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Abstract

Atrial fibrillation (AF) is the most common cardiac arrhythmia despite substantial efforts to 

understand the pathophysiology of the condition and develop improved treatments. Identifying 

the underlying causative mechanisms of AF in individual patients is difficult and the efficacy 

of current therapies is suboptimal. Consequently, the incidence of AF is steadily rising and 

there is a pressing need for novel therapies. Research has revealed that defects in specific 

molecular pathways underlie AF pathogenesis, resulting in electrical conduction disorders that 

drive AF. The severity of this so-called electropathology correlates with the stage of AF disease 

progression and determines the response to AF treatment. Therefore, unravelling the molecular 

mechanisms underlying electropathology is expected to fuel the development of innovative 

personalized diagnostic tools and mechanism-based therapies. Moreover, the co-creation of AF 
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studies with patients to implement novel diagnostic tools and therapies is a prerequisite for 

successful personalized AF management. Currently, various treatment modalities targeting AF-

related electropathology, including lifestyle changes, pharmaceutical and nutraceutical therapy, 

substrate-based ablative therapy, and neuromodulation, are available to maintain sinus rhythm and 

might offer a novel holistic strategy to treat AF.

Atrial fibrillation (AF) is the most common serious cardiac arrhythmia in Western 

countries1,2. AF occurs when abnormal electrical impulses suddenly start firing in the atria 

and override the heart’s natural pacemaker, which can no longer control the heart’s rhythm. 

AF causes irregular and often abnormally fast contractions of the atrial cardiomyocytes, 

resulting in various symptoms, including an irregular heart rate, palpitations, dizziness, 

shortness of breath and tiredness. AF can be classified based on disease persistence or 

aetiology. When classification is based on persistence, AF is categorized into four classes. 

When AF episodes terminate spontaneously or with intervention within 7 days of onset, AF 

is defined as paroxysmal AF. Continuous AF sustained for at least 7 days or terminated by 

cardioversion (pharmaceutical or electrical cardioversion) after the seventh day is defined 

as persistent AF. Continuous AF sustained for at least 12 months and in combination with 

a rhythm control strategy is defined as long-standing persistent AF. In cases in which 

the patient and doctor decide to stop attempts to restore or maintain sinus rhythm, AF 

is termed permanent AF. AF is mainly found in older individuals (>70 years of age) 

and those with lifestyle-related conditions such as high blood pressure, diabetes mellitus 

and obesity1. In addition, AF might also be triggered in specific situations, for example, 

binge drinking (colloquially referred to as ‘holiday heart syndrome’) and stress. Based 

on well-described risk factors for AF, AF can be classified as ‘wear-and-tear’ AF (that 

is, induced by environmental factors), congenital AF or genetic AF. Wear-and-tear AF is 

associated with changes related to ageing and with Western dietary and lifestyle risk factors 

such as hypertension, diabetes mellitus, obesity, coronary artery diseases and various other 

conditions, including chronic kidney disease and inflammatory diseases1. AF also occurs in 

some patients with a congenital heart disease (estimated 4.7%), which is termed congenital 

AF and results from a combination of embryogenesis defects (which themselves might be 

partially due to genetic mutations) and peri-operative and post-operative factors related to 

surgical treatment for their heart disease3. Congenital AF onset occurs at a younger age 

than for other forms of AF and often progresses rapidly from persistent to permanent AF4,5. 

For ~15% of patients with AF, the condition also occurs in family members, suggesting 

a genetic predisposition6–9; multiple studies have revealed a prominent role for genetic 

variants in driving AF. Currently, the pathophysiological mechanisms underlying wear-and-

tear, congenital and genetic AF have only been partly elucidated.

To date, the selection of an optimal strategy for effective management of AF is challenging 

owing mainly to an incomplete understanding of the aetiology of AF, which has resulted in 

a lack of effective AF diagnostic instruments and therapies. As life expectancy is increasing 

worldwide, the steep rise in the prevalence of AF in the general population is becoming 

an urgent public health issue, especially in the Western world and parts of the Eastern 

world. Furthermore, AF might severely affect a patient’s quality of life as it is associated 

with serious complications, such as stroke, heart failure, cognitive impairment and sudden 
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cardiac arrest, which result in increased morbidity and mortality10 and increasing health-care 

costs11.

Current treatment of AF is in large part based on catheter ablation, which aims to eliminate 

either the trigger initiating AF or the underlying arrhythmogenic substrate (a pre-existing 

condition necessary for arrhythmia induction) using either heat (radiofrequency ablation) or 

freezing (cryoablation). As AF episodes might be triggered by foci located predominantly 

within the pulmonary veins, pulmonary vein isolation — electrically isolating the pulmonary 

veins by creating a circumferential lesion around the ostia of the right and left pulmonary 

veins — was introduced in the 1990s. Over time, additional ablation strategies have 

been proposed, including the creation of linear lesions or targeted ablation of complex 

fractionated atrial electrograms, low-voltage areas, or rotational activity, amongst others. 

Catheter ablation is more effective than anti-arrhythmic drugs in maintaining sinus rhythm 

and is therefore currently the cornerstone of AF therapies1,12–14. Although invasive isolation 

therapy of the pulmonary veins is promising in early stages of AF, AF recurrences occur in 

up to 70% of patients with persistent AF within 1 year of the first pulmonary vein isolation 

and therefore require multiple procedures1,15. Despite these recurrences, catheter ablation 

has proved beneficial in reducing the AF burden and improving patient quality of life16,17.

Currently available pharmacotherapies for AF, which originate from the 1960s, target ion 

channels and do not prevent AF onset or progression in 85% of patients1. Lack of effect 

is likely because these drugs are not directed at the molecular causes of AF. Moreover, 

anti-AF drug usage is limited by their potential adverse effects, which can be severe or 

even life-threatening1. The response of an individual patient to AF therapy often cannot 

be predicted. Despite the identification of novel druggable targets that are involved in the 

pathogenesis of AF18–21, translation of these findings to clinical drug studies is limited. 

The absence of curative AF therapies runs in parallel with the absence of knowledge of AF 

pathogenesis in the individual patient.

To ensure the success of mechanism-based personalized AF therapies, a diagnostic tool 

to stage the severity of AF pathology is indispensable. Despite the rapid development of 

mobile health technologies for detecting AF, AF can currently only be accurately diagnosed 

with a surface electrocardiogram (ECG) when a patient already has symptomatic AF. As 

surface ECG recordings only provide a far-field view of the electrical patterns of activation, 

they do not provide information on the severity of AF and therefore cannot be used to 

assess the stage of AF22–24. Consequently, the selection and development of mechanism-

based, personalized AF treatment modalities are severely hampered, thus prolonging the 

tremendous physical and psychological impact on patients and family members as well as 

burdening health-care systems and, ultimately, the entire society.

To improve AF therapy and diagnostics, research has increasingly focused on dissection 

of the molecular and electrical mechanisms underlying AF pathogenesis. Evidence from 

experimental and clinical studies of AF indicates a key role for so-called electropathology 

as a driver of AF. Electropathology is defined as electrical conduction disorders, and 

consequently contractile dysfunction, that are caused by molecular changes in atrial 

tissue that drive structural changes (including myolysis, dilation and fibrosis) and AF 
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initiation and perpetuation. Emerging key pathways in which molecular changes might occur 

include protein homeostasis, stress signalling and inflammasome activation, which result 

in impairment of cardiomyocyte calcium handling, complex patterns of electrical activation 

and, thus, in contractile dysfunction. Importantly, key modulators within these pathways also 

represent potential druggable and diagnostic targets and therefore might aid in achieving 

mechanism-based and personalized AF management25–27.

In this Primer, we use the 2020 European Society of Cardiology (ESC) guidelines for the 

diagnosis and treatment of AF as a starting point to indicate directions for improvement in 

AF management. First, we describe the worldwide epidemiology of AF and elaborate on 

associations with modifiable and non-modifiable risk factors of AF. Second, technologies 

for accurate diagnosis of the severity of AF electropathology (‘staging’) and identification 

of patients at risk of developing AF are discussed. Third, we discuss the molecular 

and electrical mechanisms involved in AF pathophysiology that might be useful for 

the development of novel and effective therapies of AF. Finally, we highlight patient 

participation (via co-creation of studies) and data and biomaterial sharing as prerequisites 

to facilitate the design of patient-tailored diagnostic tools and the implementation of high-

quality studies and innovative therapies.

Epidemiology

AF shows an increasing prevalence and incidence with advancing age24, which is the 

strongest risk factor amongst sex, smoking, alcohol consumption, body mass index, 

hypertension, left ventricular hypertrophy, significant heart murmur, heart failure and 

myocardial infarction28,29. The global epidemiology of AF with respect to socioeconomic 

and geographical risk factors, age, sex and genetics has recently been comprehensively 

reviewed28,29. The prevalence of AF varies between geographical regions (FIG. 1) and is 

also related to age, sex, ethnicity and other variables, including socioeconomic status. AF 

prevalence and incidence are higher in men than in women, irrespective of socioeconomic 

status or ethnicity. A familial predisposition or white ethnicity increase the risk for incident 

AF. Indeed, a family history of AF (‘familial AF’) is associated with a 40% increased 

risk for new-onset AF30. Globally, AF is associated with an increased risk of mortality 

and morbidity, with a loss of 6.0 million disability-adjusted life-years worldwide in 2017, 

conferring 0.24% of total disability-adjusted life-years globally31.

