review provide valuable insights into the mechanisms of AF and can 
be used to evaluate the efficacy and safety of novel therapeutic interventions.
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1 Introduction 

Atrial fibrillation (AF) is a frequently encoun‐
tered clinical condition characterized by rapid atrial 
arrhythmia, with a prevalence rising considerably with 
age (Sagris et al., 2022). Apart from advanced age, the 
American Heart Association has suggested that high-
risk factors, such as hypertension, underlying heart 
disease, and alcohol abuse, can trigger structural and 
histopathological alterations in the atria, consisting of 
fibrosis, inflammation, as well as cellular and molecu‐
lar changes (Siasos et al., 2020). Although AF may de‐
velop alone in people without organic heart disease, 
heart failure, myocardial infarction, and pericarditis 
all increase the risk of AF.

Since its first identification on the electrocar‐
diogram, AF has been a subject of investigation for a 

century. The mechanisms of AF can be broadly cat‑
egorized into electrophysiological and pathophysio‐
logical types. The electrophysiological mechanisms 
encompass both triggering and maintenance mech‑
anisms, with several hypotheses proposed for the latter, 
including the autoregulatory focal and multiple sub‐
wave foldback mechanisms (Wijesurendra and Casa‐
dei, 2019). The autoregulatory focal mechanism en‐
tails that abnormal autoregulatory discharge points in 
the atria create focal points of origin for AF, while in 
the multiple subwave foldback mechanism, a single 
stable and fast periodic excitation source is unable 
to maintain consistent conduction, resulting in wave 
breaks and independent wavelets. The two mechanisms 
can coexist and are more pronounced in persistent AF 
(Jalife et al., 1998). The pathophysiological mech‑
anisms are primarily classified into electrical remodel‐
ing, structural remodeling, autonomic remodeling, and 
calcium regulation disorders, resulting from changes 
in atrial structure (Sy et al., 2023). Electrical remodel‐
ing involves changes in the electrophysiological char‐
acteristics, such as the shortening of effective atrial 
expiration and action potential time frames, slowing 
of action potential conduction velocity, and increased 
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dispersion of the expiration period. Structural remodel‐
ing is mainly manifested by changes in the ultra‐
structure of atrial myocytes (Beyer et al., 2021). The 
autonomic nervous system regulates the electrophysio‐
logical characteristics of atrial muscle, and calcium 
ion affects the conduction and contraction of the 
heart. The therapeutic strategies for AF include gan‐
glionated plexus (GP) ablation, epicardial botulinum 
toxin injection, vagus nerve stimulation, renal dener‐
vation, stellate ganglion block, baroreceptor activa‐
tion therapy, and spinal cord stimulation (Linz et al., 
2014; Hanna et al., 2021). One of the cardiac auto‐
nomic nervous system receptors, G protein-coupled 
receptor (GPCR) signaling, is also inextricably linked 
to AF (Lymperopoulos et al., 2021; Carbone et al., 
2022). In addition, genetic predisposition and inflam‐
matory factors have been suggested to increase the 
likelihood of AF. Genome-wide association studies have 
identified nearly 140 AF loci and pathogenic muta‐
tions that cause AF, such as potassium-voltage-gated 
channel subfamily Q member 1 (KCNQ1), natriuretic 
peptide A (NPPA), T-box transcription factor 5 (TBX5), 
and myosin light chain 4 (MYL4) (Roselli et al., 2020; 
Andersen et al., 2021). However, our understanding 
of AF mechanisms is still incomplete, and the treat‐
ment efficacy is currently limited. The development 
of animal models has contributed to elucidating the 
mechanisms of AF, and the effects of certain AF-prone 
factors such as hypertension and obesity have been 
investigated on the substrate of AF (Manninger et al., 
2018; McCauley et al., 2020).

AF is a prevalent human disorder. In contrast, 
spontaneous AF is uncommon in small-sized ani‐
mals, while large animals are prone to its occur‐
rence. Besides, in the majority of experimental models, 
induced AF typically lasts for less than a day. The prin‐
cipal challenge in establishing AF in animal models 
stems from the fact that AF in humans is heteroge‐
neous, multifactorial, and slow-developing. There‐
fore, animal models can imitate limited aspects of 
human AF and they fail to fully reflect its complex 
pathophysiology. Given the intricacy of AF, this re‐
view aims to summarize the various animal models 
of AF developed to date and the related advance‐
ments in AF treatment. The causative factors of human 
AF and the respective animal models are listed in 
Fig. 1.

2 Small animal models of AF 

Rodents and rabbits are typical small animals used 
in AF animal models (Dobrev and Wehrens, 2018; 
Clauss et al., 2019). Sprague-Dawley rats in good 
health have been lately reported to experience spontan‑
eous ventricular arrhythmias (Pereira et al., 2019). In 
rodents, there has been no record of suddenly devel‐
oping AF (including rabbits).

2.1 Mice and rats

In the absence of significant physiological perturb‑
ations, mice do not often develop AF; nonetheless, 
genetically induced spontaneous AF can cause severe 
heart dysfunction, atrial remodeling, and reduced lon‐
gevity in mice. In terms of atrial morphology and 
cellular electrophysiology, large animal arrhythmia 
models are more comparable to human AF; nonethe‐
less, their availability, cost, and reliance on pharma‐
cological probes with poor mechanism specificity are 
important disadvantages. On the other hand, mouse 
models have a number of benefits, including a low-
cost phenotypic platform and the simplicity of genetic 
manipulation to reflect clinical variance (Dobrev and 
Wehrens, 2018).

At present, only a few (transgenic) mouse lines 
show spontaneous AF. The first account of AF in mice 

Fig. 1  Causative factors of human atrial fibrillation and 
the respective animal models. PV: portal vein; HF: heart 
failure.
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was published in 1988 (Field, 1988). Under the direc‐
tion of an atrial-specific atrial natriuretic factor pro‐
moter, transgenic mouse lines carrying the oncogene 
(SV40 big T antigen) were created. In comparison to 
controls, this method caused the right atrium to ex‐
pand proliferatively and became 10–20 times larger. 
Electrocardiographic recordings made in these ani‐
mals revealed that the advancement of atrial hyperpla‐
sia was accompanied by the emergence of supra‐
ventricular arrhythmias, including AF (Field, 1988). A 
mouse strain sensitive to supraventricular arrhythmias 
was produced by the targeted ablation of connexin40 
(Cx40), a connexin that is selectively expressed in 
atrial myocytes and the ventricular conduction system 
(Kirchhoff et al., 1998). Atrial arrhythmias, including 
atrial ectopy, atrial flutter, and AF, were spontaneous 
and produced in Cx40-deficient (Cx40−/−) mice (Santa 
Cruz et al., 2015). A novel mouse model of atrial car‐
diomyopathy with spontaneous AF and without molecu‑
lar or phenotypic changes in the ventricles was created 
by adeno-associated virus 9 (AAV9)-mediated limited 
knockdown of liver kinase-B1 (LKB1) in atrial myo‐
cytes. Since LKB1 expression is low in paroxysmal-
AF (pAF) patients, this model seems to have clinical 
applicability (Hulsurkar et al., 2021). Other genetic 
mouse models related to potassium channel mutations, 
sodium channel mutations, and sarcoplasmic reticu‐
lum (SR) Ca2+ leak have also been utilized for AF 
studies (Temple et al., 2005; Li et al., 2009, 2012, 2014; 
Blana et al., 2010; Guzadhur et al., 2010; Watanabe 
et al., 2011).

Inflammation and AF may be related, as AF has 
been observed to occur in numerous rodent models of 
various inflammatory diseases (Ajoolabady et al., 2022). 
The NACHT, LRR, and PYD domain-containing pro‐
tein 3 (NLRP3) inflammatory vesicle activity was 
reported to be enhanced in atrial cardiomyocytes of 
AF patients undergoing atrial tachypacing (ATP) and 
ATP dogs (Yao et al., 2018). The cardiomyocyte (CM)-
restricted activation of NLRP3 in mice promotes ecto‐
pic firing and maintenance of AF substrates, ultimately 
leading to AF (Yao et al., 2018). Post-operative atri‐
al fibrillation (POAF) is characterized by the onset of 
AF 1‒3 d after surgery, and mice that have under‐
gone cardiothoracic surgery were shown to exhibit 
a greater induction of AF (38.4%) (Keefe et al., 2022). 
The occurrence of atrial remodeling and AF arrhyth‐
mia was evaluated in a rat model of left ventricular 

radiofrequency ablation-induced heart failure (Nofi 
et al., 2020; Shen et al., 2022; Ma et al., 2023). Com‐
pared to mice without chronic pain, specimens with 
chronic pain were noticeably more vulnerable to AF 
induced by thoracic electrical bioimpedance (TEB) 
pacing, which was supported by electrophysiological 
findings: longer pulse rate (PR) interval, which indi‐
cates slower atrial conduction, and shorter atrial ef‐
fective refractory period (AERP) (Gong et al., 2022).

The classical concept focused on the M2 musca‐
rinic acetylcholine receptor (M2 receptor (M2R)) and 
it signaling cascade, which includes regulator of G pro‐
tein signaling 4 (RGS4), as these had been shown to 
exert predominant effects on nodal function (heart 
rate and conduction block) as well as on contractility, 
even though it has been known for more than fifty 
years that cholinergic stimulation can initiate AF (Alessi 
et al., 1958; Liu and Nattel, 1997). RGS2, a putative 
regulator of the M3 receptor, may be a target for thera‑
peutic intervention (Jones et al., 2012); emerging evi‐
dence suggests that the M3 receptor may also contrib‐
ute to the onset and maintenance of AF (Hellgren 
et al., 2000). RGS2-deficient (RGS2−/−) mice had dra‐
matically changed electrophysiological atrial responses 
and were more prone to electrically induced AF (Jones 
et al., 2012).

Rats are similar to mice in many ways, including 
their benefits and drawbacks in AF models, but they 
also possess special qualities that mice do not. The 
strong increase in AF susceptibility associated with 
significant right atrial (RA) remodeling in the right 
heart disease (RHD) rat model suggests the import‑
ance of RHD as an AF-inducing condition (Hiram 
et al., 2019). Sterile pericarditis (SP) rats exhibit marked 
Ca2+ mishandling and Ca2+ treatment heterogeneity, as 
well as increased susceptibility to Ca2+ transient (CaT) 
and action potential duration (APD) alternations (espe‐
cially spatially inconsistent alternations) induced by de‐
layed CaT under duration, which is causally related 
to enhanced AF inducibility (Liao et al., 2021). Rats 
with radiofrequency-induced heart failure presented 
significant atrial structural changes (dilatation and 
interstitial fibrosis) and enhanced AF vulnerability 
compared to controls (dos Santos et al., 2018). The 
acetylcholine-CaCl2-induced AF rat model has often 
been used to study AF, and a variety of drugs could 
improve heart function under this model (Chen et al., 
2016; Feng et al., 2023). AF brought on by exercise 
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may be sympathetically triggered (Linz et al., 2014). 
The vagal promotion mechanism, which is mediated 
by improved baroreflex responsiveness and heightened 
cardiomyocyte sensitivity to cholinergic stimulation, 
increases AF susceptibility in rats with persistent 
endurance exercise (Guasch et al., 2013). Obesity and 
acute obstructive sleep apnea (OSA) have also been 
associated with AF (Iwasaki et al., 2012). During 
obstructive apnea, AF was generated in 24 of 28 obese 
rats (ORs) (85.7%) compared to 5 of 18 lean rats 
(LRs) (27.8%) (P<0.01). Left ventricular hypertrophy 
and diastolic dysfunction were detected by echocar‐
diography in ORs. Acute left atrium (LA) dilatation 
brought on by obstructive apnea increased the LA 
diameter substantially more in ORs than LRs (Iwasaki 
et al., 2012).

