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Abstract

Mechanistic understanding of atrial fibrillation (AF) pathophysiology and the complex 

bidirectional relationship with thromboembolic risk remains limited. Oral anticoagulation is a 

mainstay of AF management. An emerging concept is that anticoagulants may themselves have 

potential pleiotropic disease-modifying effects. We here review the available evidence for 

hemostasis-independent actions of the oral anticoagulants on electrical and structural remodeling, 

and the inflammatory component of the vulnerable substrate.
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1. Arrhythmia and coagulation: a two-way road

Atrial fibrillation (AF) is the most common arrhythmia, with an estimated lifetime risk of up 

to 26% [1, 2]. A major burden associated with AF is the increased risk of thromboembolism 

and ischemic stroke. Mechanistic understanding of AF pathophysiology, consisting of 

structural, electrical, calcium-handling and neuronal remodeling, and development of a 

procoagulant state, remains inadequate. Because of this limitation, mechanism-based 

treatment options to prevent or ideally reverse atrial cardiomyopathy and the associated 

thromboembolic propensity are an unmet need in modern cardiology. This concept and the 

hopeful perspective that greater mechanistic insight will also bring advances in AF therapy, 

have been comprehensively discussed previously [3–6].

Current AF treatment encompasses antiarrhythmic pharmacotherapy or ablation. Recent 

studies suggest that the two avenues provide comparable benefit, with ablation perhaps a 

nose ahead [7]. However, this invasive technique is completely impractical as an approach to 

treat millions of afflicted patients. In addition, catheter ablation does not cure AF at the 
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molecular and cellular level. Broad-scale therapy therefore continues to rely on currently 

available antiarrhythmics, which have their own risks and limitations. New emerging means 

of rhythm control have been reviewed recently [7]. A further pillar of AF management is 

anticoagulation. AF is considered a pro-coagulant state [8], with embolic stroke representing 

the predominant cause of morbidity and mortality in afflicted patients, particularly those 

with coronary artery disease (CAD). The relationship between AF and thromboembolic risk, 

however, appears to be much more complex than can be explained with Virchow`s triad of 

impaired hemostasis, vessel wall dysfunction and hypercoagulation and the phenomenon of 

blood stasis, leading to local atrial thrombosis. There appears to be a temporal dissociation 

between atrial arrhythmias and thrombosis, as highlighted by the IMPACT study [9], with 

abnormal platelet activation not consistently observed in patients with AF. In addition, AF 

per se can impact on platelet procoagulant phenotype [10], while coagulation itself is 

associated with increased risk of arrhythmia: in a large prospective study with a follow-up 

time of more than 16 years, a strong and independent relation was shown between various 

coagulation markers and new-onset AF [11]. Finally, atrial cardiomyopathy may also cause 

stroke independently of AF [12], therefore strategies targeting the atrium itself are likely to 

be beneficial for stroke prevention. Overall, the emerging picture supports a concept of a 

bidirectional mechanistic highway between AF and stroke, underscoring the critical need for 

appropriate anticoagulant management in patients with AF.

2. Direct oral anticoagulants

The vitamin K-dependent coumarin-derivative warfarin, and in numerous countries the 

related compound phenprocoumon, were for a long time the pillar of oral anticoagulant 

therapy in AF. Their main mechanism of action is inhibition of hepatic synthesis of the 

coagulant factors FII (thrombin), FVII, FX and FIX. The relatively narrow therapeutic range, 

the strict requirement for monitoring and high susceptibility for pharmacokinetic 

interactions with numerous drugs and food are only some of the factors that drove the search 

for improved anticoagulant agents. The past decade or so has brought forth a new group of 

oral therapeutic agents which directly inhibit activated thrombin and FXa, and which are 

increasingly preferred over the coumarin-derivatives. Besides a more controlled 

anticoagulation, the newer agents also possess favorable effects on fibrin clot formation and 

fibrinolysis [13, 14]. Currently available DOAC comprise the so-called xabans (rivaroxaban, 

apixaban, edoxaban) which target FXa, and the gatrans (to date only dabigatran) which 

inhibit thrombin. In Europe, these agents are also gaining increasing relevance in reducing 

thromboembolic risk in patients undergoing electrical and pharmacological cardioversion 

[15, 16]. Excellent overviews of DOAC safety, efficacy and use in patients with cardiac 

arrhythmias have recently been provided [17–20].