AF prevalence is associated with high sociodemographic index regions based on average 

income per person, educational level and total fertility rate of each region as well 

as common lifestyle-related cardiovascular risk factors and comorbidities28,32. Lifestyle 

factors associated with increased AF risk include excessive consumption of alcohol, low-

carbohydrate and high-fat intake, sleep apnoea, and sedentary behaviour or excessive 

physical exercise as a lifestyle33–37. Furthermore, Framingham data revealed that the risk 

factor burden, categorized as optimal (that is, well-controlled risk factors), borderline or 

elevated (that is, suboptimally managed risk factors), is associated with increased lifetime 

risk for AF. These risk factors include smoking, alcohol consumption, body mass index, 

blood pressure, diabetes, and history of heart failure or myocardial infarction38. An optimal 

risk factor profile was associated with a lifetime risk of AF of about 1 in 5 in adults; 

Brundel et al. Page 4

Nat Rev Dis Primers. Author manuscript; available in PMC 2022 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



however, the risk of AF rose to 1 in 3 where there was at least one elevated risk factor38. 

Similar observations were reported for a Korean nationwide cohort, for which a combination 

of unhealthy lifestyle factors, including current smoking, excessive alcohol consumption 

(>30 g daily) and lack of regular exercise, were associated with the highest risk of incident 

AF39 (FiG. 2).

The prevalence of AF is lower in Asian individuals (~1%) than in white individuals (~2%), 

notwithstanding the fact that Asian individuals experience a much higher overall disease 

burden given the proportionally larger aged population28,40. It is estimated that ~5.2 million 

men and ~3.1 million women over the age of 60 in China will suffer from AF by the year 

2050, which is ~2.3-fold higher than the equivalent predicted prevalence for the United 

States28,40. This difference is likely due to the rising incidence of chronic diseases, including 

hypertension, metabolic syndrome and diabetes mellitus, related to urban lifestyle and 

dietary changes in the Chinese population40.

In approximately 15% of patients with AF, AF occurs in the absence of common wear-and-

tear risk factors and onset is at a younger age6,7. AF might be familial in these patients, 

suggesting a heritable genetic predisposition. Familial AF is associated with variants in 

genes encoding ion channels, transcription factors, and cell coupling, cytoskeletal and 

intermediate filament proteins (TABLE 1). In addition, large population-based genome-

wide association studies identified AF-associated single-nucleotide polymorphisms, which 

include those in genes encoding transcription factors involved in cardiac gene expression41. 

Genome-wide association studies have identified ~260 single-nucleotide polymorphisms in 

166 loci, as associated with AF pathogenesis in multiple ethnicities, indicating a complex 

gene expression matrix regulated by a group of transcription factors, including PITX2, 

TBX5, GATA4, NKX2.5, SHOX2, ZFHX3, ETV1, PRRX1 and JUN7,42–48. The genes at 

the AF-associated loci broadly implicate pathways involved in cardiac development, calcium 

handling, contractile function and ion channel function.

In addition to wear-and-tear AF and genetic AF, the incidence of congenital AF is 

increasing due to improved survival of patients with congenital heart disease owing to a 

refinement of surgical techniques and a higher quality of post-operative clinical care49,50. 

Consequently, the prevalence and incidence of AF are steeply increasing, especially in high 

sociodemographic index regions. This steep increase results in a major public health burden. 

The prevalence of risk factors related to wear-and-tear AF are steadily rising owing to 

lifestyle changes associated with urban life and dietary habits. Improved genetic AF testing 

will shed light on ethnicity-dependent genetic variants for AF and aid in the development 

of genetic risk scoring in routine clinical care. Knowledge of the underlying causes of risk 

factors that drive AF might stimulate novel approaches for improved AF management.

Mechanisms/pathophysiology

Electropathology as a root cause of AF

The general concept of AF is that paroxysms of AF are caused by ectopic activities. 

Ectopic activities represent spontaneous depolarizations of atrial tissue outside the sinoatrial 

node at rates faster than the sinus rhythm. Ectopic activities commonly originate from the 
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pulmonary veins (95% versus 5% from the inferior and superior caval veins)51. Therefore, 

in theory, isolation of ectopic activity by circular lesions at the ostium of the pulmonary 

veins would eliminate AF. However, AF recurrences occur frequently after a successful 

pulmonary vein isolation52. These AF recurrences might be due to re-conduction across 

the scarred circular lesion53, although they might also be caused by the presence of an 

extensive arrhythmogenic substrate at various regions in the atria. It is generally assumed 

that progression from paroxysmal to (long-standing) persistent AF reflects progression 

from an arrhythmogenic trigger-mediated initiation of AF to an electropathology-mediated 

arrhythmia. As such, AF recurrence is caused by structural impairment of atrial tissue.

Evidence for electropathology as the root cause of clinical AF originates from intra-

operative high-resolution electrical mapping studies of the epicardial surface of the entire 

right and left atrium, including the Bachmann bundle. The Bachmann bundle is a muscular 

bundle on the atrial septal roof connecting the right and left atrial appendages. Prior 

mapping studies in humans demonstrated that the Bachmann bundle is mainly activated 

by a wavefront propagating from the right to the left side but also by wavefronts emerging 

in the central part of the bundle. These variable patterns of activation are most likely 

caused by variations in the atrial architecture. Consequently, the Bachmann bundle is a 

preferred site for conduction disorders (Supplementary Table 1). In addition, the presence 

of AF episodes is associated with more severe conduction disorders at the Bachmann 

bundle54. Intra-operative mapping studies have provided important insights into the extent 

of electropathology in patients with a variety of underlying cardiovascular diseases and 

risk factors and who underwent cardiac surgery (summarized in Supplementary Table 1). 

Patients with non-dilated atria and normal left ventricular ejection fraction in whom AF was 

acutely induced differed significantly from patients with long-standing persistent AF with 

respect to longitudinal dissociation in conduction and prevalence of focal fibrillation waves. 

Focal fibrillation waves appear in the middle of the mapping area and expand towards 

the surrounding atrial tissue as a result of enhanced electrical asynchrony between the 

endocardial and epicardial layers of the atria55–57(Supplementary Box 1).

Patients with long-standing persistent AF have extensive conduction abnormalities along the 

lateral boundaries of the atrial musculature, resulting in a more than sixfold higher incidence 

of intra-atrial conduction block than in patients with acute AF58. Multiples lines of intra-

atrial conduction block were also associated with an increase in the number of fibrillation 

waves58 (FiG. 3). These observations indicate that quantification of electrophysiological 

parameters, such as the amount of conduction block and the number of focal fibrillation 

waves, might be utilized to stage the severity of AF, which is important as the AF stage 

is most likely a major determinant of anti-arrhythmic therapy effectiveness. Interestingly, 

(random) reentry was only observed in patients with acutely induced AF and not in any 

patients with (long-standing) persistent AF58. A series of mapping studies have investigated 

whether electropathology is already present during sinus rhythm and whether it is influenced 

by the presence of cardiovascular comorbidities and risk factors (Supplementary Table 1). 

For this purpose, patterns of activation, including conduction disorders, such as conduction 

delay and conduction block, have been measured in large cohorts of patients (~400 patients) 

undergoing cardiac surgery for coronary artery disease, congenital heart disease and valvular 

heart disease. Collectively, these studies reveal that a certain degree of electropathology is 
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present during sinus rhythm in all these patients. Importantly, the type of underlying heart 

disease has no effect on the degree and extensiveness of conduction disorders occurring 

during sinus rhythm. However, patients with AF episodes show more conduction disorders 

throughout both atria, which are most severe at the Bachmann bundle. In addition, patients 

with obesity present more often with both higher prevalence and more extensive and severe 

conduction disorders during sinus rhythm than patients without obesity (Supplementary 

Table 1).

Electrical and calcium remodelling in atrial cardio-myocytes.

AF is also related to changes in electrical remodelling of cardiac ion channels (such as 

Ca2+ and K+ channels)59,60. In patients with AF, ectopic activity occurs most often in the 

pulmonary veins. Experimental studies revealed that early afterdepolarization and delayed 

afterdepolarization (DAD) might underlie ectopic activity and thereby trigger AF onset61. 

The underlying experimentally ascertained molecular mechanisms of this ectopic activity 

include an increase in diastolic Ca2+ release from sarcoplasmic reticulum (SR) Ca2+-stores 

via leaky ryanodine receptor 2 (RyR2) Ca2+-release channels and altered ion channel 

function, resulting in shortening of action potential duration (APD)61 (Supplementary 

Box 2). Ca2+ entry via L-type Ca channels (ICaL), together with a smaller Ca2+ influx 

via the sodium–potassium exchanger NCX, activates Ca2+ release from the SR through 

RyRs in myocytes (FIG. 4). During systole, this Ca2+-triggered release of Ca2+ from the 

SR creates a large intracellular Ca2+ ([Ca]i) transient that drives myocyte contraction62. 

During diastole, RyRs are usually closed and the excess cytosolic Ca2+ is cleared from 

the cytosol either by pumping Ca2+ back into the SR by SERCA2 or removing Ca2+ 

from the cell, mostly by NCX62. However, RyRs can spontaneously (albeit rarely) open 

during diastole, which might produce a non-spark SR Ca2+ leak when individual RyRs 

open or a spark-mediated SR Ca2+ leak when opening of multiple RyRs drives local 

inter-RyR Ca2+-induced Ca2+ release. Of note, unusually large and frequent sparks might 

trigger propagating diastolic Ca2+ waves. Atypically high SR Ca2+ leak reduces SR Ca2+ 

levels and consequently decreases systolic fractional SR Ca2+ release for a given L-type 

voltage-gated Ca2+ current (ICaL) trigger63,64. Propagating Ca2+ waves result in excess NCX 

function during diastole, which is electrogenic (3 Na+ imported for each Ca2+ exported) 

and might generate abnormal triggered activities (such as DADs) and initiate arrhythmias62. 