2.2 Cats

Cats have been rarely used as animal models for 
AF studies, and the only relevant literature available 
focuses on the effects of aconitine on AF (Ammar and 
Kudrin, 1969; Gendenshteĭn and Kostin, 1976; Gen‐
denshteĭn et al., 1976, 1977; Byrne et al., 1977; Win‐
slow, 1981). The first study on the effects of aconitine 
on heart rate was conducted in 1969 (Ammar and 
Kudrin, 1969). Subsequently, Byrne et al. (1977) 
succeeded in inducing AF in cats (3/5 were in‐
duced). Winslow (1981) successfully induced supra‐
ventricular arrhythmias in cats, including AF, by the 
topical administration of aconitine. In addition, this 
model proved to be more effective than the previous 
one and was also often used to test antiarrhythmic 
drugs (Gendenshteĭn and Kostin, 1976). Besides, left 
atrial dilatation during hypertrophic cardiomyopathy 
in cats also predisposes to AF (Gendenshteĭn et al., 
1977).

2.3 Guinea pigs and rabbits

In terms of cellular electrophysiology, guinea pigs 
and rabbits are more comparable to humans than mice 
and rats, with the action potential showing the most 
noticeable difference. The hearts and cardiomyocytes 
of guinea pigs and rabbits are particularly well suited 
for researching cardiac repolarization because of this 
unique trait. Few guinea pig AF models are available 
despite the fact that many ventricular electrical inves‐
tigations utilizing guinea pig hearts have been car‐
ried out.

In the Langendorff model of acutely induced AF in 
the guinea pig heart, small-conductance Ca2+-activated 
K+ (SK) channel blockers in combination with mul‐
tiple drugs maintain anti-AF properties while reducing 
the risk of ventricular arrhythmias (Diness et al., 
2015; Kirchhoff et al., 2015, 2016). As a result of a 
decrease in Ca2+ current (ICa) and an increase in K+ cur‐
rent (IK), the APD shortens in septic guinea pig atrial 
myocytes. The nitration of ion channels rather than 
changes in atrial expression of the ion channels ap‐
pears to be responsible for these electrophysiological 
abnormalities (Aoki et al., 2012).

In a rabbit model with arteriovenous shunts, con‐
duction slowing was observed, and atrial tachyarrhyth‐
mias were linked to foldback and localized stimula‐
tion coming from the posterior LA (Torii et al., 2021). 
Enhanced atrial pressure caused effective refractory 
period (ERP) shortening and increased AF vulnerability 
in isolated rabbit hearts in a model of acute atrial dam‐
age (Lequerica et al., 2009). Rabbits presented signifi‐
cant left atrial fibrosis and a significant increase in 
atrial conduction heterogeneity and AF susceptibility 
after four weeks of rapid atrial pacing (RAP) treat‐
ment (Aidonidis et al., 2021a), whereas drug treat‐
ment significantly reduced atrial remodeling and 
AF susceptibility (Fan et al., 2019; Aidonidis et al., 
2021b). As seen in the rabbit ventricle, β-stimulation 
also elevated atrial diastolic intracellular Ca2+ (Nogami 
et al., 2003) and might have enhanced a diastolic Ca2+ 
SR leak (Danson et al., 2005; Curran et al., 2007). 
In 2021, the question of whether cellular electrophys‐
iology would extend to AF was explained. By com‐
paring the echocardiography, atrial electrophysiology, 
oxidative stress, and mitochondrial function in dif‐
ferent groups, Zhou et al. (2021) could explain the 
mechanisms of AF in diabetes mellitus.

The data gathered from small animal models of 
AF show that there are obvious limitations to using 
such models for AF; therefore, AF needs to be further 
investigated in large mammals. Programmed electrical 
stimulation is first needed to induce AF onset, for 
short durations of only a few seconds each. Notably, 
tiny animal models have indicated the crucial role of 
supporting putative signaling pathways that may re‐
sult in human AF, despite the fact that they do not 
exhibit the pathophysiological abnormalities seen 
in human AF. The advantages and disadvantages of 
different species of small animal models are shown 
in Table 1.
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3 Large animal models of AF 

3.1 Dogs

Spontaneous AF can occur in dogs as an inde‐
pendent problem in the absence of other cardiac dis‐
ease prerequisites. In most cases, AF in large and 
giant breeds (30‒90 kg body weight) is secondary to 
dilated cardiomyopathy. In small breeds (8‒20 kg body 
weight), AF has been rarely reported. Older dogs and 
males are at higher risk of developing AF.

Many studies of atrial electrophysiology and AF 
have been conducted in dogs. The APD of canine por‐
tal veins (PVs) is shorter than the peripheral LA due 
to the reduced the inward rectifier current (IKI) and 
the altered intercellular coupling, leading to an ele‐
vated resting membrane potential (Ehrlich et al., 2003; 
Sicouri et al., 2019). On the other hand, the canine AF 
model often uses adenosine triphosphate and has been 
widely implemented to study cellular electrical remod‐
eling in AF (Nattel and Dobrev, 2016). Because the 
duration of AF in such animals is generally short, 
even stimulated for only weeks, and because phar‐
macological treatment is usually insufficient to prevent 
tachycardia-induced left ventricular injury, canine ATP 
is often required for simultaneous rate control by atrio-
ventricular (AV) node ablation (Kato et al., 2014).

Several studies have demonstrated that PV is as‐
sociated with facilitated AF (Yoo et al., 2023). In dogs 
with RAP, the PV cardiomyocytes with pacemaker ac‐
tivity have been observed to have a greater incidence 
of delayed after-depolarization (DAD) or early after-
depolarization (EAD) (Chen et al., 2001). There have 
also been reports of non-iatrogenic localized re-entrant 
activations in the PVs of a canine model of pacing-
induced persistent AF (Zhou et al., 2002). However, 
atrial tachycardia (AT) in dogs lowers PV-LA action 
potential discrepancies and causes qualitatively equiva‑
lent ionic remodeling in the LA and PVs (Cha et al., 
2005), with a reduction in L-type Ca2+ current (ICa,L), 
transient-outward current (Ito), slow delayed-rectifier 
current (IKs), and an increase in Na+/Ca2+ exchanger 

current (INCX) (Cha et al., 2004). Additionally, in AT-
remodeled LA preparations, the excision of all PVs 
does not change the inducibility of atrial tachyarrhyth‐
mia (Cha et al., 2005). Similar to the rat ventricle, in‐
creased INCX and CaT promote EAD development in 
superfused canine pulmonary veins. Tachycardia pause 
causes fast firing within the PV sleeve after acetylcho‐
line has shortened the action potential (Patterson et al., 
2006).

In addition to the rapid AT model, heart failure-
related AF and vagal tone-induced AF have been 
utilized in dogs. Congestive heart failure (CHF) in‐
duced by five weeks of rapid ventricular pacing (220‒
240 beats per min (bpm)) prolonged the duration 
of abrupt pacing-induced AF, a result similar to the 
one-week effect of RAP. Compared with RAP, CHF 
did not alter atrial nonresponse, nonresponse heteroge‐
neity, or conduction velocity, but conduction heteroge‐
neity during atrial pacing was significantly increased 
(Pedro et al., 2020).

Vagus nerve stimulation readily facilitates the in‐
duction and maintenance of AF. The advantage of this 
method is that it is less expensive and produces stable 
AF induction, and this model has been used for the 
in vivo screening of potential antiarrhythmic drugs 
(Goldberger and Pavelec, 1986). Acetylcholine stimu‐
lation of the K channel, which stands for APD and 
ERP, causes vagally mediated AF (Goldberger and Pav‐
elec, 1986). Furthermore, vagal stimulation enhances 
ERP heterogeneity, which is positively correlated with 
the length of inducible AF (Wang et al., 1996). Optical 
mapping tests demonstrated that re-entrant activity was 
the cause of acetylcholine-induced persistent tachy‐
cardias in an ex vivo canine PV sample (Po et al., 
2005). The activation of the autonomic ganglia at the 
base of the right superior PV caused PV firing to tran‐
sition into AF in anesthetized dogs (Po et al., 2005).

Numerous investigations have demonstrated that 
AF related with hypoxia involves the autonomic ner‐
vous system (ANS) (Zhou et al., 2020; Liu et al., 2021; 
Han et al., 2023). Excessive vagal tone activation and 

Table 1  Advantages and disadvantages of different species of small animal models

Species
Rats, mice

Rabbits, 
guinea pigs

Advantages
Easy to generate and manipulate; low rearing 

costs
Pharmacology research; easier to perform 

experimental manipulations

Disadvantages
Differences in heart size and electrophysiology; tools used for 

human electrophysiological studies are not applicable to mice
Weak genetic manipulation; short duration of AF
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the resulting autonomic imbalance in animal models 
of acute intermittent hypoxia, such as hypoxemia, 
hypercapnia, and acidosis, are significant factors af‐
fecting AF related to hypoxia (Lu et al., 2013). In add‑
ition to making up a sizeable portion of intrinsic car‐
diac ANS (Shen and Zipes, 2014), cardiac GP con‐
trols the autonomic interactions between exogenous 
and intrinsic cardiac ANS and is crucial for the devel‐
opment and maintenance of AF (Scherlag et al., 2008). 
In a model of 2-min acute apnea, GP ablation in the 
right pulmonary artery prevented AF (Ghias et al., 
2009). According to recent studies, stimulating the 
epicardial fat pads that contain GP clusters can cause 
spontaneous AF (Po et al., 2006). AF induction was 
successfully avoided with radiofrequency GP ablation 
(Scherlag et al., 2005). The long-term effects of GP 
ablation on AF are still unclear, despite the fact that 
long-term vagal denervation of the atria can be ac‐
complished by the radiofrequency catheterization ab‐
lation of epicardial fat pads (Chiou et al., 1997). In the 
study of Oh et al. (2006), radiofrequency fat pad abla‐
tion could not permanently prevent AF onset in a 
canine model.

In a study of therapeutic relevance, Gerstenfeld 
et al. (2011) examined the processes of complicated 
AF electrogram grading in AF in ATP dogs that have 
been identified as possible targets for AF ablation. 
However, the majority of complex AF electrograms 
result from wavefront collisions and are not the under‐
lying causes of AF. Complex AF electrograms typically 
begin posterior to the LA and close to the PV orifice. 
The absence of structural abnormalities or fibrosis in 
these areas is significant because it may help to ex‐
plain why the segmental ablation of complex AF elec‐
trograms has no effect (Gerstenfeld et al., 2011). 
Balkhy et al. (2007) identified the principal epicardial 
autonomic ganglionated plexi at the junction of the 
inferior vena cava-main portal vein (IVC-MPV) in a 
canine model. Epicardial microwave ablation of this 
GP reduced or eliminated AV block and prolonged AF 
induction during cervical vagal trunk stimulation. Be‐
sides, it also removed the vagal response to local fat 
pad stimulation (Balkhy et al., 2007). Cholinergic AF 
was investigated in vitro using carbachol-infused cor‐
onary perfused canine left atrial PV preparations and 
in vivo using cervical vagus nerve stimulation (Lemola 
et al., 2008). An undamaged ventricular vein is not 
necessary for the continuation of experimental cholin‐
ergic AF. Ventricular vein-focused ablation for vagal 

AF may be more effective if the autonomic ganglion 
at the base of the ventricular vein is removed, as this 
reduces the vagal response (Lemola et al., 2008).