FXa and thrombin are central to the common pathway of coagulation. In a final step of the 

coagulation cascade (Figure 1), the prothrombinase complex comprising FXa and FVa 

mediates activation of prothrombin to thrombin. Thrombin is both a potent platelet activator 

and responsible for the cleavage of fibrinogen to fibrin, thereby contributing to both initial 

platelet plug formation, and fibrin clot stabilization.
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Given the prime position of thrombin and FXa in hemostasis and thrombosis, DOAC can be 

seen as the best available option for stroke prevention in patients with AF. Recently, the 

concept of a bidirectionality between coagulation and AF is gaining interest, with AF 

promoting a hypercoagulant state on the one hand, and an altered hemostatic balance on the 

other hand supporting AF development and progression. Increased thrombin levels may also 

be a culprit in ventricular arrhythmias, the prime cause of sudden cardiac death. Patients 

with myocardial ischemia (MI) also exhibiting ventricular fibrillation show elevated markers 

of thrombin generation during the acute phase of MI [21]. This review aims to give an 

overview of experimental and clinical evidence for the notion that DOAC may provide 

therapeutic benefits beyond thromboprophylaxis, by preventing cardiac arrhythmogenesis 

and the progression to persistent arrhythmia forms.

3. Pleiotropic cellular actions of thrombin and FXa

The idea that AF potentiates blood coagulation has been fixed for decades, but the molecular 

mechanisms of activated blood coagulation on atrial remodeling and the progression of AF 

are not fully understood. The causal role of a pro-coagulant state in AF development and the 

possible efficacy of anticoagulant drugs on the evolution of AF were elegantly demonstrated 

in a recent experimental study [22]. Transgenic mice with a pro-coagulant phenotype 

(TMpro/pro) exhibited augmented AF susceptibility and an increase in AF duration in 

response to pacing, while in goats with pacing-induced sustained AF, FXa inhibition 

abrogated AF substrate complexity, suggesting potential antiarrhythmic effects of 

anticoagulant drugs. It is important to note that the apparent pro-arrhythmic effects of 

enhanced coagulation, and conversely the anti-arrhythmic effects of FXa inhibition, were not 

attributable to hemostatic modulation, but rather to alterations in signaling responses elicited 

at the cellular level by the coagulant factors themselves.

Thrombin and FXa are both serine proteases, and as such are able to proteolytically cleave a 

number of substrates beyond their classical hemostatic targets. One such group of substrates 

is the protease-activated receptor (PAR) family, of which four members PAR1–4 have been 

identified to date (Figure 2). PAR1 is the prototypic receptor, first described in human 

platelets, but since then shown to be almost ubiquitously expressed. PAR1 is responsible for 

thrombin- and FXa-driven cellular growth and differentiation, inflammatory signaling, 

migration and chemotaxis [23–26], as well as generation of reactive oxygen species [27, 28], 

themselves are critical factors in arrhythmogenesis [29]. Subsequently PAR2, PAR3 and 

PAR4 were discovered, exhibiting distinct distribution, function and regulation. All four 

PAR are G protein-coupled receptors, activated by proteolytic cleavage of the extracellular 

domain to generate a new N-terminus, which binds to and auto-activates the corresponding 

receptor. Short peptides mimicking the N-terminal tethered ligand motif can activate 

individual PAR independent of cleavage and with variable specificity. PAR1 represents the 

predominant receptor mediating the cellular actions of thrombin and FXa, while PAR2 is 

preferentially activated by FXa/FVII and tryptic enzymes, although activation by 

supraphysiological concentrations of thrombin has been reported [30]. PAR3 responds to 

thrombin and is generally seen as a co-factor for other PAR, not able to signal independently 

because of a shortened cytoplasmic domain. Expression of PAR4, which responds to 

thrombin, FXa and a range of inflammatory cell-derived proteases, is generally low to non-
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detectable in non-platelet cells under physiological conditions, but is rapidly and adaptively 

upregulated in settings of thromboinflammatory stress [31].

PAR pharmacology is quite complex, with individual PAR able to homo- and/or 

heterodimerize with a variety of other receptor types, displaying biased and non-canonical 

signaling properties, distinct activation and inactivation kinetics, and different reactivity 

towards a range of coagulant and inflammatory protease agonists [23, 24]. Thus, the net 

pharmacological effects of DOAC may differ at the cellular level, even if comparable 

degrees of anticoagulation are achieved in the blood.