Compared with the ventricles, the amplitude of atrial Ca2+ transient is smaller, the rate of 

intracellular Ca2+ decay is higher (due to increased SERCA uptake and NCX function) and 

SR Ca2+ content is higher65. When RyRs channels are sensitized under certain pathological 

conditions, this higher level of SR Ca2+ content makes atrial cardiomyocytes prone to 

spontaneous diastolic SR Ca2+ release62,66–69. However, a reduced SR Ca2+ content due 

to impaired Ca2+ uptake (owing to reduced SERCA2 activity) but significantly increased 

diastolic SR Ca2+ leakage results in increased cytosolic Ca2+ levels and abnormal triggered 

Ca2+ activities (Ca2+ sparks and waves), which consequently lead to abnormal triggered 

activities (such as DADs) and initiate atrial arrhythmias62. However, atria from patients with 

paroxysmal AF and animal models of ageing or of holiday heart syndrome show a different 

pathomechanism as increased diastolic SR Ca2+ leak is accompanied by an elevated SR 

Ca2+ content via increased SERCA2 activity70–72. This combined diastolic SR Ca2+ leak 
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and overload aggravates arrhythmic Ca2+ waves and DADs and, ultimately, might trigger 

arrhythmias71–73.

Molecular defects in electropathology

Complementary to the emerging findings on electrophysiological abnormalities as a readout 

for personalized AF diagnostics and therapies, identification of the underlying molecular 

causes of these abnormalities might greatly enhance AF management. Understanding the 

molecular defects might aid in the development of mechanism-based, potentially more 

effective, AF therapies. Analysis of human atrial tissue samples has revealed that AF 

results in sustained structural damage in atrial cardiomyocytes, including breakdown of 

the mitochondrial, cytoskeletal and sarcomeric networks (BOX 1), which is accompanied 

by autophagosome formation, suggestive for activation of autophagic protein degradation 

and changes in chromatin composition21,25. Molecular pathways involved in these structural 

changes include defective proteostasis, activation of stress signalling, genome instability 

and inflammatory signalling (FIG. 4). Elucidating the role of key modulators within these 

molecular pathways is the first step in developing novel diagnostic tools and therapies that 

specifically address electrical and contractile impairment and might aid in the treatment of 

AF at various stages.

Defective proteostasis: the role of the protein quality control system.

Proteins are versatile, complex macromolecules that are involved in the correct functioning 

of all cells, including atrial cardiomyocytes. Human cardiomyocytes synthesize ~14,000 

different proteins on ribosomes, representing 73% of the proteins encoded in the human 

genome74. To ensure maintenance of the proteome integrity, protein synthesis, maturation, 

function, transport and breakdown (that is, proteostasis) are closely monitored by a complex 

system called the protein quality control (PQC) system75,76. The main players in the 

PQC system include chaperone proteins, especially the stress response-related heat shock 

proteins (HSPs) that assist in the folding and refolding of proteins77–79, and the ubiquitin–

proteasome and macroautophagy protein degradation pathways80,81. Protein degradation 

pathways clear expired, irreversibly misfolded or damaged proteins from the cell to prevent 

toxic protein aggregation and malfunction of the cardiomyocyte. The rapid activation rate 

of the atria during AF is a trigger for mechanical stress and cytoskeletal protein damage 

and, together with concomitant failure of the PQC system, results in activation of the stress 

response, increased formation of reactive oxygen species (ROS), and consequent oxidative 

damage to proteins and DNA21 (FIG. 4). In physiological conditions, cardiomyocytes 

express high levels of specific small HSPs, including the small HSP27, which localize 

to contractile proteins and the microtubule network, thereby stabilizing the structure and 

conserving contractile and electrophysiological functions of cardiomyocytes18,82,83. At 

the severe stage of persistent AF, human HSP27 levels become depleted in atrial tissue 

samples83. Consistent with this observation, boosting HSP expression by genetic and 

pharmacological means attenuates electropathology (including Ca2+ handling, ICaL, APD 

and structural abnormalities) and AF promotion in various experimental models of AF18. 

Thus, depletion of HSP levels is a prominent contributor to electropathology and thereby 

drives AF.
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As mentioned previously, the rapid activation rate during AF causes marked structural 

stress to the cytoskeleton, resulting in degradation of cytoskeletal and sarcomeric proteins 

with concomitant excessive activation of macroautophagy and calcium overload-induced 

calpain protein degradation pathways, whereas the ubiquitin–proteasome system only has 

a minor role84–87. Macroautophagy is an evolutionarily conserved protein degradation 

pathway that clears misfolded and damaged proteins and organelles by sequestering 

them into autophagosomes, which fuse with lysosomes, resulting in degradation of their 

contents. The degradation end-products comprise amino and fatty acids that are recycled 

to generate ATP88. Although macroautophagy was originally described as a vital cellular 

process, excessive activation of this pathway, as observed in AF, triggers degradation of 

the cytoskeleton, impairment of calcium handling, and atrial electrical (ICaL and APD 

abnormalities) and contractile dysfunction86,89. The endoplasmic reticulum (ER)/SR stress 

response is an upstream trigger for autophagic protein degradation via the so-called 

unfolded protein response (UPR). The UPR induces the phosphorylation of the ER/SR stress 

sensor eIF2α at Ser31, resulting in protein translation inhibition and concomitant selective 

expression of stress-response transcripts, including activating transcription factor 4 (ATF4) 

and ATF6, respectively90. In turn, ATF4 and ATF6 signalling increases the expression 

and activation of CCAAT/enhancer-binding protein (C/EBP) homology protein (CHOP) 

and various autophagy proteins, including ATG12, MAP1LC3B (also known as LC3) and 

BiP (also known as HSPA5), which together stimulate elongation of autophagosomes and 

activate autophagic protein degradation91–94. In AF, ER stress-induced (excessive) activation 

of autophagy constitutes an important mechanism of electropathology as blocking ER stress 

by administration of the chemical chaperone 4-phenylbutyrate (4PBA), overexpression of 

the ER chaperone BiP or mutation of the gene encoding eIF2α inhibits excessive autophagy 

activation and thereby prevents electrical and contractile dysfunction86. Of note, although 

autophagy is needed for normal physiological function, excessive autophagy is toxic.

AF risk factor-evoked stress signalling pathways underlying electropathology.

A number of AF risk factors, including advanced age, heart failure, diabetes mellitus, 

alcohol abuse, intra-operative or post-operative atrial injury, and myocardial ischaemia, 

result in increased cellular stress1. Emerging evidence suggests that stress signalling 

pathways have an important role in AF pathogenesis. In addition to the role of the 

ER/SR stress and UPR pathways, mitogen-activated protein kinase (MAPK) stress signalling 

pathways are involved in the pathogenesis of AF. Key members of the MAPK family, 

JUN N-terminal kinases (JNKs), are activated in response to various stresses and are 

considered markers of ER stress95. JNKs orchestrate cellular stress responses and regulate 

cell differentiation, survival and migration, which, when aberrant, contribute to the 

development of cardiovascular diseases, including AF46,96. In particular, JNK2 but not 

JNK1 has a crucial role in the development of AF in humans and animal models of 

advanced age or exposed to alcohol binge drinking71–73,96. In these contexts, JNK2 has 

dual roles as it activates diastolic Ca2+ leak from the SR, which is known to have 

a proarrhythmogenic effect, while JNK2 simultaneously increases SR Ca2+ content by 

accelerating Ca2+ uptake into the SR through stimulation of SERCA2 activity71–73. While 

this accelerated Ca2+ uptake in the SR partially compensates for the toxic SR Ca2+ 

leak, elevated SR Ca2+ content further enhances the diastolic SR Ca2+ leakage, which 
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together aggravates arrhythmic susceptibility. Moreover, JNK2-induced diastolic Ca2+ leak 

is a crucial activator of Ca2+/calmodulin-dependent protein kinase IIδ (CaMKIIδ, the 

predominant cardiac isoform), which is a validated pro-arrhythmic signaling molecule71,73. 

The pro-arrhythmic effects of CaMKIIδ are related to its promotion of RyR2 dysfunction 

and, consequently, Ca2+ handling abnormalities in human atrial samples and animal 

models67,68,71–73,97. Furthermore, activation of CamKIIδ results in dysregulation of the 

‘late’ sodium current (INa,late), causing pro-arrhythmic activity in atrial cardiomyocytes from 

patients with AF and sleep-disordered breathing98,99. Extensive studies have also shown 

an important role of CamKIIδ in AF pathogenesis, while elevated ROS promote CaMKIIδ 
activation by oxidation of Met280 and Met281 in the protein, representing an alternative, 

dynamic, calcium-independent mechanism of CaMKIIδ activation99,100. In addition, ROS 

can also alter the function of gap junctions by activating CaMKIIδ or JNK2, whereas JNK2-

specific regulation of CaMKIIδ activation and SR Ca2+ mishandling is independent of both 

the intracellular Ca2+ concentration and oxidative stress101,102. However, in non-cardiac 

myocytes, ROS are known to activate NLRP3 inflammasomes, which can lead to increased 

atrial fibrosis20,103–105. In post-operative patients with AF (with no history of AF prior 

to open-heart surgery), activation of NLRP3 inflammasome signalling augments CaMKIIδ-

dependent hyperphosphorylation of RyR2 and arrhythmic Ca2+ activities68,69,97,106–109. 

This augmented CaMKIIδ-dependent SR Ca2+ mishandling was further found to underlie 

AF pathological remodelling in an atrial tachypaced canine AF model and in a CREM-

transgene mouse model of spontaneous AF110–112. Thus, current studies have demonstrated 

that dysregulation of a number of different stress-evoked signalling pathways underlies 

atrial molecular and electrophysiological remodelling and drives AF promotion. Although 

electrical remodelling of cardiac membrane ion channels leads to altered action potentials 

and/or triggered activities, these alterations alone might not be sufficient to provide an 

arrhythmogenic substrate62.

AF has been considered as a reentrant arrhythmia; both a shortened atrial effective refractory 

period and reduced conduction velocity of action potentials have been linked to AF113,114. 

