Pathophysiological insights into atrial fibrillation: Revisiting electrophysiological substrate, anatomical substrate, and possible insights from proteomics 
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Introduction
Atrial fibrillation (AF) is the most common supraventricular arrhythmia. In AF, the irregular cardiac rhythm is associated with intra-atrial blood stasis, subsequent thrombus formation and a three- to five-fold increase in the risk of stroke events.1 
In the last 20 years, considerable progress has been made in understanding of the pathophysiological mechanisms leading to arrhythmogenesis, AF induced cardiac remodelling, and AF therapy. Yet, gaps in our knowledge exist and present therapies have many shortcomings. One major problem limiting long-term success of pharmacological and ablation therapies is the progressive nature of the arrhythmic substrate. Indeed, better understanding of the arrhythmic substrate and AF progression is vital for improving therapy. 
This article provides a brief overview of AF-related electrophysiological substrate, anatomical substrate, their relationships, and possible new insights from proteomics.  Such inter-relationships may provide new insights into AF pathophysiology, particularly into understanding the mechanisms of arrhythmogenesis and thromboembolism in this common arrhythmia. 
Electrophysiological substrates of AF
The rapid uncoordinated atrial activation during AF can be caused by rapidly discharging ectopic foci or by re-entrant activity. The ectopic foci that acts as the AF ‘trigger’ is generally a site of spontaneous action potential discharge commonly, but not exclusively localised in the pulmonary vein (PV, Figure 1).1,2 
[bookmark: _Hlk46826391]The PV has a sleeve of cardiomyocytes that extend out of the left atrium, with unique electrophysiological properties and anatomical structure (Figure 1). Indeed, rat PV cardiomyocytes display spontaneous Ca2+-waves that show increasing incidence and synchronization after higher rates of electrical stimulation.3 Such spontaneous Ca2+-release from the sarcoplasmic reticulum during diastole causing delayed afterdepolarizations increase the likelihood of ‘triggered activity’.2 Also, canine PV cardiomyocytes show less negative resting membrane potential and shorter action potential duration (APD) compared to left atrial myocytes due to smaller inward-rectifying K+-current (IK1), L-type Ca2+-current (ICa, L) and larger slow and rapid delayed-rectifier K+-currents (IK, s and IK, r), making re-entry more likely.2 In addition, the PV sleeve has branching fibres with little lateral-coupling and abrupt changes in fibre-orientation that increase ectopic susceptibility and favours re-entry (Figure 1).2  Of note, the “pacemaker current”, If responsible for automaticity in sinus node, is present in human left atrial myocytes and higher If density in left atrial appendage (LAA) supports the hypothesis of If as a contributor to abnormal automaticity there.2  AF can have significant heritability and the genes underlying AF risk appear in different biological pathways suggesting significant pathophysiological heterogeneity within the population.4 
How can we explore in more depth and obtain deeper insights into the electromechanical substrate? Human induced pluripotent stem cell derived cardiomyocytes (hiPSCs-CMs) obtained from patient biopsies allow in vitro comparison of molecular and electrophysiological changes underlying inheritable forms of AF.  In a recent study, Benzoni et al4 described the first iPSC-derived model of human AF, generated from 2/3 siblings that developed a drug-resistant form of AF. Fibroblasts derived from skin biopsies were differentiated into hiPSC-CMs for electrophysiological characterisation. AF hiPSC-CMs were beating at significantly higher rates due to increased levels of If and ICa, L, APD was prolonged, but sarcoplasmic reticulum Ca2+ handling remained unchanged. Catecholamine-mediated trigger for inducing AF is thought to involve increased atrial ICa, L. In agreement with this, when stressed with isoproterenol (100 nM) and E4031 (300 nM; inhibits IKr and prolongs APD), AF hiPSC-CMs presented significantly prolonged action potentials and a higher proportion displayed delayed afterdepolarizations and triggered action potentials and ectopic beats.4  HiPSC-CM technology has the potential to recapitulate AF patient phenotype, provide mechanistic insights and inform therapy, particularly in the setting of familial AF that is beset with genetic complexity. 
Anatomical (and structural) substrate
The left and right atria possess structurally unique features that contribute to AF pathogenesis.1 For example, the crista terminalis and vena cavas in right atrium can provide focal triggers. Atrioventricular rings surrounding the tricuspid and mitral annulus express hyperpolarization-activated cyclic nucleotide–gated (HCN) channels responsible for the chief component of If and can initiate ectopy.5 
In contrast, the LA posterior wall and roof have complex subendocardial fibre orientation favouring conduction delay/block and re-entry that can worsen with fibrosis. The latter can remodel the atria into a discontinuous and branching structure susceptible to multiple wavelet re-entry. In persistent AF patients, AF re-entrant drivers persisted in regions with higher levels of fibrosis and AF in fibrotic substrates is perpetuated by re-entrant drivers that persist in fibrosis boundary zones.6 
Nonetheless, the precise propagation and underlying processes of AF are not completely understood although investigations have shown various factors are associated, including many signalling systems, oxidative stress, atrial stretching, and ischemia. 