4. Potential antiarrhythmic actions independent of hemostatic effects

The thrombin/FXa-receptor PAR1 is abundantly expressed in the heart, and mounting 

evidence supports its role in pro-arrhythmic electrical and structural remodeling. 

Mechanistic information on how thrombin and PAR1 may support cardiac arrhythmias was 

actually obtained 20 to 30 years ago. These early studies in isolated rat ventricular 

cardiomyocytes showed that thrombin elevates intracellular inositol trisphosphate (IP3) 

levels and raises diastolic and systolic Ca2+ levels, thereby promoting early 

afterdepolarizations (EADs) and increasing beating rate [32, 33].

Thrombin was also shown to increase the beating rate of depolarized canine Purkinje fibers, 

without affecting fibers held at normal maximal diastolic potential, and to prolong the action 

potential (AP) duration (APD) in fibers driven at a constant cycle length. This latter action 

was sensitive to inhibition with nisoldipine, implicating L-type calcium channels in the 

thrombin response [32]. APD of ventricular papillary muscle from guinea pigs was also 

prolonged with thrombin, although this effect was sensitive to tetrodotoxin, suggesting 

involvement of voltage-gated Na+ channels [34]. Follow-up studies with selective PAR-

activating peptides demonstrated that the thrombin-induced changes in cardiomyocyte Ca2+ 

fluxes and spontaneous beating were predominantly mediated through PAR1 [35, 36]. 

Accordingly, the PAR1-activating peptide TRAP was found to stimulate phosphoinositide 

hydrolysis and to increase the beating rate of spontaneously contracting ventricular 

cardiomyocytes to a similar extent as thrombin [36]. TRAP was also reported to raise 

cytosolic Ca2+ in field-stimulated ventricular cardiomyocytes, but this effect appeared to be 

independent of IP3 accumulation, protein kinase C stimulation, L-type Ca2+ channel 

activation or Ca2+ influx. However, the TRAP-mediated increase of cytosolic Ca2+ was 

prevented by depletion of sarcoplasmic reticulum (SR) Ca2+ stores with caffeine, suggesting 

a potential involvement of type-2 ryanodine receptor channel activation by thrombin [37].

Subsequent studies addressed the role of thrombin and its receptor for the development of 

ventricular arrhythmias in isolated rat hearts subjected to acute myocardial infarction (AMI). 

In such systems, local application of thrombin or TRAP caused ventricular tachycardia and 

fibrillation, while the thrombin inhibitor hirudin attenuated these arrhythmias, implicating 

local thrombin formation in AMI-associated arrhythmias. Pretreatment of rats with 

glibenclamide abrogated the response to thrombin and TRAP increased a glibenclamide-

sensitive K+ current (IK,ATP) in isolated rat ventricular cardiomyocytes [38, 39]. More 

recently, the PAR1-selective antagonist SCH79797 also reduced the number of premature 
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contractions, as well as the prevalence and duration of ventricular tachycardia and 

fibrillation in this model, further validating the involvement of IK,ATP, in part via modulation 

of nitric oxide synthase activity [40].

Multiple pro-arrhythmogenic signaling mediators are modulated by thrombin and hence 

represent putative targets for coagulation-independent inhibition by DOAC. 

Lysophosphatidylcholine (LPC) is a pro-arrhythmic lipid mediator [41] generated by 

phospholipase A2 (PLA2). LPC accumulation is strongly implicated in arrhythmogenesis 

upon AMI, and in isolated ventricular cardiomyocytes, LPC formation is triggered by 

thrombin via PAR1 [42–44]. There is no report to date showing whether LPC formation is 

affected by anticoagulant application. The same holds for the plasmalemmal Na+-H+ 

exchanger NHE-1, the expression of which is significantly augmented in AF and severe HF 

[45]. Enhanced NHE-1 causes Ca2+ overload and contributes to arrhythmia susceptibility 

after MI, and NHE-1 inhibition prevents ventricular fibrillation in this context [46, 47]. 

Thrombin stimulates NHE-1 activity in isolated cardiomyocytes [48], but if this increase is 

prevented by DOAC treatment remains to be examined.