It has been common practice to employ the ca‐
nine model for AF inflammation, particularly the 
aseptic pericarditis model (Lee et al., 2022). This 
model has helped researchers to better understand 
the causes of AF and atrial flutter as well as how 
quickly AF might develop (Ortiz et al., 1994). It has 
also shown a link between postoperative AF and in‐
homogeneous atrial conduction, which is improved 
by anti-inflammatory medication (Ortiz et al., 1994). 
In an SP model, the use of ranolazine prolonged the 
AERP and AF cycle length in dogs, and stopped acutely 
generated atrial flutter and AF (Bhimani et al., 2014). 
After atrial GP ablation in dogs, the inflammatory re‐
sponse in the atria increases. Although the autonomic 
influence is abolished, the rise in atrial inflammatory 
components may reveal novel causal elements in the 
vulnerability to AF (Zhao et al., 2011).

A canine atrial ischemia model was also de‐
veloped, and AF was facilitated by remodeling brought 
on by atrial acute myocardial infarction (Wada et al., 
2021). After atrial infarction, the AERP remained un‐
affected; however, conduction velocity was decreased 
(Rivard et al., 2007). Moreover, spontaneous Ca2+ and 
INCX levels rose in response to changes in calcium 
homeostasis (Gussak et al., 2020). Interestingly, heat 
shock protein induction prior to atrial ischemia delays 
the onset of AF caused by ischemia. This is because 
heat shock protein induction reduces oxidative stress 
following acute myocardial infarction (Wang et al., 
2018). In a canine AF model that included ventricular 
infarction, a cured infarct model produced numerous 
waves, caused inhomogeneity in atrial monophasic 
APD, and increased the frequency and length of pacing-
induced AF (with a mean of 41 s) (Miyauchi et al., 
2003). Dogs were used in the study of chronic myo‐
cardial infarction, and the model revealed a decrease 
in atrial Cx40 and an increase in abrupt atrial pacing 
(episode duration ranging from 20 s to 1 min) (Ohara 
et al., 2002).

3.2 Pigs

As a large animal, the pig is able to simulate 
some chronic diseases very well. In anatomical and 
physiological terms, pigs, especially small breeds, have 
similar organ sizes and functions to humans and com‐
prise good model animals for constructing human 
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disease models. This being said, there are no reports 
of spontaneous AF in pigs.

The pig AF model was originally developed 
using aseptic pericarditis by Schwartzman et al. (2016). 
Therein, AF was indeed increased from 10% imme‐
diately following surgery to 80% one week later. 
The Aachener small pig aseptic pericarditis-induced 
atrial myopathy model was created by Tubeeckx et al. 
(2021), which was characterized by AF inducibility, 
the fast induction of inflammation and fibrosis, and 
repeatability. The first porcine model of acute AF was 
established in 2016, and almost all animals therein 
sustained AF without pharmacological intervention 
(Lee et al., 2016).

Atrioventricular nodal blockade can be utilized 
to lessen or stop the development of systolic dysfunc‐
tion, which increases the usefulness of ATP-induced 
AF pigs. Schwarzl et al. (2016) employed subcutane‐
ous deoxycorticosterone acetate to induce hyperten‐
sion in the model, which was able to accelerate atrial 
remodeling and enhance the persistence of AF, though 
mortality was increased in the conditioned animals. 
They used digoxin for nodal blockade to produce AF 
episodes lasting longer than 60 min without signs 
of CHF (Schwarzl et al., 2016). Similarly, Lin et al. 
(2003) were able to produce AF for more than 24 h  
using digoxin in addition to six weeks of ATP. Pigs 
with investigator-defined sustained AF exhibited AERP 
prolongation, pronounced changes in cellular Ca2+ 
homeostasis, and upregulation of the Na+/Ca2+ ex‐
changer at the expense of downregulations of protein 
kinase A, calcium/calmodulin-dependent protein kinase 
II (CaMKII) subunit δ, sarco/endoplasmic reticulum 
Ca2+-adenosine triphosphatase (ATPase) 2a (SERCA2a), 
ryanodine receptor 2 (RyR2), and the L-type Ca2+ 
channel (Lugenbiel et al., 2015). Quintanilla et al. (2019) 
employed a crossbred pig strain to control development 
and a dual-chamber pacemaker that delivered ATP and 
ventricular pacing to accomplish atrioventricular node 
ablation (60‒100 bpm). In this model, persistent AF 
developed over a median of 4.4 months with LA dilata‐
tion and ATP stimulation, but there was no change in 
LV systolic function (Quintanilla et al., 2019).

Increased vagal tone is one of the mechanisms, 
by which endurance exercise is linked to an increased 
risk of AF. Acetylcholine or epinephrine induced AF 
with or without pacing to evaluate the effects on auto‐
nomic functions (although only short episodes of a 

few minutes) (Justo et al., 2016). The model blocked 
the late sodium channel (Na+ current (INa)) to prevent 
AF (Namekata et al., 2022). This channel has drawn a 
lot of attention due to its importance in ischemia- and 
vagal-related AF in pigs (Manati et al., 2018; Godoy-
Marín et al., 2023).

The antiarrhythmic effects of SK channel blockers 
have been the most intensively studied AF-related 
topic in pigs. Diness et al. (2017) showed that, in pigs 
with rapid tachypacing for 7 d, the SK channel blocker 
AP14145 shortened AF duration in a dose-dependent 
manner and AERP was significantly prolonged. An‐
other SK channel blocker, AP30663, extended the 
AERP in a dose-dependent manner by ≥30 ms even 
at the lowest dose, which was considered sufficient to 
prolong cardioversion AF in pigs (Diness et al., 2020). 
Treatment with the most commonly available potassium 
two-pore domain channel subfamily K member 3 
(KCNK3, TASK-1) inhibitor, A293 (AVE1231), re‐
versed AF-induced action potential shortening and 
prolonged AERP independent of ventricular function 
in pigs induced with AF for 14 d (Wiedmann et al., 
2020). Other drugs, such as amiodarone, prolonged 
the ERP and reduced the rate of acutely induced AF 
and atrial flutter in pigs (Garcia et al., 2018). The use 
of ranolazine in pigs not only selectively increased 
the AERP without influencing the ventricular ERP 
(vERP) but also reduced the duration of acutely in‐
duced AF (Kirchhoff et al., 2015; Saljic et al., 2022).

3.3 Goats and sheep

The most frequently used large animals for AF 
models are goats and the smaller-sized sheep (20‒
150 kg body weight). Thus far, no spontaneous AF 
has been reported in goats or sheep, but these animals 
have been observed to have sinus arrhythmias and 
secondary and tertiary AV block.

Wijffels et al. (1995) first reported that persistent 
AF in a goat model altered atrial electrophysiology, 
thereby enhancing susceptibility to and persistence of 
AF. Therein, they used the term “atrial remodeling” 
for the first time to describe the changes in the promo‐
tion of AF caused by AF itself. AF-induced remodel‐
ing is virtually indistinguishable from any rapid AT-
induced remodeling, which is referred to as AT-
induced remodeling.

Congestive heart failure is one of the most com‐
mon clinical causes of AF, and this model has been 
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explored in goats. In a sheep model with congestive 
heart failure, AF frequency was affected (Takemoto 
et al., 2017; Frydrychowski et al., 2020). The slow-
going AV block triggered by four weeks of induction 
in goats resulted in progressive atrial dilatation and 
prolonged AF, in which the AERP or AF cycle was 
unchanged but local conduction delays occurred dur‐
ing rapid pacing (Pruvot et al., 2007). In a goat aortic-
LA shunt model, ERP prolongation and AF duration 
were increased (Remes et al., 2008). A model of asep‐
tic pericarditis exhibited ERP shortening and reduced 
frequency adaptation accompanied by increased sus‐
ceptibility to AF (Zhang et al., 2015). Cardiac-specific 
overexpression of transforming growth factor-β1 (TGF-
β1) resulted in structural changes in AF, including 
P-wave prolongation and increased susceptibility to 
AF (Polejaeva et al., 2016).

Aorto-pulmonary shunts in sheep predispose the 
atria to AF electrophysiological and structural remodel‐
ing, indications of cellular inexcitability, myolysis, 
and myocyte hypertrophy, including a triangular ac‐
tion potential shape brought on by decreased ICa,L (Der‐
oubaix et al., 2004). Moreover, prenatal corticosteroid-
induced hypertensive sheep show increased LA en‐
largement and AF duration (Kistler et al., 2006). Shorter 
AERPs, a decrease in ICa,L, and altered CaTs are among 
the effects of intermittent ATP (for example, for 4 h at 
900 bpm), and these changes increase AF vulnerability 
(Lenaerts et al., 2011; Monigatti-Tenkorang et al., 
2014). Besides, shorter APD and lower INa and ICa,L 
are also signs of electrical remodeling (Martins et al., 
2014).

3.4 Horses

The first electrocardiogram (ECG) of AF in horses 
was reported by Lewis (1911). Since then, AF has 
been reported in a variety of horse breeds, but not 
ever in ponies (100‒350 kg body weight). The per‐
centage prevalence of AF in large horses was between 
0.29% and 2.50%, with the highest value in warm-
blooded horses (500‒700 kg body weight) and stan‐
dardbred large-head horses (450‒600 kg body weight) 
(Ramírez and Tinker, 2021; Kjeldsen et al., 2022). AF 
in a paroxysmal form is considered to occur frequently 
in horses (Buhl et al., 2021).

Horses are considered to provide excellent large 
animal models for exploring structural and electrical 
remodeling as well as drug studies, not only because 

they have a similar AF phenotype to humans but also 
because they feature more PVs and a larger body size 
than humans (Carstensen et al., 2019; Linz et al., 
2020). It has been shown that ATP-stimulated horses, 
with enhanced atrial fibrosis in the presence of pro‐
longed AF, exhibit an AF phenotype similar to that of 
humans (de Clercq et al., 2008; Hesselkilde et al., 
2019). Hesselkilde et al. (2019) found that persistent 
AF with left atrial dilation and left atrial contraction 
occurred in 5/6 horses stimulated with ATP for three 
weeks. Carstensen et al. (2018, 2019) investigated 
the electrophysiological effects of ranolazine and the 
combination of ranolazine and dofetilide in an in‐
duced AF horse model. In 25% of horses, ranolazine 
cardioverted acutely induced AF, and this rate in‐
creased to 75% when ranolazine was combined with 
dofetilide. In 2020, local electrograms in sinus rhythm 
were reported, and then spontaneous pulmonary vein 
firing and a brief, non-persistent run of AF were ob‐
served (Linz et al., 2020). Without manipulating the 
catheter, and both before and after the catheter was re‐
moved, brief bursts of fast atrial activation were seen 
in horses. The advantages and disadvantages of differ‐
ent species of large animal models are illustrated in 
Table 2.

In order to help researchers better choose the ap‐
propriate animal model, we summarized the exist‐
ing animal models and their modeling approaches 
in Table 3. In addition, the different types of AF and 
their main mechanisms and common animal models 
were summarized in Table 4.

4  Advances in AF treatment 

4.1 Current clinical treatments

Providing effective treatment options for AF re‐
mains a major challenge, and the current treatments 
of human AF mainly include radiofrequency ablation 
surgery, together with antiarrhythmic drugs such as 
ion channel blockers and additional anticoagulant drugs 
to prevent possible complications (Arbelo and Dagres, 
2022; Calvert et al., 2022). Recent reports on catheter 
ablation versus pharmacotherapy in AF suggest that 
catheter ablation has a better performance in terms of 
cost-effectiveness and treatment outcome, especially 
for younger patients (Packer et al., 2021; Bahnson 
et al., 2022; Chew et al., 2022).
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Drug therapy cannot eradicate AF but can pro‐
vide some therapeutic and preventive effects. Cur‐
rent medications used to treat AF include anticoagu‐
lant therapy drugs, drugs to revert and maintain sinus 
rhythm, and drugs to control ventricular rate.