Sodium channels are responsible for generating action potential in each cell through 

the fast sodium current (INa), while gap junctional channels directly connect adjacent 

cells by providing chemical and electrical communication between adjacent myocytes. 

Accumulating evidence from humans and animal models suggests that stressed hearts, 

owing to ischaemia, obesity, heart failure or ageing, have delayed atrial conduction due 

to altered Na+ or gap junction channels46,56,96,99,115. Recent experimental findings support 

the functional contribution of gap junctional channels in the reduced conductivity and 

reentry that might underlie AF in the setting of heart failure, myocardial ischaemia and 

ageing46. The pivotal role of the JNK stress kinases in suppressing the expression of 

CX43 (encoding the gap junction protein connexin 43), and consequently hampering cell-

to-cell communication, has been recognized as an arrhythmogenic substrate for AF46,72. 

Additionally, overexpression of connexin 43 using atrial gene transfer corrected slow 

conduction caused by connexin 43 downregulation and reduced AF propensity116, implying 

the critical role of connexin 43 in enhanced AF risk. Of note, JNK2 is implicated in both 

impaired cell-to-cell communication and slowed atrial conduction velocity via reduced 

expression of CX43 and enhanced triggering of Ca2+ activities via JNK2-driven SR 
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Ca2+ mishandling71–73,96,117 to generate DADs and promote AF. However, this pathway 

is independent of atrial fibrosis formation in the setting of ageing in both humans and 

animals118,119. Together, pathological molecular and structural remodelling forms a reentry 

substrate that facilitates the maintenance of AF, and the stress kinase JNK2 is an important 

molecule acting as an upstream stress integrator that drives AF pathogenesis. Future studies 

are needed to better understand the role of the stress signalling cascades and the crosstalk 

between pathways in proteostasis disruption that drives AF development.

Genome instability, DNA repair and mitochondrial dysfunction.

Maintaining the integrity of the proteostasis network is an energy-consuming process in 

cardiomyocytes79 and AF puts further pressure on the energy-producing capacity of the 

mitochondria. Flaws in mitochondrial energy production, via depletion of NAD+/NADH 

levels and therefore reduced electron transport chain activity, result in an increase in ROS 

production and oxidative protein and DNA damage120–122, and emerging evidence indicates 

a role for this sequela in AF123,124. AF-related electropathology is precipitated by excessive 

stimulation of the DNA repair machinery via poly(ADP-ribose) polymerase 1 (PARP1) 

activation in response to oxidative DNA damage21. In turn, PARP1-mediated synthesis of 

ADP-ribose chains depletes mitochondrial NAD+ levels and results in energy loss and ROS 

production, further driving oxidative DNA damage and impairment of electrical conduction, 

calcium handling, and ion channel and contractile function21. Interestingly, replenishment of 

NAD+ or pharmacological inhibition or genetic depletion of PARP1 prevent electrical and 

contractile loss of function21,125. Furthermore, inhibition of PARP1 protects against NAD+ 

depletion, oxidative stress, DNA damage and contractile dysfunction in experimental model 

systems of AF. Consistent with these findings, cardiomyocytes of patients with persistent 

AF also show substantial DNA damage, involving both single-strand and double-strand 

breaks, which correlates with PARP1 activity21,125. These findings not only indicate this 

DNA damage pathway as a novel mechanism driving electropathology and AF promotion 

but also suggest PARP1 inhibition and/or NAD+ supplementation as a possible therapeutic 

intervention that might preserve the proteostasis network and cardiomyocyte function in 

clinical AF.

Inflammasome activation.

The NLRP3 inflammasome is activated in response to danger signals, including viral or 

bacterial pathogens or DNA, RNA, ATP, and nuclear and cytosolic molecules released 

from damaged cells20. On activation, NLRP3 triggers the release of the cytokines IL-1β 
and IL-18, which mediate a proinflammatory response. In experimental AF, the NLRP3 

inflammasome is activated in atrial cardiomyocytes, enhancing RyR2-mediated SR Ca2+ 

release and ectopic firing, which results in impaired electrical conduction that promotes AF 

onset20,25 (FiG. 4). Genetic suppression of NLRP3 levels prevents the development of AF in 

transgenic mouse models, supporting a causative role for NLRP3 in AF onset20,25.

In conclusion, several experimental studies have identified important molecular mechanisms 

underlying AF and novel druggable targets to attenuate electropathology and AF. Future 

research should be directed towards translating these findings into diagnostic tools for 

(patient-tailored) screening and prevention of AF.
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Diagnosis, screening and prevention

Innovative solutions for diagnostic AF tools

Patients with AF might be asymptomatic or they might present with a variety of symptoms, 

including palpitations, (near) syncope, chest pain or fatigue. AF is currently staged 

according to the clinical presentation and duration of AF episodes as paroxysmal, (long-

standing) persistent or permanent AF. Diagnosis of AF requires documentation of an 

AF episode lasting >30 s and recorded by either a 12-lead ECG or a single lead. In 

case of infrequent episodes, long-term recordings using, for example, Holter monitors 

are mandatory. In the past decade, several mobile health devices have been introduced 

that facilitate early diagnosis of AF, including hand-held devices, wearable patches, bio-

textiles, smartphones and smartwatches1. Nevertheless, owing to false-positive notifications, 

each potential AF episode documented by mobile devices needs to be reviewed by a 

physician experienced in the analysis of rhythm registrations. Unfortunately, one or more 

surface electrocardiogram lead recordings do not provide any information on the degree 

of AF persistence and severity of AF-related electropathology. Therefore, a diagnostic tool 

capable of measuring the severity of AF-related electropathology in the atria could facilitate 

personalized AF diagnosis and consequently also AF therapy.

As described above, the stage of AF is correlated with the complexity of the patterns 

of activation in the atrial tissue as a result of conduction disorders. The complexity of 

patterns of activation is in turn reflected in the morphology of unipolar electrograms126. 

During smooth propagation, unipolar potentials consist of one single deflection, which is 

preceded and followed by, respectively, a positive and negative wave of variable magnitudes. 

In patients with paroxysmal AF, the reduction of conduction velocity is associated with 

a decrease in amplitudes of single potentials caused by a loss of the S-wave amplitude, 

which occurs particularly at Bachmanns bundle127,128. During inhomogeneous patterns of 

activation, which are related to areas of conduction delay or block, unipolar electrograms 

consist of multiple, low-amplitude, fractionated potentials instead of potentials with a single 

deflection (FIG. 3).

Therefore, an electrical signal fingerprint, consisting of quantified features of potential 

morphology, might reflect the degree of inhomogeneity in conduction and could serve 

as a diagnostic tool to identify electropathology and thus stage AF. Recently, 1,763,593 

potentials were intra-operatively collected from the epicardial surface of 189 patients 

with coronary artery disease. The potentials demonstrated that quantified features of 

potential morphology, summarized in an electrical signal fingerprint, corresponded to the 

severity and extensiveness of conduction inhomogeneity129. Further studies are required 

to determine whether the electrical signal fingerprint, deduced by measuring the severity 

and extensiveness of conduction inhomogeneity, can be used to identify patients at risk for 

AF onset or progression. Once the invasively constructed gold-standard electrical signal 

fingerprint has been established, it might stimulate the development of less invasive and even 

non-invasive signal fingerprints for the accurate staging of AF.

The electrical signal fingerprint might be complemented with a biological signal fingerprint. 

Several clinical studies have demonstrated a positive correlation between proteostasis, DNA 
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damage and inflammatory biomarkers in human atrial tissue and/or blood samples and AF 

incidence and onset of post-operative AF (TABLE 2). Potential mechanism-based markers 

for biological signal fingerprinting include blood levels of mitochondrial DNA, the oxidative 

stress marker 8-hydroxy-2′-deoxyguanosine (8-OHdGX), HSPs, and inflammatory markers 

such as C-reactive protein (CRP), IL-6, IL-1β, myeloperoxidase (MPO) and tumour necrosis 

factor (TNF)123,130–135. Most of these markers correlate with the progression of AF and 

also have value in predicting the outcome of AF ablation and onset of post-operative AF130. 

Although fibrosis makers have been proposed as biological markers for AF diagnostics and 

therapeutics, a study showed no correlation between the degree of fibrosis and the severity 

and extensiveness of conduction inhomogeneity in atrial appendages of patients in various 

stages of AF136. This observation suggests that fibrosis is of limited value as a biomarker 

for electropathology, AF staging and signal fingerprinting136. These findings indicate that, in 

addition to electrical signal fingerprinting, mechanism-based biological signal fingerprinting 

might also have value in identifying patients at risk for AF onset or progression. Whether 

a single or a combination of biomarkers is needed to accurately diagnose and stage AF 

remains to be elucidated.

Management

Management strategies of AF: towards a holistic approach

Ideally, the goal of AF therapy is to eliminate AF episodes, restore sinus rhythm, re-establish 

atrio-ventricular asynchrony and improve atrial contribution (‘atrial kick’) to the stroke 

volume. In the 2020 ESC guidelines for AF diagnosis and treatment, the proposed patient 

management pathway requires confirmation of the arrhythmia, followed by characterization 

of patients using the 4S-AF scheme, which includes stroke risk (CHA2DS2VASc score), 

symptom severity (EHRA symptom score), severity of AF burden (self-terminating, 

paroxysmal, persistent, permanent) and substrate severity (ageing, comorbidities, structural 

heart disease)137, as well as a holistic or integrated care approach based on the Atrial 

fibrillation Better Care (ABC) holistic pathway.

The ABC pathway includes ‘A’ (Avoid stroke/Anticoagulation), ‘B’ (Better symptom 

management with patient-centred symptom-directed decisions on rate or rhythm control) 

and ‘C’ (Cardiovascular risk and comorbidity optimization, including attention to 

lifestyle changes, patient psychological morbidity and patient values/preferences), and is 

recommended by various guidelines1,138–141. These general principles (‘Easy as ABC’) 

involve shared decision-making and can be followed by any health-care professional at any 

step of the patient experience.