The majority of work examining the pro-arrhythmogenic effects of thrombin and PAR was 

performed in ventricular cardiomyocytes or whole hearts. However, expression of pro-

thrombin, thrombin and PAR-1 is higher in human atrium than in human ventricle, and their 

levels are upregulated in atria from patients with AF [49]. This makes it likely that the local 

thrombin system is not just a bystander in AF pathophysiology. In support of this, an elegant 

study in freshly isolated human atrial cardiomyocytes subjected to whole-cell patch-clamp, 

showed an augmented late (persistent) Na+ current in response to thrombin and PAR1 

activation [34].

Such observations raise the possibility that DOAC, by inhibiting thrombin- and/or FXa-

triggered PAR activation and hence independently of their anticoagulant actions, may 

directly modify atrial electrophysiological properties. This capacity may set the DOAC apart 

from warfarin, which does not inhibit the coagulant factors themselves, but rather their 

biosynthesis. Rivaroxaban directly abbreviates left atrial APD and increases both L-type 

Ca2+-current and ultra-rapid delayed rectifier K+ current in isolated left atrial 

cardiomyocytes, without affecting transient outward K+ current [50]. Again, the 

electrophysiological response to rivaroxaban in the absence of exogenously added coagulant 

strongly supports the idea of a local DOAC-sensitive system able to generate active FXa 

and/or thrombin. Alternatively, rivaroxaban and perhaps other DOAC may exert direct 

pleiotropic effects fully independent of thrombin and FXa inhibition. Such observations have 

not been reported to date, but would of course be highly relevant in the context of tailored 

therapy.

What is the significance of warfarin in this context? Meta-analysis of the specific causes of 

death in anticoagulated AF patients across the four landmark trials RE-LY, ROCKET AF 

ARISTOTLE and ENGAGE AF-TIMI 48, highlighted cardiac-related deaths as the major 

contributor (46%), while only approximately 10% of deaths were attributable to stroke and 

bleeding combined [51]. Expectedly, bleeding-related mortality was higher in patients on 

warfarin, but deaths due to sudden death, dysrhythmia, MI or heart failure (HF) was actually 
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comparable between DOAC and warfarin groups. A coagulation-independent influence on 

cardiac function may therefore be common to all agents that somehow target PAR-activating 

proteases, either directly or indirectly.

One recently published study provided a direct comparison of the acute electrophysiological 

properties of apixaban and the vitamin K-dependent anticoagulants warfarin and fluindione, 

in rabbit pulmonary veins (PV) [52]. Focal ectopic (triggered) activity originating from the 

PV sleeves was considered as an important source of triggers and perpetuators for the 

development of AF. In this model, all anticoagulants exerted significant electrophysiological 

effects. Notably apixaban prolonged APD and decreased the occurrence of both late-phase 3 

EADs and delayed afterdepolarizations (DADs). These observations are consistent with a 

net anti-arrhythmic profile, attributable largely to PAR1-mediated changes in atrial electrical 

properties and Ca2+ handling. By contrast, warfarin abbreviated the effective atrial refractive 

period and increased the frequency of late phase 3 EADs and DADs, unmasking a pro-

arrhythmic potential of warfarin [52]. The apixaban-stimulated APD prolongation is at odds 

with the APD-abbreviating effects of rivaroxaban in isolated human atrial cardiomyocytes 

[50], pointing to the possibility that the effects of DOACs might differ in the remodeled and 

non-remodeled atrium or alternatively the different anticoagulants may distinctly affect 

cardiac electrophysiology. Another study in rabbit PVs for example showed a slowing in 

spontaneous PV firing from dabigatran-treated rabbits, while thrombin and blood clot 

solution from untreated rabbits reduced spontaneous beating rates, induced DADs and 

increased ectopic firing [53]. Clearly further systematic investigation is required to fully 

clarify if DOAC are truly “anti-arrhythmic,” but the stage for such coagulation-independent 

benefits is certainly set.

At this point it must be mentioned that heparins are likely to modify cardiac 

electrophysiology through distinct mechanisms. Heparin, and heparin-derived 

oligosaccharides such as enoxaparin in particular, were recently hailed as a potential new 

class of antiarrhythmic agents, preventing arrhythmia development in isolated atria ex vivo 
and in vivo [54, 55]. These actions are presumably independent of coagulation factor 

inhibition. Heparin is a known inhibitor of IP3, which triggers Ca2+-dependent positive 

inotropic and arrhythmogenic effects. Accordingly, heparin opposes the ability of IP3 to 

increase Ca2+ spark frequency, decreases spark amplitude, and lower Ca2+ load of the 

sarcoplasmic reticulum (SR) in permeabilized atrial and ventricular myocytes [56–58]. 