Pulmonary vein isolation is the basis of current 
AF ablation techniques (Erhard et al., 2022). Treat‐
ment by this technique with a certain period of post‐
operative drug therapy has been shown as effective in 
patients with paroxysmal AF. However, in patients 
with long-term persistent AF, the structures that trig‐
ger AF are not limited to the pulmonary veins but in‐
clude the coronary sinus, the left auricle, the superior 
vena cava, the terminal cleft muscle, and so on, which 
prompts the exploration of further ablation techniques 
for patients with long-term persistent AF. The current 
ablation techniques include pulmonary vein isolation, 
linear ablation of the mitral valve, and ablation of the 
right atrium.

In another approach, the cardiac system is dis‐
turbed by optogenetic techniques to control different 
types of cardiac myocytes to achieve cardiac pacing, 
defibrillation, or resuscitation. Compared with the con‐
ventional clinical treatment of AF, optogenetic tech‐
niques can terminate heart rate arrhythmias while 
avoiding drug side effects or tissue damage (Bingen 
et al., 2014). The reversible and non-invasive nature 
of optogenetic technology has attracted increasing 
attention in the treatment of arrhythmias, but its future 
application in the clinic still requires extensive experi‐
mental studies.

4.2 Experimental treatments in animal AF models

In common animals such as dogs and cats, AF 
is often diagnosed via ECG, and the principles of 

pharmacological treatment are divided into two main 
categories: heart rate control, which slows down the 
ventricular heart rate without converting AF to sinus 
rate, and cardioversion, which converts AF to sinus 
rate (Zhao et al., 2022). Treatment options are chosen 
by the severity of clinical symptoms, and rhythm con‐
trol is generally avoided if the condition is more se‐
vere. Commonly used medications for rhythm control 
include calcium channel blocker (CCB), digoxin, β-
blocker (BB), and potassium channel blocker (PCB). 
These drugs often achieve better efficacy when com‐
bined. In cardioversion, antiarrhythmic drugs are gen‐
erally used, and intravenous amiodarone is the treat‐
ment of choice in canine sudden-onset AF. Oral amio‐
darone is also effective, while the success rate of car‐
dioversion is relatively low (Oyama and Prosek, 2006). 
Currently, amiodarone is widely used as a relatively 
safe and mild drug in the clinical management of 
humans. In a comparative study on the efficiency and 
safety of drug conversion in the treatment of AF, pro‐
cainamide, propafenone, and amiodarone were all ef‐
fective in restoring sinus heart rate, whereas amioda‐
rone and propafenone were more effective, with pro‐
cainamide and propafenone having a faster onset of 
action (Kochiadakis et al., 2007).

In terms of surgical treatment, the most commonly 
employed technique in dogs is biphasic transthoracic 
cardioversion; in exceptional cases, intracardiac and 
transesophageal cardioversions are generally chosen 
as alternatives, a protocol that has been practiced in 
research animals but is less common in veterinary 
practice. In addition, there have been cases of transven‑
ous electrical resuscitation (Jung et al., 2017).

Additional novel drugs are also currently being 
used in various animal models of AF and have been 

Table 2  Advantages and disadvantages of different species of large animal models

Species
Goats
Dogs

Sheep
Pigs

Horses

Advantages
Long duration
Ability to use clinical instruments; anatomy and 

electrophysiology similar to human

Classical AF model
Heart and coronary artery structure similar to human; 

electrophysiology similar to that of human; action 
potentials similar to human; gene editing is possible

Natural development AF; AF follows a similar 
progression to that of human; PV has ectopic electrical 
activity that can trigger AF

Disadvantages
Relatively short action potential
Complex genetic background; significant differences in 

heart weight/body weight ratio; electrocardiographic 
differences; low social acceptance

High feeding costs; low similarity to human physiology
Few coronary artery side branches

Electrophysiological properties are different from those of 
human; different action potentials have different 
durations; high feeding costs; low social acceptance

AF: atrial fibrillation; PV: portal vein.
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shown to have some therapeutic effects. In the preven‐
tion of AF, anticonvulsant valproic acid (a histone 
deacetylase inhibitor) has been reported to weaken 
atrial fibrosis and slow the spontaneous onset of AF 
in a transgenic mouse model, which may be a new 

treatment option for AF prevention. Due to the link 
between inflammation and AF, Calvo et al. (2018) 
concluded that the potent anti-inflammatory effects 
of corticosteroids may be valid for AF in animals, 
while Pinho-Gomes et al. (2014) suggested that the 

Table 3  Summary of existing methods and mechanisms in atrial fibrillation (AF) animal models

Species

Mouse

Rat

Guinea pig

Rabbit

Goat

Dog

Sheep

Pig

Horse

Method

Transgenic
Inflammation

Spontaneous
Hypertensive
Asphyxia
Ventricular ischemia
Pulmonary hypertension

Aconitine perfusion

ACh infusion
ATP for 4 weeks

ATP for 48 h or 6 months
CAVB
Volume overload
Sterile pericarditis
TGF-β1 overexpressing

Spontaneous AF
ATP for 24 h/3 weeks/6 weeks
VTP for 2 weeks
ACh+isoproterenol infusion
Sympathetic denervation
MR+ATP for 6 weeks
Atrial ischemia
Ventricular ischemia
Sterile pericarditis
Periodontitis

ATP
ATP for 2‒5 s every 2‒5 s over 4 h
ATP for 13 weeks/around 40 d
Aged sheep
VTP for 4‒6 weeks
Volume overload
Atrial ischemia
Vagal stimulation
Prenatal corticoids
Unilateral nephrectomy and contralateral clamping
High-calorie diet (8 weeks)

ATP for 1‒6 weeks/2 weeks/6 weeks
ATP for months+AVN ablation
ACh+infusion
MR
Ventricular ischemia

Spontaneous AF
Healthy horses
ATP for 2 s every 4 s over 4 weeks

Mechanism

Gene editing
Inflammation-related

Inflammation-related
Inflammation-related
Changes in autonomic tone
Inflammation-related
RA fibrosis and conduction abnormalities

Acetylcholine receptor-operated K+ (KACh) channel-related

Increase AERP and prolong the APD
Atrial fibrosis

Electrophysiological changes
Chronic AV block
Chronic aortic to left atrial shunt
Inflammation-related
Progressive atrial fibrosis

Spontaneous
Atrial tachycardia/autonomic activation/chronic nonvalvular AF
Congestive heart failure
Changes in autonomic tone
Heterogeneous sympathetic atrial denervation
Spontaneous
Coronary artery disease
Atrial electrical and neural remodeling
Inflammation-related
Inflammation-related

Spontaneous after ATP discontinuation

APD alternans
Heart fibrosis
Spontaneous
Left ventricular infarction
Electrophysiology
Blood pressure
Hypertension
Sustain obesity

Atrial remodeling/gene therapy/chronic AF
Persistent atrial fibrillation ablation
Local atrial repolarization
Mitral regurgitation
Atrial arrhythmogenicity

Spontaneous
Antiarrhythmic drug
Chronic AF

ACh: acetylcholine; AERP: atrial effective refractory period; APD: action potential duration; ATP: atrial tachypacing; CAVB: chronic atrio-
ventricular block; AV: atrioventricular; TGF-β1: transforming growth factor-β1; VTP: ventricular tachypacing; MR: magnetic resonance.
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anti-inflammatory, anti-oxidant, and membrane stabil‑
izing properties of statins may contribute to the pre‐
vention of AF-induced electrical remodeling in an ani‐
mal model of AT and decrease the recurrence of AF 
after cardiac surgery. Other drugs, such as pirfenidone 
and trenbolone, have been shown to reduce structural 
and electrical remodeling and prevent vulnerability 
in canine models of AF; however, relevant clinical 
studies are still lacking. In a more promising future 
outlook, preventive genetic breeding strategies in dog 
breeds known to be genetically predisposed to AF 
will be considered, possibly even providing a more 
“personalized” genotype-directed treatment approach. 
In Table 5, we summarize the application of commonly 
used antiarrhythmic drugs in large animal models.

5 Summary 

Animal models are extremely important for the 
study of human AF, both in terms of mechanism and 
treatment. Currently, most research on treatment op‐
tions for human AF is carried out on animal models. 

However, the differences in cardiovascular systems 
between the various types of animals and those be‐
tween animals and humans lead to the numerous limi‐
tations of animal models, with the non-uniformity of 
AF mechanisms adding to these shortcomings in the 
establishment of each model. The accessibility and 
ease of manipulation of small animals make such 
models easier to establish, though the cardiovascular 
systems of small animals differ more from those of 
humans than from those of larger animals. The pres‐
ence of spontaneous AF in large animals makes them 
more suitable for AF models; however, the current op‐
erational techniques in large animals are inferior to 
those in small animals, and the accessibility and af‐
fordability of large animals are also lower, making the 
establishment of such models and the monitoring of 
data difficult. Currently, AF in animals is mainly in‐
duced by clinical means such as food and drugs, while 
fewer animal models are established by means of 
gene mutations. Additionally, the exploration of mech‐
anisms and treatment options at the genetic level has 
been insufficient. The means to construct suitable ani‐
mal models, how to use them, and the techniques to 

Table 5  Application of common antiarrhythmic drugs in large animal models

AAD
Ranolazine
Flecainide
Amiodarone
Dofetilide
Vernakalant
IK,ACh blockers
ISK,Ca blockers
IK2P blockers

Primary target
INa (late)
INa

IKr

IKr

IKur

IK,ACh

ISK,Ca

IK2P

Secondary targets
IKr, ICa,L, RyR2
INa,L, IKur, IKr, IK,ACh, IK,ATP, Ito1, RyR2
INa, IK,ACh, If, ICa,L, IK2P, αAR, βAR, M2R

INa, IK,ACh, IKr, IK2P

INa, IKr

Species
Horse, goat, pig, dog
Horse, goat, pig, dog
Horse, goat, pig, dog
Horse, goat, pig, dog
Horse, goat, pig, dog
Horse, goat, pig, dog
Horse, goat, pig, dog
Horse, goat, pig, dog

AAD: antiangiogenic drug; INa: Na+ current; IKr: rapid delayed rectifier K+ current; IKur: ultra-rapid component of the delayed rectifier K+ current;  
IK,ACh: acetylcholine (ACh)-activated current; ISK,Ca: Ca2+-activated K+ (SK) depolarizing Ca2+ channel; IK2P: leak current mediated by the family 
(K2P) channel; ICa,L: late Ca2+ current; RyR2: ryanodine receptor 2; INa,L,: late Na+ current; IK,ATP: atrial tachypacing (ATP)-sensitive 
current; Ito1: rapidly activating and inactivating transient outward current; If,: hyperpolarization-activated cyclic nucleotide-gated (HCN) channel; 
αAR: α-adrenergic receptor; βAR: β-adrenergic receptor; M2R: M2 receptor.

Table 4  Main mechanisms of different types of atrial fibrillation (AF)

Type of AF
Pulmonary vein-dependent AF
Heart failure-associated AF
Genetic AF
Valvular AF
Inflammation-associated AF
Toxic AF

Main mechanism
PV ectopy; AF trigger
Low ejection fraction; electrical/structural remodeling; AF substrate
Structurally healthy atria; increased genetic risk; mechanisms unclear
Pressure/volume overload; structural remodeling; AF substrate
Inflammation; electrical/structural remodeling; AF substrate
(1) Cellular toxicity, autonomic imbalance; AF trigger
(2) Cellular toxicity, autonomic imbalance; electrical/structural remodeling; 

AF substrate

Animal model
Horse, sheep
Pig, dog, sheep
Mouse
Pig, dog, goat, sheep
Goat, dog
Pig

PV: pulmonary vein.
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develop suitable treatment protocols for human AF, 
given the differences among different animal models, 
need to be further elaborated.