Extracellular matrix remodelling involving fibrosis (Figure 1) is a key component of atrial structural remodelling and matrix metalloproteinases (MMPs) have been implicated.1,2 In the right and LAA tissue obtained from AF patients with mitral valve disease undergoing mitral valve surgery or coronary artery bypass graft surgery, MMP-1 and/or MMP-9 downregulation have been observed.1  Also, the molecular mechanisms responsible for atrial fibrosis include receptors systems for angiotensin II, platelet-derived growth factor, connective tissue growth factor, and transforming growth-factor β (TGF-β).2
New insights from proteomics
Mass spectrometry (MS) based proteomics has been optimised to study cardiac tissue and presents an unbiased approach to investigate thousands of proteins and provide a holistic picture of molecular changes in the tissue (Figure 1). The continually improving technology associated with -omics techniques coupled to powerful bioinformatic analysis is leading to even greater insight into mechanisms and pathways involved in AF providing greater understanding, potential therapeutic target as well as diagnostic biomarkers.  
Plasma proteomic profiling of patient blood have confirmed previously known associations of N-terminal pro-B-type natriuretic peptide and ADAMTS13 with AF and importantly, identified other proteins including interleukin-6, T-cell immunoglobulin and mucin domain-1.7 Fibrotic tissue is thought to express different mitochondrial proteins; however, isolation and enrichment of mitochondria from highly fibrotic atrial samples can be difficult. 
Instead, proteomic workflows involving hydrostatic pressure cycling-based lysis that employs rapid cycles of alternating high and ambient hydrostatic pressure to disrupt cell membranes, followed by label-free mass spectrometric analysis, may significantly enhance extraction efficiencies. Such MS analysis of mitochondrial-enriched fractions yielded ~700 proteins, 28 and 4 of the identified proteins were more abundant in AF and non-AF tissue, respectively.8 Four of the proteins abundant in AF: chaperonin containing TCP1 subunit 5, heat shock protein 27, destrin and four and a half LIM domain 2 were verified with reverse phase protein microarray analysis and found to have higher expression in AF tissue, thus validating the MS analysis.8 Proteomics therefore offers the possibility to identify parts of the molecular landscape that are unique to AF pathophysiology. 
Electro-anatomical substrate, thrombogenesis and proteomics in atrial fibrillation
The functional and structural changes in atrial myocardium and stasis of blood, especially in the LAA, generate a prothrombotic state in AF, leading to an increased risk of thromboembolism.1 Mechanisms for thrombogenesis in AF, blood based biomarkers and management implications have recently been reviewed.1 
Proteomic techniques help better understand thrombi and thrombosis and provide a novel large-scale format for biomarker discovery with improved predictive parameters. For example, the proteomic profile of thrombi retrieved from acute ischemic stroke patients identified ~1600 proteins and provided a reference proteomic fingerprint of 341 proteins common to all subjects and involved in the interaction of fibronectin with 14-3-3 proteins, TGF-β signalling, and TCP complex network and linked to thrombus formation and in ischaemic setting.9 
A study by Rao et al.10 investigated the protein composition of retrieved emboli from patients with differing stroke aetiologies and correlated the protein levels to serum predictors of atherosclerosis. In emboli retrieved from 20 consecutive acute stroke patients by thrombectomy during routine stroke care, 81 common proteins were found, including haemoglobin, fibrin, and actin. Proteomic analysis of stroke-causing thrombi was evaluated as a diagnostic tool to determine the stroke precipitator, i.e. whether atheroembolic originating from an unstable carotid plaque, or cardioembolic from a thrombus formed in the heart due to AF. 
Knowledge of the source could help ascertain treatment options: surgery or stenting followed by an antiplatelet agent in the case of the former, and anticoagulation therapy for the latter. 
Conclusion
Substantial advances in our understanding of AF-related electrophysiological substrate, anatomical substrate, and their close inter-relationships are evident in the literature. There are now possible new insights from proteomics in gaining insights into AF pathophysiology, particularly into understanding the mechanisms of arrhythmogenesis and thrombogenesis, linking electro-anatomical substrates. 
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Figure Legend
Figure1: Illustration of mechanisms of atrial fibrillation initiation and proteomics workflow. Cardiac cellular remodelling involving sarcolemmal ion channels and proteins and sarcoplasmic reticulum Ca2+-cycling provide the basis for rapidly discharging ectopic foci causing atrial fibrillation (AF). Extracellular matrix deposition and tissue fibrosis can cause conduction slowing/block resulting in regions of fast and slow conduction and in turn enable ectopy (purple stars) and re-entry (blue arrows). Abnormal atrial automaticity, early and delayed afterdepolarizations are the chief determining factors for focal ectopic pacemaking. The pulmonary vein myocardial sleeve has abrupt changes in fibre orientation promoting conduction delays and blocks and favours ectopic foci (purple stars). Ectopic foci can occur outside the pulmonary vein in the crista terminalis, vena cava, AV ring and left atrial appendage. The rapid uncoordinated atrial activation causes stasis of blood, especially in the left atrial appendage and generates a prothrombotic state in AF, leading to an increased risk of thromboembolism. The thrombus travels in the arterial blood stream until reaching a narrow blood vessel in the brain, which it blocks causing ischaemic stroke. Mass Spectrometry based proteomic profiling of blood plasma, atrial tissue biopsy and retrieved thrombi offers immense potential for biomarker discovery, gaining mechanistic insights into atrial electrophysiological and structural remodelling, and thrombogenesis, which in turn can provide novel insights into AF management and anticoagulation therapy.
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