Heparin also interacts directly with dihydropyridine-sensitive L-type Ca2+ channels to 

decrease cardiomyocyte Ca2+ transient amplitude and cellular contractility [59, 60], and 

stimulates NCX thereby reducing Na+ loading of ventricular cardiomyocytes [61]. A 

physical interaction with phospholamban also allows heparin to directly stimulate SERCA 

activity [62]. The antiarrhythmic effect of heparin is already evident in the developing heart. 

In isolated perfused embryonic mouse hearts, heparin increased AP amplitude and maximal 

rate of increase, reduced frequency and duration of spontaneous beats, and increased 

electrical excitability and conduction velocity of atria and ventricles. Atrio-ventricular 

latency was attenuated, while the magnitude of atrial and ventricular contractions was 

improved [63].
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5. Inhibition of the fibro-inflammatory substrate supporting AF 

maintenance

Fibrosis and inflammation are integral components of atrial structural remodeling and AF 

pathophysiology (reviewed in [64] and [65]). Matrix metalloproteinases (MMP) play an 

essential role in this regard. Activated MMP-9 in particularly is thought to be both cause and 

biomarker of fibrotic remodeling predisposing to arrhythmias [66–69]. Thrombin and FXa 

both regulate MMP-9 expression and activity [70–75] while DOAC treatment reduces 

MMP-9 levels [76–78], which may be one means by which DOAC could limit the structural 

changes that support AF maintenance. Fibrotically remodeled atrial tissue is characterized 

by excess collagen that compromises impulse propagation that supports arrhythmia 

development [79–81]. In atria obtained at autopsy, thrombin and PAR1 are found in close 

association with fibrotic and inflammatory markers, particularly in tissue from patients with 

AF [49]. Mounting evidence indicates that DOAC treatment may have a beneficial impact on 

structural remodeling, independent of anticoagulatory effects. Thrombin, via PAR1 cleavage, 

induces effector kinase phosphorylation and myofibroblast differentiation, proliferation, 

collagen synthesis and secretion of monocyte chemotactic substances in primary atrial 

fibroblasts. This pro-fibrotic and pro-inflammatory spectrum is blunted in vitro by direct 

addition of dabigatran [82], consistent with a direct cellular site of action of DOAC 

independently of hemostatic processes. Similar findings were reported in adult rat atrial 

fibroblasts [22]. Presumably the same will hold true in vivo, since inhibition of FXa-

mediated thrombin generation with the low-molecular weight heparin nadroparin reduced 

atrial cell–cell distances and the total number of αSMA-positive myofibroblasts in goats 

with AF [22].

Evidently counteracting thrombin activity in vivo results in anti-fibrotic actions at the 

cellular level in the heart, raising the question of how warfarin fares in this regard. Warfarin 

prevents the synthesis of not only thrombin and FX, but also FVII and FIX. Part of the 

benefit might therefore stem from inhibiting FIX, which has been associated with focal 

ventricular fibrosis. Accordingly, transgenic mice overexpressing human factor IX die at 

much younger ages [83]. Conversely, low levels of FVII leads to progressive fibrotic and 

inflammatory cardiomyopathy in transgenic mice. This is seen from an early age, together 

with compromised ventricular diastolic and systolic function [84]. The authors suggested 

intracardiac bleeding as a likely triggering event. How much of the subsequent fibro-

inflammatory dysfunction is attributable to the tissue damage and how much to local PAR 

activation has not been dissected.

There is some evidence that warfarin reduces systemic inflammatory burden, with 

significant reductions in C reactive protein and interleukin (IL)-6 tightly coupled to reaching 

target INR [85]. A cellular anti-inflammatory action was also reported for low 

concentrations of warfarin applied directly to in mouse macrophages stimulated with tumor 

necrosis factor (TNF)-α, leading to reduced IL-6 secretion. Apparently, warfarin could 

specifically suppress IKB phosphorylation, phosphorylation of other TNF-α targets was not 

affected. Higher levels of warfarin however led to a direct cytotoxic action with a net pro-

inflammatory action [86]. An influence on cardiac fibrotic remodeling has not been 
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described for warfarin. In a model of fibrotic lung injury, however, warfarin failed to protect 