Acknowledgments
This work was supported by the National Key Research 

and Development Program of China (No. 2021YFA0805902) 
and the National Natural Science Foundation of China (No. 
32270884).

Author contributions
Qian GONG and Xuan LE wrote and edited the manu‐

script. Pengcheng YU revised and proofread the manu‐
script. Lenan ZHUANG provided supervision and financial 
support. All authors have read and approved the final manu‐
script, and therefore, have full access to all the data in the 
study and take responsibility for the integrity and security of 
the data.

Compliance with ethics guidelines
Qian GONG, Xuan LE, Pengcheng YU, and Lenan 

ZHUANG declare that they have no conflict of interest.
This article does not contain any studies with human or 

animal subjects performed by any of the authors.

References
Aidonidis I, Simopoulos V, Dipla K, et al., 2021a. Effects of 

ranolazine and its combination with amiodarone on rapid 
pacing-induced reentrant atrial tachycardia in rabbits. J 
Innov Card Rhythm Manag, 12(3):4421-4427. 
https://doi.org/10.19102/icrm.2021.120304

Aidonidis I, Simopoulos V, Stravela S, et al., 2021b. Ranola‐
zine depresses conduction of rapid atrial depolarizations 
in a beating rabbit heart model. J Interv Card Electro‐
physiol, 62(1):153-159. 
https://doi.org/10.1007/s10840-020-00865-0

Ajoolabady A, Nattel S, Lip GYH, et al., 2022. Inflamma‐
some signaling in atrial fibrillation: JACC state-of-the-
art review. J Am Coll Cardiol, 79(23):2349-2366. 
https://doi.org/10.1016/j.jacc.2022.03.379

Alessi R, Nusynowitz M, Abildskov JA, et al., 1958. Nonuni‐
form distribution of vagal effects on the atrial refractory 
period. Am J Physiol, 194(2):406-410. 
https://doi.org/10.1152/ajplegacy.1958.194.2.406

Ammar EM, Kudrin AN, 1969. Comparative antiarrhythmic activ‐
ity of beta-N-hexamethyleneimino-P-butoxypropiophenone, 
quinidine and novocaine amide in aconitine auricular 
fibrillation and flutter in cats. Farmakol Toksikol, 32(4):415-
418 (in Russian).

Andersen JH, Andreasen L, Olesen MS, 2021. Atrial fibrilla‐
tion—a complex polygenetic disease. Eur J Hum Genet, 
29(7):1051-1060. 
https://doi.org/10.1038/s41431-020-00784-8

Aoki Y, Hatakeyama N, Yamamoto S, et al., 2012. Role of ion 
channels in sepsis-induced atrial tachyarrhythmias in 

guinea pigs. Br J Pharmacol, 166(1):390-400. 
https://doi.org/10.1111/j.1476-5381.2011.01769.x

Arbelo E, Dagres N, 2022. The 2020 ESC atrial fibrillation guide‐
lines for atrial fibrillation catheter ablation, CABANA, 
and EAST. EP Europace, 24(S2):ii3-ii7. 
https://doi.org/10.1093/europace/euab332

Bahnson TD, Giczewska A, Mark DB, et al., 2022. Associ‑
ation between age and outcomes of catheter ablation 
versus medical therapy for atrial fibrillation: results from 
the CABANA trial. Circulation, 145(11):796-804. 
https://doi.org/10.1161/CIRCULATIONAHA.121.055297

Balkhy HH, Hare J, Sih HJ, 2007. Autonomic ganglionated 
plexi: characterization and effect of epicardial microwave 
ablation in a canine model of vagally induced acute atrial 
fibrillation. Innovations (Phila), 2(1):7-13. 
https://doi.org/10.1097/IMI.0b013e31802c5b13

Beyer C, Tokarska L, Stühlinger M, et al., 2021. Structural 
cardiac remodeling in atrial fibrillation. JACC Cardiovasc 
Imaging, 14(11):2199-2208. 
https://doi.org/10.1016/j.jcmg.2021.04.027

Bhimani AA, Yasuda T, Sadrpour SA, et al., 2014. Ranola‐
zine terminates atrial flutter and fibrillation in a canine 
model. Heart Rhythm, 11(9):1592-1599. 
https://doi.org/10.1016/j.hrthm.2014.05.038

Bingen BO, Engels MC, Schalij MJ, et al., 2014. Light-
induced termination of spiral wave arrhythmias by opto‐
genetic engineering of atrial cardiomyocytes. Cardiovasc 
Res, 104(1):194-205. 
https://doi.org/10.1093/cvr/cvu179

Blana A, Kaese S, Fortmüller L, et al., 2010. Knock-in gain-
of-function sodium channel mutation prolongs atrial ac‐
tion potentials and alters atrial vulnerability. Heart Rhythm, 
7(12):1862-1869. 
https://doi.org/10.1016/j.hrthm.2010.08.016

Buhl R, Nissen SD, Winther MLK, et al., 2021. Implantable 
loop recorders can detect paroxysmal atrial fibrillation in 
standardbred racehorses with intermittent poor perform‑
ance. Equine Vet J, 53(5):955-963. 
https://doi.org/10.1111/evj.13372

Byrne JE, Gomoll AW, McKinney GR, 1977. Antiarrhythmic 
properties of MJ 9067 in acute animal models. J Phar‐
macol Exp Ther, 200(1):147-154.

Calvert P, Farinha JM, Gupta D, et al., 2022. A comparison 
of medical therapy and ablation for atrial fibrillation in 
patients with heart failure. Expert Rev Cardiovasc Ther, 
20(3):169-183. 
https://doi.org/10.1080/14779072.2022.2050695

Calvo D, Filgueiras-Rama D, Jalife J, 2018. Mechanisms and 
drug development in atrial fibrillation. Pharmacol Rev, 
70(3):505-525. 
https://doi.org/10.1124/pr.117.014183

Carbone AM, del Calvo G, Nagliya D, et al., 2022. Autonomic 
nervous system regulation of epicardial adipose tissue: 
potential roles for regulator of G protein signaling-4. Curr 
Issues Mol Biol, 44(12):6093-6103. 
https://doi.org/10.3390/cimb44120415

Carstensen H, Kjær L, Haugaard MM, et al., 2018. Antiar‐
rhythmic effects of combining dofetilide and ranolazine 

146



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(2):135-152    |

in a model of acutely induced atrial fibrillation in horses. 
J Cardiovasc Pharmacol, 71(1):26-35. 
https://doi.org/10.1097/FJC.0000000000000541

Carstensen H, Hesselkilde EZ, Haugaard MM, et al., 2019. 
Effects of dofetilide and ranolazine on atrial fibrillatory 
rate in a horse model of acutely induced atrial fibrilla‐
tion. J Cardiovasc Electrophysiol, 30(4):596-606. 
https://doi.org/10.1111/jce.13849

Cha TJ, Ehrlich JR, Zhang LM, et al., 2004. Atrial ionic re‐
modeling induced by atrial tachycardia in the presence 
of congestive heart failure. Circulation, 110(12):1520-
1526. 
https://doi.org/10.1161/01.CIR.0000142052.03565.87

Cha TJ, Ehrlich JR, Zhang LM, et al., 2005. Atrial tachycar‐
dia remodeling of pulmonary vein cardiomyocytes: com‐
parison with left atrium and potential relation to arrhyth‐
mogenesis. Circulation, 111(6):728-735. 
https://doi.org/10.1161/01.CIR.0000155240.05251.D0

Chen XJ, Xu J, Jiang BZ, et al., 2016. Bone morphogenetic 
protein-7 antagonizes myocardial fibrosis induced by atrial 
fibrillation by restraining transforming growth factor-β 
(TGF-β)/Smads signaling. Med Sci Monit, 22:3457-3468. 
https://doi.org/10.12659/msm.897560

Chen YJ, Chen SA, Chen YC, et al., 2001. Effects of rapid 
atrial pacing on the arrhythmogenic activity of single 
cardiomyocytes from pulmonary veins: implication in 
initiation of atrial fibrillation. Circulation, 104(23):2849-
2854. 
https://doi.org/10.1161/hc4801.099736

Chew DS, Li YH, Cowper PA, et al., 2022. Cost-effectiveness 
of catheter ablation versus antiarrhythmic drug therapy 
in atrial fibrillation: the CABANA randomized clinical 
trial. Circulation, 146(7):535-547. 
https://doi.org/10.1161/CIRCULATIONAHA.122.058575

Chiou CW, Eble JN, Zipes DP, 1997. Efferent vagal innerva‐
tion of the canine atria and sinus and atrioventricular 
nodes. The third fat pad. Circulation, 95(11):2573-2584. 
https://doi.org/10.1161/01.cir.95.11.2573

Clauss S, Bleyer C, Schüttler D, et al., 2019. Animal models 
of arrhythmia: classic electrophysiology to genetically 
modified large animals. Nat Rev Cardiol, 16(8):457-475. 
https://doi.org/10.1038/s41569-019-0179-0

Curran J, Hinton MJ, Ríos E, et al., 2007. β-Adrenergic en‐
hancement of sarcoplasmic reticulum calcium leak in 
cardiac myocytes is mediated by calcium/calmodulin-
dependent protein kinase. Circ Res, 100(3):391-398. 
https://doi.org/10.1161/01.RES.0000258172.74570.e6

Danson EJF, Zhang YH, Sears CE, et al., 2005. Disruption of 
inhibitory G-proteins mediates a reduction in atrial β-
adrenergic signaling by enhancing eNOS expression. Car‐
diovasc Res, 67(4):613-623. 
https://doi.org/10.1016/j.cardiores.2005.04.034

de Clercq D, van Loon G, Tavernier R, et al., 2008. Atrial and 
ventricular electrical and contractile remodeling and re‐
verse remodeling owing to short-term pacing-induced atrial 
fibrillation in horses. J Vet Intern Med, 22(6):1353-1359. 
https://doi.org/10.1111/j.1939-1676.2008.0202.x

Deroubaix E, Folliguet T, Rücker-Martin C, et al., 2004. Moderate 

and chronic hemodynamic overload of sheep atria induces 
reversible cellular electrophysiologic abnormalities and 
atrial vulnerability. J Am Coll Cardiol, 44(9):1918-1926. 
https://doi.org/10.1016/j.jacc.2004.07.055

Diness JG, Kirchhoff JE, Sheykhzade M, et al., 2015. Antiar‐
rhythmic effect of either negative modulation or block‐
ade of small conductance Ca2+-activated K+ channels on 
ventricular fibrillation in guinea pig langendorff-perfused 
heart. J Cardiovasc Pharmacol, 66(3):294-299. 
https://doi.org/10.1097/FJC.0000000000000278

Diness JG, Skibsbye L, Simó-Vicens R, et al., 2017. Termina‐
tion of vernakalant-resistant atrial fibrillation by inhib‑
ition of small-conductance Ca2+-activated K+ channels in 
pigs. Circ Arrhythm Electrophysiol, 10(10):e005125. 
https://doi.org/10.1161/CIRCEP.117.005125

Diness JG, Kirchhoff JE, Speerschneider T, et al., 2020. The 
KCa2 channel inhibitor AP30663 selectively increases 
atrial refractoriness, converts vernakalant-resistant atrial 
fibrillation and prevents its reinduction in conscious pigs. 
Front Pharmacol, 11:159. 
https://doi.org/10.3389/fphar.2020.00159