The ABC pathway approach is supported by an increasing number of evidence-based 

findings. The mAFA-II trial compared a mobile health App based on the ABC pathway to 

usual care142. This prospective cluster-randomized trial showed that rates of the composite 

outcome of “ischemic stroke/systemic thromboembolism, death, and rehospitalization” were 

lower with the mAFA intervention than with usual care (1.9% versus 6.0%; HR 0.39; 

95% CI 0.22–0.67; P < 0.001). Rates of rehospitalization were also lower with the mAFA 

intervention (1.2% versus 4.5%; HR 0.32; 95% CI 0.17–0.60; P < 0.001)142. The long-term 

extension of the mAFA-II trial reported that the benefits endured, with high adherence 
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(>70%) and persistence (>90%) of use143. In the multimorbidity subgroup of the mAFA-II 

trial, the benefits of mAFA intervention were also clearly evident compared with usual 

care144. The ABC pathway has also been tested in post hoc analyses of clinical trial 

cohorts145,146, prospective cohort studies147,148 and nationwide cohort data149, all showing 

consistency in reporting better outcomes for patients with AF who adhere to the ABC 

pathway (that is, integrated care) compared with those who do not, irrespective of the region 

of the world where the study was conducted. A systematic review of the ABC pathway 

found a lower risk of all-cause death (OR 0.42, 95% CI 0.31–0.56), cardiovascular death 

(OR 0.37, 95% CI 0.23–0.58), stroke (OR 0.55, 95% CI 0.37–0.82) and major bleeding 

(OR 0.69, 95% CI 0.51–0.94) with management adherent to the ABC pathway compared 

with non-compliance150. Compliance with the ABC pathway has also been associated with 

improved outcomes in patients with clinical complexity146 and with a lower risk of dementia 

in patients with AF151.

‘A’ Avoid stroke: the role of anticoagulation therapy

Overall, AF increases the risk of stroke fivefold but this risk is not homogeneous and 

depends on the presence of various stroke risk factors152. The more common and validated 

stroke risk factors have been used to formulate schemes to stratify stroke risk, with the 

CHA2DS2VASc score being the most commonly used scheme in guidelines153; this score 

and the CHADS2 and ABC scores offer the best prediction for stroke events154. Given 

the limitations of all clinical stroke risk stratification schemes for identifying patients at 

high risk and the dynamic nature of stroke risks (which changes with ageing and incident 

comorbidities), recent guidelines have simplified the decision-making process so that the 

‘default’ should be to offer stroke prevention, which is oral anticoagulation unless the patient 

is at ‘low risk’, in which case no antithrombotic therapy is recommended1. Such patients at 

‘low risk’ can be defined as those with a CHA2DS2VASc score of 0 in men or 1 in women 

and the stroke event rate is <1% per year (considered the threshold for oral anticoagulant 

(OAC) treatment).

As stroke prevention requires oral anticoagulation, assessment of bleeding risk is also 

important, and guidelines from the ESC and APHRS recommend that the HAS-BLED 

score155 be used to draw attention to the modifiable bleeding risks (such as uncontrolled 

blood pressure, labile International normalized ratios (INRs; if on warfarin), concomitant 

use of NSAIDs and aspirin, and alcohol excess) for mitigation and to flag up patients at high 

risk of bleeding for early review and follow-up. In a Patient-Centered Outcomes Research 

Institute (PCORI) systematic review and evidence appraisal, the HAS-BLED score provided 

the best prediction of bleeding risk154. In the prospective cluster-randomized mAFA-II trial, 

appropriate use of the HAS-BLED score as part of the ABC pathway intervention resulted 

in a lower major bleeding rate at 1-year follow-up as well as in an increase in OAC use 

compared with more bleeds and a decline in OAC use in the usual care clusters156. Stroke 

and bleeding risk stratification schemes in AF management approaches have been reviewed 

in detail elsewhere157,158.

Stroke prevention has long been the cornerstone of AF management, whereby the historical 

trials showed that vitamin K antagonists (VKA; for example, warfarin), compared with 
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placebo or control, reduced the risk of stroke or systemic embolism by 64% and all-cause 

mortality by 26%159. Most guidelines1,139 have given preference to non-VKA OACs 

(sometimes referred to as direct OACs) given their efficacy, safety and convenience relative 

to VKAs, hence their increasing use in clinical practice160,161.

‘B’ Better symptom management: rate and rhythm control

Currently, pharmacological anti-arrhythmic therapy of AF is aimed at either rate or rhythm 

control. Anti-arrhythmic drugs target ion channels and their efficacy is low. In addition, 

most of these drugs have severe and potentially life-threatening adverse effects (reviewed 

elsewhere1,162).

Non-pharmacological rate control therapy consists of His bundle ablation followed by 

cardiac pacing. As this approach will not stop AF, continuation of anticoagulation therapy 

is required. In addition, continuous right ventricular pacing is needed after interruption of 

atrio-ventricular conduction by His bundle ablation and might cause deterioration of cardiac 

function1. Non-pharmacological rhythm control therapy consists of electrical cardioversion 

and catheter or surgical ablation. Unfortunately, electrical cardioversion does not prevent the 

development of new AF episodes. Moreover, ablative therapy is only moderately effective, 

particularly in patients with persistent types of AF. The recurrence rate is high and repeat 

procedures might be required52,163. Rhythm control might be a reasonable option in those 

with recent-onset AF. In the EAST-AF trial164, a strategy of early rhythm control was 

associated with a lower risk of adverse cardiovascular outcomes compared with usual care 

(HR 0.79; 96% CI 0.66–0.94; P = 0.005) among patients with early AF (median time since 

diagnosis, 36 days) and cardiovascular conditions.

In the EORP-AF registry, only 34% of participants met eligibility criteria for early rhythm 

control according to the EAST trial criteria, and although use of an early rhythm control 

strategy was associated with a lower rate of major adverse events, this difference was non-

significant on multivariate analysis, being mediated by differences in baseline characteristics 

and clinical risk profile165. Additionally, the beneficial effects of early rhythm control on 

clinical outcomes might gradually decline if rhythm control was delayed166. In the past 

years, many substrate-based ablation approaches have been tested, including targeting of 

low-voltage areas, fractionated potentials or rotational activity in the atria. Unfortunately, the 

effectiveness of these substrate-based ablation approaches is also suboptimal167.

The main reason for the moderate effectiveness of current anti-arrhythmic therapies is 

the inadequate knowledge of the underlying mechanisms driving electropathology and AF 

in individual patients. Consequently, mechanism-based AF therapies are in their infancy. 

Neuromodulation by low-level vagus nerve stimulation (LLVNS) is a recently introduced 

novel therapy for AF and involves stimulation of the sensible auricle branch of the vagus, 

located at the skin of the external acoustic meatus and the auricle168,169, below the patient-

specific bradycardia threshold, which might have anti-arrhythmogenic effects170. LLVNS is 

effective in reducing both the incidence and burden of AF. Attenuation of the inflammation 

response by activation of the cholinergic anti-inflammatory pathway might contribute to the 

anti-arrhythmic effect of LLVNS, although the exact mechanisms remain to be elucidated.
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‘C’ Cardiovascular risk factor and comorbidity management

As many of the wear-and-tear risk factors for AF are reversible, addressing these modifiable 

risks might be effective in primary and secondary AF prevention. Several lifestyle 

changes hold promise in attenuating AF. Although subject to methodological safeguard 

issues171, in the PREDIMED trial, a Mediterranean diet enriched with extra-virgin olive 

oil reduced the incidence of AF, and the follow-up PREDIMAR trial is currently testing 

a similar intervention in secondary prevention172,173. While research into the effect of 

plant-based diets in those with AF is limited, these diets reduce the risk and prevalence 

of hypertension174–176, diabetes177–181, obesity182–185, inflammation186–188, and obstructive 

sleep apnoea189 and, in addition, prevent and reverse atherosclerosis and coronary artery 

disease events190–191. Owing to these health effects, this diet is likely to decrease AF risk 

by reducing the traditional AF risk factors192–193. Furthermore, a low-carbohydrate, high-fat 

ketogenic diet might be detrimental for patients with AF, especially those with diabetes, as 

high levels of ketone bodies increase cardiac fibrosis and are related to diabetic ketoacidosis 

and end-stage heart failure194–197.

The potential ability of magnesium supplementation to prevent and/or treat AF has been 

recognized by the community of patients with AF. Many patients with AF reported 

via patient platforms that magnesium glycinate and magnesium taurate are beneficial in 

managing their AF. Magnesium is an abundant cation in the human body and a prevalent 

intracellular cation in heart tissue198. The primary physiological roles of Mg2+ include 

enzyme activity and protein transport and it is an essential component of all ATP-utilizing 

systems199. As such, magnesium has a crucial role in cardiac function, and low dietary 

intake of magnesium has been associated with a 50% higher risk of new-onset AF200–202. 

In addition, a meta-analysis of 20 randomized controlled trials indicates prophylactic 

magnesium supplementation to prevent post-operative AF onset203, although uncertainly 

exists regarding the optimal dose, timing and type of magnesium to provide a protective 

effect198. Although debate continues about the efficiency of magnesium in attenuating AF, 

magnesium glycinate and magnesium taurate, both identified as beneficial from patient 

experience, have not been tested in clinical trials to date.

Emerging evidence indicates that regular moderate-intensity exercise (up to 150 min 

weekly) reduces AF burden and improves symptoms and quality of life (QOL) of patients, 

while extreme exercise might increase the risk of developing AF. The exact pathogenetic 

mechanisms underlying this increased AF risk from excess exercise are unknown but 

might include atrial enlargement, inflammation and autonomic imbalance37,204,205. In 

addition, studies have shown that mind–body exercises, including yoga, tai chi and qigong, 

have beneficial effects on cardiac autonomic function, normalize biomarkers for AF, and 

enhance healthy ageing206 and might therefore improve symptoms in patients with AF37,207. 