against fibrosis, while dabigatran showed significant protection. Mechanistically, this was 

attributed to reduced activation of PAR1, integrins and TGF-β in dabigatran-treated animals, 

while warfarin treatment did not downregulate the PAR1/αvβ6/TGF-β axis [87]. Heparin 

and fractionated derivatives including fondaparinux also possess cardioprotective and anti-

inflammatory properties in vivo, distinct from their anticoagulant properties [88–90], even 

though heparin released from infiltrated mast cells instead promotes perimyocytic and 

interstitial fibrosis [91]. With exogenous application, inflammatory downregulation is seen 

both systemically and at the cardiac level [92, 93], as well as in isolated hearts [94]. 

Similarly, an antifibrotic action can be reproduced in isolated human cardiac myofibroblasts 

[95], confirming that counteraction of fibro-inflammation by heparins is largely independent 

of hemostatic actions. Most of these studies investigated heparin under settings of MI. 

Whether heparins counter chronic low-level inflammation and fibrotic signaling in the 

absence of ischemic priming as effectively requires further study, as does the contribution of 

inhibited PAR signaling in this context.

Assuming DOAC limit cardiac myofibroblast differentiation in the same way in patients, this 

anticoagulant approach could conceivably help to prevent heterogeneous conduction 

slowing, a consequence of heterocellular gap junctional coupling of myofibroblasts and 

cardiomyocytes. This phenomenon is elegantly demonstrated by single-cell patch clamp 

electrophysiology and optical mapping of impulse conduction in neonatal rat ventricular 

cells [96], and is considered to contribute to arrhythmogenesis in fibrotically remodeled 

hearts, although direct demonstration in intact hearts in vivo is still lacking. In a rat model of 

HF with left atrial dilation, dabigatran was indeed found to reduce atrial fibrotic remodeling 

and concomitantly suppress the duration of AF episodes induced by burst pacing [97], 

supporting the idea that DOAC could help to slow the progression of the underlying 

arrhythmogenic substrate promoting AF maintenance. In the latter study, the authors 

explored the concentration-dependence of the dual impact of dabigatran on hemostasis and 

on the arrhythmogenic substrate. At least in this rat model, inhibition of circulating thrombin 

activity was directly related to the plasma concentration of dabigatran, while its anti-

remodeling effect was observed within a window of 35 to 100 nmol/l, but was lost at higher 

concentrations [97]. Since the concentrations of DOAC within the atrium are usually 

unknown it is very difficult to predict whether DOAC exerts anti-arrhythmic effects on 

individual patient basis. Extensive clinical validation would be needed to delineate the 

potential anti-arrhythmic effects of DOAC in the clinical setting.

The available mechanistic data suggest that the anti-remodeling and anti-proliferative 

potential of DOAC is likely to be mediated through inhibition of PAR1 signaling in response 

to both thrombin and FXa [98–101]. PAR1 is the predominantly expressed PAR in both 

ventricular and atrial fibroblasts in heart [22, 82, 102]; other PAR isoforms are expressed at 

much lower levels. However, a contribution by FXa-activated PAR2 to atrial remodeling 

processes has been documented [103, 104]. Notably, a direct inhibitory effect of rivaroxaban 

on FXa/PAR2-mediated fibro-inflammatory processes has been shown in human atrial tissue 

slices [103], with rivaroxaban halting the feed-forward upregulation of PAR2 [103], much as 

we have seen in other cell types [105]. Additional rapid pacing (4-Hz) of human atrial slices 

led to upregulation of PAR1 as well, and to a further augmented pro-inflammatory gene 
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expression [103]. So, within atria, FXa, and presumably thrombin, act synergistically with 

the high atrial rate to drive expression of PAR and of inflammatory mediators. In mouse 

ventricular fibroblasts FXa may even be the more potent trigger of remodeling, causing a 

stronger migration and proliferation, and augmented generation of H2O2, TGF-β, and the 

transcription factors AP-1 and NF-KB, than elicited by equimolar thrombin [106]. Whether 

a xaban is a superior inhibitor or fibro-inflammatory remodeling than a gatran is unclear and 

will need specific assessment in systematic head-to-head comparative studies.