Dobrev D, Wehrens XHT, 2018. Mouse models of cardiac 
arrhythmias. Circ Res, 123(3):332-334. 
https://doi.org/10.1161/CIRCRESAHA.118.313406

dos Santos L, Antonio EL, Serra AJ, et al., 2018. Atrial fibril‐
lation promotion in a rat model of heart failure induced 
by left ventricle radiofrequency ablation. IJC Heart Vasc, 
21:22-28. 
https://doi.org/10.1016/j.ijcha.2018.09.003

Ehrlich JR, Cha TJ, Zhang L, et al., 2003. Cellular electrophysi‐
ology of canine pulmonary vein cardiomyocytes: action 
potential and ionic current properties. J Physiol, 551(Pt 3):
801-813. 
https://doi.org/10.1113/jphysiol.2003.046417

Erhard N, Metzner A, Fink T, 2022. Late arrhythmia recur‐
rence after atrial fibrillation ablation: incidence, mech‑
anisms and clinical implications. Herzschrittmacherther 
Elektrophysiol, 33(1):71-76. 
https://doi.org/10.1007/s00399-021-00836-6

Fan YY, Xu F, Zhu C, et al., 2019. Effects of febuxostat on 
atrial remodeling in a rabbit model of atrial fibrillation 
induced by rapid atrial pacing. J Geriatr Cardiol, 16(7):
540-551. 
https://doi.org/10.11909/j.issn.1671-5411.2019.07.003

Feng RH, Wan JJ, He YS, et al., 2023. Angiotensin-receptor 
blocker losartan alleviates atrial fibrillation in rats by 
downregulating frizzled 8 and inhibiting the activation 
of WNT-5A pathway. Clin Exp Pharmacol Physiol, 50(1):
19-27. 
https://doi.org/10.1111/1440-1681.13715

Field LJ, 1988. Atrial natriuretic factor-SV40 T antigen trans‐
genes produce tumors and cardiac arrhythmias in mice. 
Science, 239(4843):1029-1033. 
https://doi.org/10.1126/science.2964082

Frydrychowski P, Michałek M, Sławuta A, et al., 2020. Large 
animals as models of atrial fibrillation. Adv Clin Exp Med, 
29(6):757-767. 
https://doi.org/10.17219/acem/122130

147



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(2):135-152

Garcia JR, Campbell PF, Kumar G, et al., 2018. Minimally in‐
vasive delivery of hydrogel-encapsulated amiodarone to 
the epicardium reduces atrial fibrillation. Circ Arrhythm 
Electrophysiol, 11(5):e006408. 
https://doi.org/10.1161/CIRCEP.118.006408

Gendenshteĭn EI, Kostin IV, 1976. Antiarrhythmic activity of 
trimecaine in experimental arrhythmia and its effect on 
the heart conduction system. Farmakol Toksikol, 39(4):
426-428.

Gendenshteĭn EI, Kostin IV, Simon IB, 1976. Anti-arrhythmic 
activity of the beta2-adrenoblockader alpheprol. Biull Eksp 
Biol Med, 81(6):694-696 (in Russian).

Gendenshteĭn EI, Kostin IV, Volkova ND, 1977. Antiarrhyth‐
mic activity of adrenergic blockaders with different mech‑
anisms of action. Kardiologiia, 17(4):116-120.

Gerstenfeld EP, Lavi N, Bazan V, et al., 2011. Mechanism of 
complex fractionated electrograms recorded during atrial 
fibrillation in a canine model. Pacing Clin Electrophysiol, 
34(7):844-857. 
https://doi.org/10.1111/j.1540-8159.2011.03071.x

Ghias M, Scherlag BJ, Lu ZB, et al., 2009. The role of gangli‐
onated plexi in apnea-related atrial fibrillation. J Am Coll 
Cardiol, 54(22):2075-2083. 
https://doi.org/10.1016/j.jacc.2009.09.014

Godoy-Marín H, Jiménez-Sábado V, Tarifa C, et al., 2023. In‐
creased density of endogenous adenosine A2A receptors 
in atrial fibrillation: from cellular and porcine models to 
human patients. Int J Mol Sci, 24(4):3668. 
https://doi.org/10.3390/ijms24043668

Goldberger AL, Pavelec RS, 1986. Vagally-mediated atrial 
fibrillation in dogs: conversion with bretylium tosylate. 
Int J Cardiol, 13(1):47-55. 
https://doi.org/10.1016/0167-5273(86)90078-1

Gong C, Ding Y, Liang F, et al., 2022. Muscarinic receptor 
regulation of chronic pain-induced atrial fibrillation. Front 
Cardiovasc Med, 9:934906. 
https://doi.org/10.3389/fcvm.2022.934906

Guasch E, Benito B, Qi XY, et al., 2013. Atrial fibrillation pro‐
motion by endurance exercise: demonstration and mech‑
anistic exploration in an animal model. J Am Coll Cardiol, 
62(1):68-77. 
https://doi.org/10.1016/j.jacc.2013.01.091

Gussak G, Marszalec W, Yoo S, et al., 2020. Triggered Ca2+ 
waves induce depolarization of maximum diastolic po‐
tential and action potential prolongation in dog atrial 
myocytes. Circ Arrhythm Electrophysiol, 13(6):e008179. 
https://doi.org/10.1161/CIRCEP.119.008179

Guzadhur L, Pearcey SM, Duehmke RM, et al., 2010. Atrial 
arrhythmogenicity in aged Scn5a+/∆ KPQ mice model‐
ing long QT type 3 syndrome and its relationship to Na+ 
channel expression and cardiac conduction. Pflugers Arch-
Eur J Physiol, 460(3):593-601. 
https://doi.org/10.1007/s00424-010-0851-z

Han JP, Zhang YZ, Wang XF, et al., 2023. Ultrasound-mediated 
piezoelectric nanoparticle modulation of intrinsic cardiac 
autonomic nervous system for rate control in atrial fibril‐
lation. Biomater Sci, 11(2):655-665. 
https://doi.org/10.1039/d2bm01733d

Hanna P, Buch E, Stavrakis S, et al., 2021. Neuroscientific 
therapies for atrial fibrillation. Cardiovasc Res, 117(7):
1732-1745. 
https://doi.org/10.1093/cvr/cvab172

Hellgren I, Mustafa A, Riazi M, et al., 2000. Muscarinic M3 
receptor subtype gene expression in the human heart. 
Cell Mol Life Sci CMLS, 57(1):175-180. 
https://doi.org/10.1007/s000180050507

Hesselkilde EZ, Carstensen H, Flethøj M, et al., 2019. Longi‐
tudinal study of electrical, functional and structural re‐
modelling in an equine model of atrial fibrillation. BMC 
Cardiovasc Disord, 19:228. 
https://doi.org/10.1186/s12872-019-1210-4

Hiram R, Naud P, Xiong F, et al., 2019. Right atrial mechanisms 
of atrial fibrillation in a rat model of right heart disease. 
J Am Coll Cardiol, 74(10):1332-1347. 
https://doi.org/10.1016/j.jacc.2019.06.066

Hulsurkar MM, Lahiri SK, Moore O, et al., 2021. Atrial-
specific LKB1 knockdown represents a novel mouse 
model of atrial cardiomyopathy with spontaneous atrial 
fibrillation. Circulation, 144(11):909-912. 
https://doi.org/10.1161/CIRCULATIONAHA.121.055373

Iwasaki YK, Shi YF, Benito B, et al., 2012. Determinants of 
atrial fibrillation in an animal model of obesity and acute 
obstructive sleep apnea. Heart Rhythm, 9(9):1409-1416.e1. 
https://doi.org/10.1016/j.hrthm.2012.03.024

Jalife J, Berenfeld O, Skanes A, et al., 1998. Mechanisms of 
atrial fibrillation: mother rotors or multiple daughter 
wavelets, or both? J Cardiovasc Electrophysiol, 9(S8):
S2-S12.

Jones DL, Tuomi JM, Chidiac P, 2012. Role of cholinergic in‐
nervation and RGS2 in atrial arrhythmia. Front Physiol, 
3:239. 
https://doi.org/10.3389/fphys.2012.00239

Jung SW, Newhard DK, Harrelson K, 2017. Transvenous 
electrical cardioversion of atrial fibrillation in two dogs. 
J Vet Cardiol, 19(2):175-181. 
https://doi.org/10.1016/j.jvc.2017.01.001

Justo F, Fuller H, Nearing BD, et al., 2016. Inhibition of the 
cardiac late sodium current with eleclazine protects against 
ischemia-induced vulnerability to atrial fibrillation and 
reduces atrial and ventricular repolarization abnormal‑
ities in the absence and presence of concurrent adrener‐
gic stimulation. Heart Rhythm, 13(9):1860-1867. 
https://doi.org/10.1016/j.hrthm.2016.06.020

Kato T, Iwasaki YK, Duker G, et al., 2014. Inefficacy of a 
highly selective T-type calcium channel blocker in pre‐
venting atrial fibrillation related remodeling. J Cardio‐
vasc Electrophysiol, 25(5):531-536. 
https://doi.org/10.1111/jce.12346

Keefe JA, Navarro-Garcia JA, Ni L, et al., 2022. In-depth 
characterization of a mouse model of postoperative atrial 
fibrillation. J Cardiovasc Aging, 2:40. 
https://doi.org/10.20517/jca.2022.21

Kirchhoff JE, Diness JG, Sheykhzade M, et al., 2015. Syner‐
gistic antiarrhythmic effect of combining inhibition of 
Ca2+-activated K+ (SK) channels and voltage-gated Na+ 
channels in an isolated heart model of atrial fibrillation. 

148



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(2):135-152    |

Heart Rhythm, 12(2):409-418. 
https://doi.org/10.1016/j.hrthm.2014.12.010

Kirchhoff JE, Diness JG, Abildgaard L, et al., 2016. Antiar‐
rhythmic effect of the Ca2+-activated K+ (SK) channel in‐
hibitor ICA combined with either amiodarone or dofetilide 
in an isolated heart model of atrial fibrillation. Pflugers 
Arch-Eur J Physiol, 468(11-12):1853-1863. 
https://doi.org/10.1007/s00424-016-1883-9

Kirchhoff S, Nelles E, Hagendorff A, et al., 1998. Reduced car‐
diac conduction velocity and predisposition to arrhythmias 
in connexin40-deficient mice. Curr Biol, 8(5):299-302. 
https://doi.org/10.1016/s0960-9822(98)70114-9

Kistler PM, Sanders P, Dodic M, et al., 2006. Atrial electrical 
and structural abnormalities in an ovine model of chronic 
blood pressure elevation after prenatal corticosteroid ex‐
posure: implications for development of atrial fibrilla‐
tion. Eur Heart J, 27(24):3045-3056. 
https://doi.org/10.1093/eurheartj/ehl360

Kjeldsen ST, Nissen SD, Buhl R, et al., 2022. Paroxysmal 
atrial fibrillation in horses: pathophysiology, diagnostics 
and clinical aspects. Animals (Basel), 12(6):698. 
https://doi.org/10.3390/ani12060698

Kochiadakis GE, Igoumenidis NE, Hamilos ME, et al., 2007. 
A comparative study of the efficacy and safety of pro‐
cainamide versus propafenone versus amiodarone for the 
conversion of recent-onset atrial fibrillation. Am J Cardiol, 
99(12):1721-1725. 
https://doi.org/10.1016/j.amjcard.2007.01.059

Lee AM, Miller JR, Voeller RK, et al., 2016. A simple porcine 
model of inducible sustained atrial fibrillation. Innov‑
ations (Phila), 11(1):76-78. 
https://doi.org/10.1097/IMI.0000000000000230