Furthermore, cognitive behavioural therapy via mindfulness and interoceptive exposure 

therapy might help to reduce anxiety sensitivity during AF as well as AF symptoms208–211. 

To obtain a better insight into the effect of lifestyle changes in enhancing the management of 

AF, additional randomized trials in defined patients with AF as well as mechanistic studies 

are needed.
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In a single-centre, partially blinded, randomized controlled study of ambulatory patients 

with overweight and obesity (n = 150; 15 months follow-up) and with symptomatic AF, 

weight reduction with intensive risk factor management resulted in a reduction in AF 

symptom burden and severity as well as changes in cardiac remodelling212. This benefit 

was reaffirmed in a small cohort study of 281 consecutive patients undergoing AF ablation 

(ARREST-AF), which showed that aggressive (proactive) risk factor management improved 

the long-term success of AF ablation213. This study was followed by the LEGACY cohort 

study, which showed that long-term sustained weight loss was associated with a significant 

reduction of AF burden and maintenance of sinus rhythm in individuals with obesity and AF 

who were undergoing rhythm control214.

Novel mechanism-based pharmaceutical and nutraceutical therapies

A promising new approach to treat AF is to restore proteostasis using a number of 

compounds, so-called proteoceuticals, directed at repair of PQC, DNA damage and 

mitochondrial function, as well as compounds directed at inflammation suppression 

(TABLE 3). First, securing adequate HSP levels might limit the expansion of AF 

electropathology and, as such, might prevent AF induction and progression82,83. In 

experimental settings, the HSP-inducing compound geranylgeranylacetone (GGA) reduces 

cardiomyocyte proteotoxic stress by decreasing ROS production215, reversing damage 

to the sarcomeres, stimulating refolding of damaged proteins and assisting in their 

clearance18,82,93,216. Consistent with this result, oral GGA treatment consistently prevents 

electrical and contractile dysfunction and AF promotion in atrial tachypaced and (acute) 

ischaemia-induced canine models of AF, suggesting that the induction of HSPs by GGA 

might have potential clinical value in the treatment of AF18,83,216–218. Moreover, 3 days of 

oral GGA administration upregulated HSP27 and HSP70 expression levels in atrial tissue 

of patients undergoing cardiac surgery. In patients treated with GGA, HSP27 was more 

abundant on myofilaments than in patients treated with placebo. This finding suggests 

protection of this network, which might have beneficial effects during periods of stress 

such as during an AF episode218. As GGA has not been registered in several countries, 

L-glutamine might represent an alternative to GGA in these regions. L-Glutamine also 

induces HSP expression and reduces oxidative stress, and oral intake alters HSP levels and 

normalizes the metabolic signature in blood samples of patients with AF219–222. In addition, 

compounds directed at the prevention of proteotoxic ER stress and subsequent protein 

degradation might also represent interesting candidates to treat AF. Among the available 

compounds, (sodium) 4-phenylbutyric acid (4PBA) is seemingly promising because it has 

been approved for clinical use to treat urea cycle disorders. As 4PBA acts as a chemical 

chaperone, it can alleviate ER stress in cardiomyocytes and protect against AF promotion in 

tachypaced atrial cardiomyocytes, Drosophila melanogaster and a canine model of AF86. As 

most proteins (at least one-third) are synthesized and folded in the ER223, this compartment 

is highly susceptible to proteotoxic stress induced by AF. In a phase I clinical study, 4PBA 

was safe and displayed only minor adverse effects224. Because of its protective effect on 

ER integrity, 4PBA is currently being tested in several clinical trials for misfolded protein 

diseases, including cystic fibrosis, amyotrophic lateral sclerosis and Huntington disease. 

Results of these studies might inform us on the effectiveness of 4PBA with respect to AF.
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Second, specific inhibition of HDACs that have been implicated in AF might be beneficial. 

Among various HDACs, HDAC6 emerges as a key regulator in AF progression as it 

induces α-tubulin deacetylation, and consequently calpain-induced microtubule disruption, 

and might therefore represent a druggable target in AF87,225 (BOX 1). Two potent HDAC6 

inhibitors, tubastatin A and ricolinostat (ACY-1215), have shown beneficial effects against 

microtubule disruption in mouse models of neurodegenerative diseases and cancer226–228. In 

addition, tubastatin A protects against electrical (ion channel, calcium handling and APD) 

and contractile remodelling and subsequent AF promotion in a canine model of AF87. 

Because specific inhibition of HDAC6 has not been associated with any serious toxicity 

to date229,230, clinical trials might be initiated to evaluate the possible beneficial effects of 

these inhibitors in AF.

The third aspect in normalizing proteostasis is to prevent NAD+ depletion and 

the subsequent cardio-myocyte dysfunction. PARP1 inhibitors are therefore interesting 

compounds as PARPs consume NAD+ in response to DNA damage. The first PARP1 

inhibitors developed, such as 3-AB, compete with NAD+ for binding to PARPs and 

consequently inhibit PARP1 and other PARP family members as well as the cardiac-

protective enzymes mono-ADP-ribosyl-transferases and sirtuins231. Therefore, early PARP1 

inhibitors are probably not ideal to treat AF. However, more recently developed PARP 

inhibitors, such as ABT-888 and olaparib, have greater potency and specificity than earlier 

inhibitors. For example, ABT-888 directly inhibits PARP1 and PARP2 but has no effect 

on sirtuins232, and is currently in phase I and II clinical studies in cancer233. Olaparib 

has been tested in phase III clinical trials for the treatment of metastatic breast cancers 

and had no effect on QT/QTc interval, and is therefore likely safe to treat cardiac 

diseases234,235. Replenishing the NAD+ pool is another therapeutic approach to protect 

against AF-related electropathology, which can be achieved by supplementation with NAD+ 

or its precursors such as nicotinamide and nicotinamide riboside. Interestingly, nicotinamide 

is both a PARP1 inhibitor as well as a NAD+ precursor, thereby protecting against oxidative 

protein and DNA damage19,21,222. In experimental heart failure and dilated cardiomyopathy 

model systems, nicotinamide displayed a protective effect, demonstrating a clear benefit of 

normalizing NAD+ levels in failing hearts236–238. An open-label pharmacokinetics study 

with nicotinamide riboside in healthy volunteers showed that nicotinamide riboside stably 

increased circulating NAD+ levels in the blood and was well tolerated239. In addition, 

in a long-term human cohort study, high dietary intake of naturally occurring NAD+ 

precursors, including nicotinamide, was associated with a reduction in risk factors for AF 

and reduced the risk of cardiac mortality240, substantiating the possible beneficial effect 

in AF. Collectively, these results support the intake of NAD+ precursors, and especially 

nicotinamide riboside, either from dietary sources or by nutraceuticals as a potential 

therapeutic approach in treating AF.

Furthermore, as Ca2+ handling abnormalities can initiate AF, suppression of the pro-

arrhythmic molecule CaMKII might represent a target for therapy and inspired the 

development of CAMKII inhibitors45,63,241. Unfortunately, CAMKII inhibitors have off-

target effects that hinder their clinical application242. As JNK2 regulates CAMKII activity, 

compounds that target JNK2 might be more specific. To date, the JNK2 inhibitors 

SP600125 (REFS45,96,117) and JNKI-IX71–73 revealed protective effects against AF onset 
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in experimental model systems (TABLE 3). More research is warranted to explore JNK2 as 

an anti-arrhythmic drug target in clinical AF.

Blocking inflammation can be achieved through the administration of a variety of drugs, 

including steroids and NSAIDs. Unfortunately, clinical trials with dexamethasone and the 

corticosteroid prednisone were without effect on post-operative AF243 and recurrence of 

AF after ablation244, respectively. These results suggest that non-specific and non-selective 

anti-inflammatory therapies have minimal or no impact on the prevention of AF onset and 

progression. Therefore, a specific and selective NLRP3 inhibitor might be desirable. Short 

hairpin RNA-mediated knockdown of Nlrp3 or the NLRP3-selective inhibitor MCC950 

(REF.245) both reduce AF inducibility in NLRP3 gain-of-function mice, which provides a 

proof of concept for NLRP3 inhibition in AF prevention.

Quality of life

AF is associated with adverse health outcomes, poor health-related QOL (HRQOL) and 

high health-care costs246 (BOX 2). The goals of health-care providers are to alleviate AF 

symptoms, reduce the risk of long-term sequelae (including systemic embolism, stroke and 

heart failure), reduce mortality and improve QOL of the patient. Interestingly, physicians 

rate patient QOL higher than patients with AF do. The discordance is most significant 

in patients with depression, sleep disorders and physical inactivity247. To overcome this 

discordance, recent global initiatives provide, for the first time, standardized approaches to 

report on outcomes of quality of care (QOC) and QOL based on patient-reported outcome 

measures (PROMs)248. PROMs facilitate the assessment of QOL of patients with AF, which 

serves to inform their health-care providers on the QOC. The outcomes that matter most 

to patients with AF include HRQOL, emotional functioning, physical functioning, exercise 

tolerance, symptom severity, ability to work and cognitive functioning248 (BOX 1). In 

addition, the patient-perceived treatment burden is an independent predictor of decreased 

QOL249,250. By implementing PROMs in the QOC, a holistic standardized outcome set in 

AF for integration into routine clinical practice is realized.