Lee S, Vitebskiy S, Goldstein RN, et al., 2022. Reliable pace 
termination of postoperative atrial fibrillation in the ca‐
nine sterile pericarditis model: implications for atypical 
atrial flutter. Heart Rhythm O2, 3(1):91-96. 
https://doi.org/10.1016/j.hroo.2022.01.003

Lemola K, Chartier D, Yeh YH, et al., 2008. Pulmonary vein 
region ablation in experimental vagal atrial fibrillation: role 
of pulmonary veins versus autonomic ganglia. Circula‐
tion, 117(4):470-477. 
https://doi.org/10.1161/CIRCULATIONAHA.107.737023

Lenaerts I, Holemans P, Pokreisz P, et al., 2011. Nitric oxide 
delays atrial tachycardia-induced electrical remodelling in 
a sheep model. EP Europace, 13(5):747-754. 
https://doi.org/10.1093/europace/eur021

Lequerica JL, Sanz E, Hornero F, et al., 2009. Esophagus his‐
tological analysis after hyperthermia-induced injury: im‐
plications for cardiac ablation. Int J Hyperthermia, 25(2):
150-159. 
https://doi.org/10.1080/02656730802537626

Lewis T, 1911. The electrocardiographic method and its rela‐
tionship to clinical medicine. Proc Roy Soc Med, 4:81-100. 
https://doi.org/10.1177/003591571100400606

Li N, Timofeyev V, Tuteja D, et al., 2009. Ablation of a Ca2+-
activated K+ channel (SK2 channel) results in action po‐
tential prolongation in atrial myocytes and atrial fibrilla‐
tion. J Physiol, 587(5):1087-1100. 

https://doi.org/10.1113/jphysiol.2008.167718
Li N, Wang TN, Wang W, et al., 2012. Inhibition of CaMKII 

phosphorylation of RyR2 prevents induction of atrial fi‐
brillation in FKBP12.6 knockout mice. Circ Res, 110(3):
465-470. 
https://doi.org/10.1161/CIRCRESAHA.111.253229

Li N, Chiang DY, Wang SF, et al., 2014. Ryanodine receptor-
mediated calcium leak drives progressive development 
of an atrial fibrillation substrate in a transgenic mouse 
model. Circulation, 129(12):1276-1285. 
https://doi.org/10.1161/CIRCULATIONAHA.113.006611

Liao J, Zhang SS, Yang ST, et al., 2021. Interleukin-6-mediated-
Ca2+ handling abnormalities contributes to atrial fibrilla‐
tion in sterile pericarditis rats. Front Immunol, 12:758157. 
https://doi.org/10.3389/fimmu.2021.758157

Lin JL, Lai LP, Lin CS, et al., 2003. Electrophysiological 
mapping and histological examinations of the swine atrium 
with sustained (≥24 h) atrial fibrillation: a suitable animal 
model for studying human atrial fibrillation. Cardiology, 
99(2):78-84. 
https://doi.org/10.1159/000069728

Linz D, Ukena C, Mahfoud F, et al., 2014. Atrial autonomic 
innervation: a target for interventional antiarrhythmic 
therapy? J Am Coll Cardiol, 63(3):215-224. 
https://doi.org/10.1016/j.jacc.2013.09.020

Linz D, Hesselkilde E, Kutieleh R, et al., 2020. Pulmonary 
vein firing initiating atrial fibrillation in the horse: over‐
sized dimensions but similar mechanisms. J Cardiovasc 
Electrophysiol, 31(5):1211-1212. 
https://doi.org/10.1111/jce.14422

Liu F, Sun W, Li Y, et al., 2021. Low-level stimulation and 
ethanol ablation of the vein of marshall prevent the vagal-
mediated AF. Front Cardiovasc Med, 8:675485. 
https://doi.org/10.3389/fcvm.2021.675485

Liu L, Nattel S, 1997. Differing sympathetic and vagal effects 
on atrial fibrillation in dogs: role of refractoriness hetero‐
geneity. Am J Physiol-Heart Circ Physiol, 273(2):H805-
H816. 
https://doi.org/10.1152/ajpheart.1997.273.2.H805

Lu ZB, Nie L, He B, et al., 2013. Increase in vulnerability of 
atrial fibrillation in an acute intermittent hypoxia model: 
importance of autonomic imbalance. Auton Neurosci, 
177(2):148-153. 
https://doi.org/10.1016/j.autneu.2013.03.014

Lugenbiel P, Wenz F, Govorov K, et al., 2015. Atrial fibril‐
lation complicated by heart failure induces distinct re‐
modeling of calcium cycling proteins. PLoS ONE, 10(3):
e0116395. 
https://doi.org/10.1371/journal.pone.0116395

Lymperopoulos A, Cora N, Maning J, et al., 2021. Signaling 
and function of cardiac autonomic nervous system recep‐
tors: insights from the gpcr signalling universe. FEBS J, 
288(8):2645-2659. 
https://doi.org/10.1111/febs.15771

Ma SZ, Yan F, Hou YL, 2023. Intermedin 1-53 ameliorates 
atrial fibrosis and reduces inducibility of atrial fibrillation 
via TGF-β1/pSmad3 and Nox4 pathway in a rat model of 
heart failure. J Clin Med, 12(4):1537. 

149



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(2):135-152

https://doi.org/10.3390/jcm12041537
Manati W, Pineau J, Puertas RD, et al., 2018. Vagal stimula‐

tion after acute coronary occlusion: the heart rate mat‐
ters. Cardiol J, 25(6):709-713. 
https://doi.org/10.5603/CJ.a2017.0156

Manninger M, Zweiker D, van Hunnik A, et al., 2018. Arterial 
hypertension drives arrhythmia progression via specific 
structural remodeling in a porcine model of atrial fibrilla‐
tion. Heart Rhythm, 15(9):1328-1336. 
https://doi.org/10.1016/j.hrthm.2018.05.016

Martins RP, Kaur K, Hwang E, et al., 2014. Dominant fre‐
quency increase rate predicts transition from paroxys‐
mal to long-term persistent atrial fibrillation. Circula‐
tion, 129(14):1472-1482. 
https://doi.org/10.1161/CIRCULATIONAHA.113.004742

McCauley MD, Hong L, Sridhar A, et al., 2020. Ion channel 
and structural remodeling in obesity-mediated atrial fi‐
brillation. Circ Arrhythm Electrophysiol, 13(8):e008296. 
https://doi.org/10.1161/CIRCEP.120.008296

Miyauchi Y, Zhou SM, Okuyama Y, et al., 2003. Altered atrial 
electrical restitution and heterogeneous sympathetic hy‐
perinnervation in hearts with chronic left ventricular myo‐
cardial infarction: implications for atrial fibrillation. Cir‐
culation, 108(3):360-366. 
https://doi.org/10.1161/01.CIR.0000080327.32573.7C

Monigatti-Tenkorang J, Jousset F, Pascale P, et al., 2014. In‐
termittent atrial tachycardia promotes repolarization 
alternans and conduction slowing during rapid rates, and 
increases susceptibility to atrial fibrillation in a free-
behaving sheep model. J Cardiovasc Electrophysiol, 25(4):
418-427. 
https://doi.org/10.1111/jce.12353

Namekata I, Hiiro H, Odaka R, et al., 2022. Inhibitory effect 
of a late sodium current blocker, NCC-3902, on the auto‐
maticity of the guinea pig pulmonary vein myocardium. 
Biol Pharm Bull, 45(11):1644-1652. 
https://doi.org/10.1248/bpb.b22-00362

Nattel S, Dobrev D, 2016. Electrophysiological and molecu‐
lar mechanisms of paroxysmal atrial fibrillation. Nat Rev 
Cardiol, 13(10):575-590. 
https://doi.org/10.1038/nrcardio.2016.118

Nofi C, Zhang K, Tang YD, et al., 2020. Chronic dantrolene 
treatment attenuates cardiac dysfunction and reduces 
atrial fibrillation inducibility in a rat myocardial infarc‐
tion heart failure model. Heart Rhythm O2, 1(2):126-135. 
https://doi.org/10.1016/j.hroo.2020.03.004

Nogami S, Satoh S, Nakano M, et al., 2003. Taxilin; a novel 
syntaxin-binding protein that is involved in Ca2+-dependent 
exocytosis in neuroendocrine cells. Genes Cells, 8(1):17-
28. 
https://doi.org/10.1046/j.1365-2443.2003.00612.x

Oh S, Zhang YH, Bibevski S, et al., 2006. Vagal denervation 
and atrial fibrillation inducibility: epicardial fat pad abla‐
tion does not have long-term effects. Heart Rhythm, 3(6):
701-708. 
https://doi.org/10.1016/j.hrthm.2006.02.020

Ohara K, Miyauchi Y, Ohara T, et al., 2002. Downregulation 
of immunodetectable atrial Connexin4O in a canine model 

of chronic left ventricular myocardial infarction: implica‐
tions to atrial fibrillation. J Cardiovasc Pharmacol Ther, 
7(2):89-94. 
https://doi.org/10.1177/107424840200700205

Ortiz J, Niwano S, Abe H, et al., 1994. Mapping the conver‐
sion of atrial flutter to atrial fibrillation and atrial fibrilla‐
tion to atrial flutter. Insights into mechanisms. Circ Res, 
74(5):882-894. 
https://doi.org/10.1161/01.res.74.5.882

Oyama MA, Prosek R, 2006. Acute conversion of atrial fibril‐
lation in two dogs by intravenous amiodarone adminis‐
tration. J Vet Intern Med, 20(5):1224-1227. 
https://doi.org/10.1111/j.1939-1676.2006.tb00727.x

Packer DL, Piccini JP, Monahan KH, et al., 2021. Ablation 
versus drug therapy for atrial fibrillation in heart failure: 
results from the CABANA trial. Circulation, 143(14):
1377-1390. 
https://doi.org/10.1161/CIRCULATIONAHA.120.050991

Patterson E, Lazzara R, Szabo B, et al., 2006. Sodium-calcium 
exchange initiated by the Ca2+ transient: an arrhythmia 
trigger within pulmonary veins. J Am Coll Cardiol, 47(6):
1196-1206. 
https://doi.org/10.1016/j.jacc.2005.12.023

Pedro B, Fontes-Sousa AP, Gelzer AR, 2020. Diagnosis and 
management of canine atrial fibrillation. Vet J, 265:105549. 
https://doi.org/10.1016/j.tvjl.2020.105549

Pereira PJS, Pugsley MK, Troncy E, et al., 2019. Incidence of 
spontaneous arrhythmias in freely moving healthy un‐
treated Sprague-Dawley rats. J Pharmacol Toxicol Meth‐
ods, 99:106589. 
https://doi.org/10.1016/j.vascn.2019.106589

Pinho-Gomes AC, Amorim MJ, Oliveira SM, et al., 2014. Sur‐
gical treatment of atrial fibrillation: an updated review. 
Eur J Cardiothorac Surg, 46(2):167-178. 
https://doi.org/10.1093/ejcts/ezt584

Po SS, Li YH, Tang D, et al., 2005. Rapid and stable re-entry 
within the pulmonary vein as a mechanism initiating par‐
oxysmal atrial fibrillation. J Am Coll Cardiol, 45(11):
1871-1877. 
https://doi.org/10.1016/j.jacc.2005.02.070

Po SS, Scherlag BJ, Yamanashi WS, et al., 2006. Experimen‐
tal model for paroxysmal atrial fibrillation arising at the 
pulmonary vein-atrial junctions. Heart Rhythm, 3(2):201-
208. 
https://doi.org/10.1016/j.hrthm.2005.11.008

Polejaeva IA, Ranjan R, Davies CJ, et al., 2016. Increased 
susceptibility to atrial fibrillation secondary to atrial fi‐
brosis in transgenic goats expressing transforming growth 
factor-β1. J Cardiovasc Electrophysiol, 27(10):1220-1229. 
https://doi.org/10.1111/jce.13049

Pruvot E, Jousset F, Ruchat P, et al., 2007. Propagation velocity 
kinetics and repolarization alternans in a free-behaving 
sheep model of pacing-induced atrial fibrillation. EP 
Europace, 9(S6):vi83-vi88. 
https://doi.org/10.1093/europace/eum211

Quintanilla JG, Alfonso-Almazán JM, Pérez-Castellano N, 
et al., 2019. Instantaneous amplitude and frequency modu‐
lations detect the footprint of rotational activity and 

150



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(2):135-152    |

reveal stable driver regions as targets for persistent atrial 
fibrillation ablation. Circ Res, 125(6):609-627. 
https://doi.org/10.1161/CIRCRESAHA.119.314930

Ramírez J, Tinker A, 2021. Ventricular restitution predicts 
paroxysmal atrial fibrillation in horses. Function, 2(1):
zqaa038. 
https://doi.org/10.1093/function/zqaa038

Remes J, van Brakel TJ, Bolotin G, et al., 2008. Persistent 
atrial fibrillation in a goat model of chronic left atrial 
overload. J Thorac Cardiovasc Surg, 136(4):1005-1011. 
https://doi.org/10.1016/j.jtcvs.2008.05.015

Rivard L, Sinno H, Shiroshita-Takeshita A, et al., 2007. The 
pharmacological response of ischemia-related atrial fi‐
brillation in dogs: evidence for substrate-specific efficacy. 
Cardiovasc Res, 74(1):104-113. 
https://doi.org/10.1016/j.cardiores.2007.01.018

Roselli C, Rienstra M, Ellinor PT, 2020. Genetics of atrial fi‐
brillation in 2020: GWAS, genome sequencing, polygenic 
risk, and beyond. Circ Res, 127(1):21-33. 
https://doi.org/10.1161/CIRCRESAHA.120.316575

Sagris M, Vardas EP, Theofilis P, et al., 2022. Atrial fibrilla‐
tion: pathogenesis, predisposing factors, and genetics. Int 
J Mol Sci, 23(1):6. 
https://doi.org/10.3390/ijms23010006

Saljic A, Jespersen T, Buhl R, 2022. Anti-arrhythmic investi‐
gations in large animal models of atrial fibrillation. Br J 
Pharmacol, 179(5):838-858. 
https://doi.org/10.1111/bph.15417

Santa Cruz A, Meşe G, Valiuniene L, et al., 2015. Altered con‐
ductance and permeability of Cx40 mutations associated 
with atrial fibrillation. J Gen Physiol, 146(5):387-398. 
https://doi.org/10.1085/jgp.201511475

Scherlag BJ, Nakagawa H, Jackman WM, et al., 2005. Electri‐
cal stimulation to identify neural elements on the heart: 
their role in atrial fibrillation. J Interv Card Electrophysiol, 
13(Suppl 1):37-42. 
https://doi.org/10.1007/s10840-005-2492-2

Scherlag BJ, Hou YL, Lin JX, et al., 2008. An acute model 
for atrial fibrillation arising from a peripheral atrial site: 
evidence for primary and secondary triggers. J Cardio‐
vasc Electrophysiol, 19(5):519-527. 
https://doi.org/10.1111/j.1540-8167.2007.01087.x

Schwartzman D, Badhwar V, Kormos RL, et al., 2016. A plasma-
based, amiodarone-impregnated material decreases sus‐
ceptibility to atrial fibrillation in a post-cardiac surgery 
model. Innovations (Phila), 11(1):59-63. 
https://doi.org/10.1097/IMI.0000000000000240

Schwarzl M, Alogna A, Zweiker D, et al., 2016. A porcine 
model of early atrial fibrillation using a custom-built, 
radio transmission-controlled pacemaker. J Electrocardiol, 
49(2):124-131. 
https://doi.org/10.1016/j.jelectrocard.2015.12.012

Shen MJ, Zipes DP, 2014. Role of the autonomic nervous sys‐
tem in modulating cardiac arrhythmias. Circ Res, 114(6):
1004-1021. 
https://doi.org/10.1161/CIRCRESAHA.113.302549

Shen S, Duan JF, Hu JX, et al., 2022. Colchicine alleviates in‐
flammation and improves diastolic dysfunction in heart 

failure rats with preserved ejection fraction. Eur J Phar‐
macol, 929:175126. 
https://doi.org/10.1016/j.ejphar.2022.175126

Siasos G, Skotsimara G, Oikonomou E, et al., 2020. Anti‐
thrombotic treatment in diabetes mellitus: a review of the 
literature about antiplatelet and anticoagulation strategies 
used for diabetic patients in primary and secondary pre‐
vention. Curr Pharm Des, 26(23):2780-2788. 
https://doi.org/10.2174/1381612826666200417145605

Sicouri S, Belardinelli L, Antzelevitch C, 2019. Effect of au‐
tonomic influences to induce triggered activity in muscu‐
lar sleeves extending into the coronary sinus of the ca‐
nine heart and its suppression by ranolazine. J Cardio‐
vasc Electrophysiol, 30(2):230-238. 
https://doi.org/10.1111/jce.13770

Sy MR, Keefe JA, Sutton JP, et al., 2023. Cardiac function, 
structural, and electrical remodeling by microgravity ex‐
posure. Am J Physiol Heart Circ Physiol, 324(1):H1-H13. 
https://doi.org/10.1152/ajpheart.00611.2022

Takemoto Y, Ramirez RJ, Kaur K, et al., 2017. Eplerenone re‐
duces atrial fibrillation burden without preventing atrial 
electrical remodeling. J Am Coll Cardiol, 70(23): 2893-
2905. 
https://doi.org/10.1016/j.jacc.2017.10.014

Temple J, Frias P, Rottman J, et al., 2005. Atrial fibrillation in 
KCNE1-null mice. Circ Res, 97(1):62-69. 
https://doi.org/10.1161/01.RES.0000173047.42236.88

Torii S, Yamamoto T, Nakamura N, et al., 2021. Antiplatelet 
effect of single antiplatelet therapy with prasugrel and 
oral anticoagulation after stent implantation in a rabbit 
arteriovenous shunt model. Circ Rep, 3(9):504-510. 
https://doi.org/10.1253/circrep.CR-21-0084

Tubeeckx MRL, Laga S, Jacobs C, et al., 2021. Sterile peri‐
carditis in Aachener minipigs as a model for atrial myo‑
pathy and atrial fibrillation. J Vis Exp, 175:e63094. 
https://doi.org/10.3791/63094

Wada T, Hagiwara-Nagasawa M, Kambayashi R, et al., 2021. 
Effects of cardiac massage and β-blocker pretreatment 
on the success rate of cardiopulmonary resuscitation as‐
sessed by the canine ischemia/reperfusion-induced ven‐
tricular fibrillation model. Circ J, 85(10):1885-1891. 
https://doi.org/10.1253/circj.CJ-20-0897

Wang J, Liu L, Feng J, et al., 1996. Regional and functional 
factors determining induction and maintenance of atrial 
fibrillation in dogs. Am J Physiol-Heart Circ Physiol, 
271(1 Pt 2):H148-H158. 
https://doi.org/10.1152/ajpheart.1996.271.1.H148

Wang XW, Shangguan WF, Li GP, 2018. Angiotensin-(1‒7) 
prevents atrial tachycardia induced-heat shock protein 
27 expression. J Electrocardiol, 51(1):117-120. 
https://doi.org/10.1016/j.jelectrocard.2017.08.015

Watanabe H, Yang T, Stroud DM, et al., 2011. Striking in vivo 
phenotype of a disease-associated human SCN5A mu‐
tation producing minimal changes in vitro. Circulation, 
124(9):1001-1011. 
https://doi.org/10.1161/CIRCULATIONAHA.110.987248

Wiedmann F, Beyersdorf C, Zhou XB, et al., 2020. Pharmaco‐
logic TWIK-related acid-sensitive K+ channel (TASK-1) 

151



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(2):135-152

potassium channel inhibitor A293 facilitates acute car‐
dioversion of paroxysmal atrial fibrillation in a porcine 
large animal model. J Am Heart Assoc, 9(10):e015751. 
https://doi.org/10.1161/JAHA.119.015751

Wijesurendra RS, Casadei B, 2019. Mechanisms of atrial fi‐
brillation. Heart, 105(24):1860-1867. 
https://doi.org/10.1136/heartjnl-2018-314267

Wijffels MCEF, Kirchhof CJHJ, Dorland R, et al., 1995. Atrial 
fibrillation begets atrial fibrillation. A study in awake chron‐
ically instrumented goats. Circulation, 92(7):1954-1968. 
https://doi.org/10.1161/01.cir.92.7.1954

Winslow E, 1981. Hemodynamic and arrhythmogenic effects 
of aconitine applied to the left atria of anesthetized cats. 
Effects of amiodarone and atropine. J Cardiovasc Phar‐
macol, 3(1):87-100. 
https://doi.org/10.1097/00005344-198101000-00008

Yao CX, Veleva T, Scott L, et al., 2018. Enhanced cardiomyo‐
cyte NLRP3 inflammasome signaling promotes atrial 
fibrillation. Circulation, 138(20):2227-2242. 
https://doi.org/10.1161/CIRCULATIONAHA.118.035202

Yoo S, Rottmann M, Ng J, et al., 2023. Regions of highly re‐
current electrogram morphology with low cycle length 
reflect substrate for atrial fibrillation. JACC Basic Transl 
Sci, 8(1):68-84. 
https://doi.org/10.1016/j.jacbts.2022.07.011

Zhang Y, Wang YT, Shan ZL, et al., 2015. Role of inflamma‐
tion in the initiation and maintenance of atrial fibrillation 

and the protective effect of atorvastatin in a goat model 
of aseptic pericarditis. Mol Med Rep, 11(4):2615-2623. 
https://doi.org/10.3892/mmr.2014.3116

Zhao H, Chen YM, Mao M, et al., 2022. A meta-analysis of 
colchicine in prevention of atrial fibrillation following 
cardiothoracic surgery or cardiac intervention. J Cardio‐
thorac Surg, 17:224. 
https://doi.org/10.1186/s13019-022-01958-9

Zhao QY, Zhang SD, Huang H, et al., 2011. Inflammation ab‐
normalities and inducibility of atrial fibrillation after epi‐
cardial ganglionated plexi ablation. Arch Cardiovasc Dis, 
104(4):227-233. 
https://doi.org/10.1016/j.acvd.2011.01.007

Zhou LL, Liu Y, Wang ZJ, et al., 2021. Activation of NADPH 
oxidase mediates mitochondrial oxidative stress and atrial 
remodeling in diabetic rabbits. Life Sci, 272:119240. 
https://doi.org/10.1016/j.lfs.2021.119240

Zhou SM, Chang CM, Wu TJ, et al., 2002. Nonreentrant focal 
activations in pulmonary veins in canine model of sus‐
tained atrial fibrillation. Am J Physiol Heart Circ Physiol, 
283(3):H1244-H1252. 
https://doi.org/10.1152/ajpheart.01109.2001

Zhou Z, Li SY, Sheng X, et al., 2020. Interactions between 
metabolism regulator adiponectin and intrinsic cardiac 
autonomic nervous system: a potential treatment target 
for atrial fibrillation. Int J Cardiol, 302:59-66. 
https://doi.org/10.1016/j.ijcard.2019.12.031

152