AF symptoms are considerably more severe in women than in men246. Negative emotions 

might increase the risk of developing AF, whereas, conversely, positive emotions might 

be protective. Women with AF have higher stress, although, after adjusting for other 

factors, only traumatic life events are associated with developing AF251. Mindfulness-based 

programmes have reduced psychological distress and improved QOL211. In addition to 

PROMs for QOL assessment, patients might also be encouraged to improve QOL by 

implementing personalized AF management programmes in their daily life. In a study to 

characterize AF triggers, nearly three-quarters of patients with paroxysmal AF reported 

having triggers for their AF episodes, with the most common being alcohol (35%), 

caffeine (28%), exercise (23%) and lack of sleep (21%). Vagally mediated triggers tended 

to cluster together within individuals252. Knowledge of individual triggers might help 

to reduce AF episodes and improve QOL. For example, smartphone apps based on 

photoplethysmography technology, which detects pulse pressure signals resulting from the 

propagation of blood pressure pulses along arterial blood vessels253,254, and one-lead ECG 

detection for managing health and wellness (including monitoring of medication adherence, 
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diet, exercise, sleep and other lifestyle areas) could be implemented. The Individualized 

Studies of Triggers of Paroxysmal Atrial Fibrillation (I-STOP-AFib, NCT03323099) study 

aims to improve the QOL of patients with AF by identifying their specific triggers so that 

they can be avoided255. Study outcomes show that ‘N-of-1’ trigger testing did not enhance 

AF-related QOF but reduced the number of AF episodes; alcohol but not caffeine increased 

the risk of AF events. To ensure co-creation, the I-STOP-Afib study has a patient principal 

investigator and a patient advisory board to define study needs, advise on how to carry out 

the study, recruit patients for defining specific AF triggers to study and as study participants, 

and help to interpret the results (BOX 3). Additionally, smart devices can be used for 

screening to detect undiagnosed AF and for monitoring in already diagnosed patients to help 

them manage their condition and monitor for AF following a procedure256. These smart 

devices provide a platform to leverage ‘big data’, for example, the Apple Heart Study, with 

almost 420,000 adult participants enrolled to identify possible AF using an Apple Watch257; 

the current Heartline Study (NCT04276441), with the goal to recruit 150,000 people to 

determine if early diagnosis by an Apple Watch can reduce the risk of stroke; and the 

Huawei Heart Study (mAFA-II trial discussed in detail above) in China142.

In 2014, the Health eHeart Alliance Patient-Powered Research Network, composed of 

researchers at the University of California, San Francisco (UCSF) and patient organizations, 

convened the Patient-Powered Research Summit to bring heart patients and cardiovascular 

researchers from many institutions together to identify research needs and develop proposals 

for funding. The patients with AF at the summit identified the need for research into AF 

triggers; thus, an ‘N-of-1’ trigger study was proposed using a smartphone app to allow 

patients with AF to test their individual triggers255. Additional big data studies utilizing 

smart devices are ongoing and their findings might elucidate personalized triggers for AF 

onset.

Outlook

To date, AF continues to be the most common cardiac tachyarrhythmia in the Western 

world. In the past decade, important discoveries have been made in the fields of 

epidemiology, genetics, electrophysiology and molecular biology, which have provided a 

deeper understanding of AF incidence and pathophysiology. These findings reveal that the 

AF aetiology, electropathology severity and corresponding underlying molecular pathways 

might differ between individual patients or groups of patients with AF. This observation 

calls for the development of patient-tailored diagnostic testing and treatment strategies. 

To achieve this goal, patient participation in studies and data and biomaterial sharing are 

prerequisites, although these efforts are currently still in their infancy. To realize such a 

holistic concept of AF management, several steps are needed.

First, we foresee that patient participation in co-design and co-creation of studies will 

boost research on effective and personalized AF diagnostics and therapeutics. As such, 

patients, researchers and health-care professionals need a platform where all stakeholders 

can participate and collaborate in ‘citizen science’ and scientific research to increase 

scientific knowledge and achieve AF solutions. The AF-Innovation-Platform (AFIP) in the 

Netherlands is a platform aimed at the co-creation of AF clinical trials and research studies. 
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As millions of people worldwide suffer with AF, patient platforms might use the collective 

strength of the community to identify research questions, collect and analyse data, interpret 

results, test the efficacy of lifestyle interventions, make new discoveries (for example, 

personal experience with triggers of AF) and co-develop technologies and applications, all 

to enhance understanding of AF, improve the QOL of patients and reduce the AF burden for 

the society.

Second, investing in the dissection of molecular pathways and corresponding electrical 

conduction abnormalities driving AF is needed to improve AF therapy and diagnostics. 

As such, non-invasive or minimally invasive approaches are needed to determine the 

severity of electropathology in individual patients and correlate the findings with underlying 

environmental and genetic risk factors and treatment outcomes. In addition, further research 

into mechanism-based electropathology biomarkers might aid in creating a personal AF 

fingerprint and in the selection of a patient-tailored treatment approach.

Third, a personal AF fingerprint might be complemented with a genetic risk score. However, 

several research challenges need to be considered before a genetic risk score can be 

implemented in routine clinical care. Research should progress from association studies 

towards the identification of causative gene variants with a mechanistic link to AF258. In 

addition, more insight into the genetics of AF should be obtained for different ethnic groups. 

A consensus should be reached on the use of a genetic risk score and testing to identify the 

risk of AF development and predict the stage and progression of the arrhythmia.

Finally, emerging key pathways have been identified in which molecular changes drive 

electropathology in AF, including derailment of protein homeostasis, stress signalling and 

inflammasome activation. Importantly, key modulators in these pathways also represent 

potential druggable targets. Currently marketed drugs are available for repurposing and 

exploration of their role to treat AF in the clinical setting; public and private funding 

programmes are needed to support these translational studies from bench to bedside.
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Refer to Web version on PubMed Central for supplementary material.
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Box 1 |

Sarcomeric cytoskeleton: backbone of the cardiomyocyte structure and 
function

For balanced communication between components of the proteostasis machinery and 

correct cardiomyocyte function, an intact and functional sarcomeric cytoskeleton is 

crucial93,346. The cytoskeleton, which consists of actin filaments, intermediate filament 

proteins and microtubules, provides a network for communication between various 

organelles and contractile proteins. The cytoskeleton interacts with membrane-associated 

proteins (including connexins and desmosomes), sarcomeric proteins, various organelles 

and the nuclear envelope93. Together, the sarcomeric cytoskeleton supports mechanical 

contractions, signal transduction between organelles (such as the sarcoplasmic reticulum 

(SR), endoplasmic reticulum (ER), mitochondria and the nucleus) and transport of 

ubiquitylated proteins within the proteostasis network, and provides the shape and 

architecture of the cardiomyocytes. As such, the cytoskeleton represents the backbone 

of cardiomyocyte structure and function. In atrial fibrillation (AF), loss of the sarcomeric 

cytoskeleton network is precipitated by activation of HDAC6, which deacetylates and 

thereby depolymerizes α-tubulin; in this state, the microtubule network is susceptible 

to degradation by the protease calpain, which is activated by excess cytoplasmic Ca2+ 

accumulation19. Interestingly, a dominant-negative mutation in the α-tubulin catalytic 

domain of HDAC6 preserved the microtubule network and, as such, maintained electrical 

and contractile function19. Furthermore, AF-induced loss of contacts between the 

microtubule network and the SR, ER and mitochondria, via mitofusin 2 (MFN2), results 

in Ca2+ overload in organelles, upregulation of the unfolded protein response in the 

ER, and mitochondrial dysfunction86,124,223 and might potentially underlie spontaneous 

SR Ca2+ releases that lead to ectopic activity, triggering AF72,347,348. Moreover, 

excess Ca2+ accumulation in the cytosol activates calpain, resulting in sarcomeric, ion 

channel and cytoskeletal protein cleavage and, consequently, structural damage in atrial 

cardiomyocytes84,85. These findings underscore the central role of HDAC6 activation in 

AF-related structural damage and offer a novel therapeutic target in AF.
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Box 2 |

Spoken from the heart: the story of a patient with AF

Unless you’ve had atrial fibrillation (AF), it’s hard to understand the impact of living 

with it. Thus, doctors may underestimate how dramatically it affects us. It’s hard to work 

or sleep with your heart flopping around in your chest like a fish. You feel dizzy and 

lightheaded as your heart races and you can’t catch your breath. You feel like you’re 

running a marathon 24 hours a day. AF can be totally debilitating, leaving you drained of 

energy and yet unable to rest. That’s just the physical part.

In the emotional part, you worry about making commitments for fear of disappointing 

family, friends and co-workers if you don’t feel up to what you committed to doing. 

You can’t think or focus between the AF and the medications that cause brain fog and 

memory loss. AF hijacks patients’ lives, and we may live in fear of a stroke, heart failure, 

dementia, or even early death.

Then, there’s the financial toll AF takes as we’re frequently in the emergency department 

or admitted to the hospital, which insurance may not fully cover. Patients with AF may 

be seen as unreliable because they’re in the hospital yet again, so some lose their jobs. 

They may also lose their cars, houses, and even their families. AF takes a terrible toll 

on patients and families living with it. Far too many patients with AF are being treated 

by generalists who do not take AF seriously. They take a watch-and-wait stance rather 

than referring patients to specialists who understand the condition more. The patient 

tends to have been on rate control only, so that often means trying rhythm control, either 

anti-arrhythmic drugs or catheter ablation. By then, it’s usually too late for lifestyle 

changes to make a difference, and something more is needed.

If our doctors really understood the impact AF has on us and how it takes over our lives, 

they might treat our AF in line with the patient’s values and preferences. We want our 

doctors to understand what is important to us and work with us to find a solution quickly. 

We just want to get our lives back and do the things we love with the people we love.
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Box 3 |

A new scientific paradigm: empowering patients with AF to co-create AF 
studies

Implementation of personalized atrial fibrillation (AF) treatments is impossible without 

the participation of patients in research. Participation involves education about AF, 

communication of research results, and support for patients to become self-aware 

and record episodes along with AF triggers. This empowerment of patients with 

AF as individuals who contribute to research and who, as such, might control their 

disease more effectively is a prerequisite to create positive health. To accomplish this 

mission, non-profit organizations have been established such as StopAfib.org in the 

USA. This organization was founded by Mellanie True Hills, a patient with AF who 

became AF-free owing to a minimally invasive surgical ablation procedure. To facilitate 

communication and understanding between patients and their doctors, Mellanie shares 

the patient perspective with health-care professionals within the scientific community. 

In the Netherlands, the AF-Innovation-Platform (AFIP) was founded by AF scientists, 

medical doctors, engineers and patients. AFIP provides a platform on which patients 

are encouraged to share their experience of AF with the community, which might help 

to uncover unrecognized AF triggers and ways to stop the arrhythmia. The exchange 

of information and ideas between patients and researchers has already resulted in the 

co-creation of several translational research projects. As such, these organizations help to 

empower and improve the quality of life of patients with AF and their family members 

and friends worldwide.
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Fig. 1 |. Global prevalence of AF.
Regional prevalence (cases per 100,000 individuals) of atrial fibrillation (AF). The map 

shows the regions of high prevalence (Western Europe and North America) and the generally 

lower prevalence in South Asia, Oceania and the Middle East. Data are from the Global 

Burden of Disease (GBD) Collaborative Network’s GBD 2019 results (obtained using the 

GBD 2019 results tool).
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Fig. 2 |. Combinatorial effects of lifestyle factors on risk of AF.
Unhealthy Lifestyle factors, such as Lack of regular exercise, smoking and excessive alcohol 

consumption, individually show no to moderate association with risk of new-onset atrial 

fibrillation (AF), with a lack of regular exercise having the strongest association with 

increased risk of AF (adjusted hazard ratio (HR) 1.11). However, the combined presence of 

smoking and lack of regular exercise markedly increases AF risk (HR 1.21), which is similar 

to the increase in risk of AF in individuals with all three risk factors (HR 1.22). Data are 

from a nationwide population-based study of 1,719,401 Korean individuals of 66 years of 

age39. Adapted from REF.39, CC BY 4.0.
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Fig. 3 |. Overview of electrical conduction abnormalities in AF.
Electrical conduction is observed by high-resolution mapping of the atria during cardiac 

surgery. a | Simultaneously acquired endocardial and epicardial activation maps of 

the right atrial free wall obtained from two different patients with coronary artery 

disease undergoing cardiac surgery during sinus rhythm, demonstrating synchronous and 

asynchronous activation. Thus, asynchronous activation of the atrial wall might already be 

present during normal heart rhythms. Colours indicate the timing of activation (colour bar) 

in different parts of the mapping area. b | Asynchronous activation of the atrial wall is a 

prerequisite for the occurrence of transmural propagation of fibrillation waves, giving rise 

to focal waves. The focal wave maps demonstrate the incidence of focal fibrillation waves 

(red stars) emerging at each recording site (squares) during 8 s of acute atrial fibrillation 

(AF) (left) and long-standing persistent AF (centre) at the right atrial wall. Each square 

represents a recording site. During long-standing persistent AF, focal fibrillation waves 

(epicardial breakthroughs (EBs)) occur not only more frequently at the same site (although 

not repetitively) but also occur at more recording sites. The occurrence of focal waves in the 

patient with long-standing persistent AF was 0.57 per median AF cycle length per squared 

centimetre compared with only 0.05 during acute AF. The schematic (right) shows a wave 

map depicting each individual fibrillation wave containing 16 fibrillation waves within an 

area as small as 16 cm2.
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Fig. 4 |. Overview of molecular pathways driving electropathology and AF.
Atrial fibrillation (AF) causes loss of protein quality control via downregulation of the 

heat shock protein (HSP)-mediated heat shock response (HSR) and subsequent reduction 

in HSP expression levels and loss of chaperone activity. As HSPs represent the cell’s 

first line of defence against stress, the loss of stress response induces further endoplasmic 

reticulum stress and downstream excessive activation of the macroautophagy protein 

degradation pathway. AF also increases the activity of the histone deacetylase HDAC6, 

resulting in deacetylation of microtubules and destabilization of the microtubule network, 

Ca2+ handling alterations, and loss of cardiomyocyte contractile function (BOX 1). AF 

triggers DNA damage, poly(ADP-ribose) polymerase 1 (PARP1) activation and depletion 

of mitochondrial NAD+ levels, thereby causing electrophysiological and contractile 

impairment. Pharmacological treatments (in bold) that boost the HSR (for example, 

geranylgeranylacetone (GGA)), prevent endoplasmic reticulum stress (for example, 4-

phenylbutyrate (4PBA)), inhibit HDAC6 (for example, tubastatin A and tubacin) or PARP1 

(for example, olaparib) activity, or supplement NAD+ (for example, nicotinamide) protect 

against proteostasis dysfunction and AF progression in experimental model systems. As 
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several of the proteoceutical compounds are marketed and off-patent, drug repurposing 

approaches might be within reach. The increased Ca2+ release from the sarcoplasmic 

reticulum (sarcoplasmic reticulum Ca2+ leak) in cardiomyocytes might directly activate 

the NLRP3 inflammasome by facilitating interactions between inflammasome components 

or might have indirect effects by promoting mitochondrial reactive oxygen species (ROS) 

production. In addition, increased levels of ROS can activate JUN N-terminal kinase 

2 (JNK2) and Ca2+/calmodulin-dependent protein kinase IIδ (CaMKIIδ), resulting in 

excessive abnormal Ca2+ signalling. DUB, deubiquitylase; ETC, electron transport chain; 

MFN2, mitofusin 2; PARPi, PARP inhibitor; RyR2, ryanodine receptor 2; UPS, ubiquitin–

proteasome system.
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Table 1 |

Gene variants identified by whole-genome sequencing that are associated with familial AF

Protein type Gene variant Pathogenetic mechanism Refs

Electrical Molecular or functional

Sodium channels 

Voltage-gated channel β-subunit SCN1B, SCN2B, 
SCN3B, SCN4B

LOF INa NA 259–262

Voltage-gated channel α-subunit SCN5A GOF INa, spontaneous AP 
firing

NA 263–265

SCN10A LOF and GOF NA 266 

Potassium channels 

Pacemaker current in sinoatrial 
node

HCN4 LOF and GOF If Defective trafficking to cell 
membrane

267,268

Voltage-gated channels ABCC9 LOF IKATP, defective ADP-
dependent channel opening

NA 269 

KCNA5 LOF and GOF IKur Altered CaT, contraction 270–273

KCND2 GOF Ito Nocturnal expression 274 

KCND3 GOF Ito Increased expression 275,276

KCNE1 GOF IKs NA 277,278

KCNE2 GOF IKr NA 279,280

KCNE3 GOF multiple currents NA 281 

KCNE4 GOF IKs NA 282 

KCNE5 GOF IKs NA 283 

KCNH2 GOF IKr NA 284,285

KCNQ1 LOF and GOF IKs GOF blocked by HMR-1556 286–289

Inward rectifier channels KCNJ2 GOF IK1 NA 290,291

KCNJ3 GOF IKACh NIP151 blocks AF (zebrafish) 292 

KCNJ8 NA NA 293 

Calcium channels 

Voltage-gated α-subunit and β-
subunit

CACNB2, 
CACNA2D4

NA NA 294 

Cytoskeletal or cytoskeleton- associated proteins 

Desmin DES No effect Increase in protein aggregates, 
PQC and autophagy

295,296

Lamin A/C LMNA ↓INa Increase in PQC, HSP, myolysis, 
nuclear blebbing

297–301

Titin TTN Abnormal ECG Disruption of sarcomeres, fibrosis 
(zebrafish)

302–304

Myosin heavy chain MYH6, MYH7 NA Hypertrophy 304–306

Connexin 40, 43 GJA5, GJA1 LOF electrical conduction LOF gap junction coupling 307–309

Junctophilin 2 JPH2 NA LOF impaired RyR2 stabilization, 
spontaneous Ca2+ release

310 
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Protein type Gene variant Pathogenetic mechanism Refs

Electrical Molecular or functional

Nucleoporin 155 NUP155 ECG abnormalities, ↓APD LOF nuclear localization, loss of 
nuclear permeability for HSP70

311 

Nesprin 2 SYNE2 NA NA 312 

Transcription factors 

Cardiac development GATA4 AP abnormalities LOF gene expression, interaction 
TBX5, Ca2+

313–315

GATA5 NA LOF gene expression 316 

GATA6 NA GOF gene expression 317 

NKX2–5 NA LOF gene expression 318,319

NKX2–6 NA LOF gene expression 320 

TBX5 ↑APD GOF gene expression 44,321,322

Asymmetrical development of 
organs

PITX2 NA GOF gene expression 319,323,324

Zinc finger homeobox protein ZFHX3 NA LOF gene expression, damage of 
the ZFHX3 protein structure

312 

Others 

Atrial differentiation GREM2 NA NA 325 

Hormone, extracellular fluid and 
electrolyte homeostasis

NPPA GOF IKs, ↓APD and ECG 
abnormalities

↑Inflammation, fibrosis 288,326,327

AF, atrial fibrillation; AP, action potential; APD, action potential duration; CaT, calcium transient; ECG, electrocardiogram; GOF, gain of function; 
HSP, heat shock protein; If, pacemaker current; IKACh, acetylcholine-s ensitive potassium current; IKATP, ATP-s ensitive potassium current; IK1, 

inward rectifying potassium current; IKr, rapid delayed rectifier potassium current; IKs, outward potassium current; IKur, ultra-r apid delayed 

rectifier potassium current; INa, inward sodium current; Ito, transient outward potassium current; LOF, loss of function; NA, not available; PQC, 

protein quality control; RyR2, ryanodine receptor 2.
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