One recent player in AF initiation and progression is the NLRP3 inflammasome, a 

multimeric signaling structure comprising auto-activated caspase-1 responsible for 

maturation of IL-1β and IL-18. The NLRP3 inflammasome was recently shown to mediate 

sterile inflammation in atrial cardiomyocytes, contributing causally to AF pathophysiology 

[107–109]. Ventricular arrhythmias in a diabetic mouse model were also effectively 

prevented by inhibiting either the IL-1 receptor or the NLRP3 inflammasome [110]. 

Thrombin can activate NLRP3 signaling in numerous cell types [111], and inhibition of this 

might contribute to the ability of DOAC to reduce circulating IL-1β levels in vivo [112–

114]. In mice this anti-inflammatory action is associated with a concomitant reduction of 

atrial remodeling and AF episode duration [114].

6. Anticoagulation for all, regardless of rhythm?

Taken together, anticoagulation seems a feasible approach to limit and prevent the adverse 

inflammatory, structural and electrical effects of thrombin and FXa even in patients with no 

indication for anticoagulation. Particularly patients with HF, who present with an increased 

risk of arrhythmias, might be thought to benefit. The WARCEF trial [115] was designed to 

compare warfarin and aspirin in patients in sinus rhythm with reduced left ventricular 

ejection fraction. Over 2300 patients were followed for up to 6 years. The study did not 

specifically assess arrhythmia-associated events or deaths, primary outcome was the time to 

the first event in a composite end point of ischemic stroke, intracerebral hemorrhage, or 

death from any cause. With respect to this combined end-point, there was no significant 

overall difference between the two treatments, a modestly reduced risk of ischemic stroke 

with warfarin was offset by an increased risk of major bleeding. The more recent COMPASS 

trial compared rivaroxaban with aspirin, both given alone or in combination. Adding 

rivaroxaban to aspirin reduced the relative risk of major adverse cardiovascular events by 

32% in patients with HF. Net clinical benefit was improved by 31%, particularly since the 

increase in bleeding caused by the dual approach was smaller in patients with HF, compared 

to those without HF. The benefit of rivaroxaban alone versus aspirin was much weaker. The 

subsequent COMMANDER HF trial specifically investigated rivaroxaban in HF patients 

with sinus rhythm. Nearly all (93%) were on background aspirin [116]. Numerically, the 

group treated with low-dose rivaroxaban showed lower all-cause mortality, MI and stroke, 

but overall the primary endpoints were comparable in those with and without the DOAC. It 

is presumed that higher doses would merely elevate bleeding risk without the hoped-for 

benefit, and that the same would likely be true for other anticoagulants. It seems unlikely 

that this question will be addressed in a similar large-scale study. Unfortunately, these 

studies do not provide specific information on electrical and fibro-inflammatory impacts of 
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the treatments, but the weak net survival benefit does not warrant anticoagulant use to limit 

these detrimental remodeling effects in the absence of a clear indication for anticoagulation.

7. Conclusion

DOAC at clinically relevant concentrations appear able to modify ionic currents and relevant 

arrhythmogenic processes. Whether this translates into a clinical efficacy potentially 

suppressing AF progression or recurrence, particularly with long-term use, is not evident 

from the major trials performed to date. Unfortunately, all clinical trials with the DOACs did 

not include ECGs monitoring of incident AF, so it is not possible to directly judge their 

disease-modifying effects on AF per se. Such data would be invaluable when considering the 

apparent temporal disconnection between AF and stroke, and how anticoagulants might 

impact directly on these two distinct but intertwined entities. The emerging picture however 

is clearly of a multidirectional interplay between high atrial rate, pro-coagulant changes and 

fibro-inflammatory processes, all contributing to atrial arrhythmogenesis and AF 

progression. Future prospective clinical studies will be needed to prove the anti-arrhythmic 

potential of DOACs in AF and perhaps other arrhythmia forms.
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Fig. 1: DOAC inhibition sites.
Coagulant pathways converge in a common step culminating in the FXa-mediated 

proteolysis of prothrombin to active thrombin. Thrombin potently activates platelets and 

cleaves fibrinogen to fibrin, leading to clot stabilization. Classic antiplatelets agents prevent 

secondary platelet activation. The DOAC either inhibit FXa enzymatic activity and hence 

thrombin activation, or directly inhibit thrombin. The vitamin K-dependent oral 

anticoagulants like warfarin by contrast suppress block coagulant activity indirectly by 

preventing synthesis of the precurser factors FII (thrombin), FVII, FIX and FX.
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Fig. 2. Protease-activated receptors (PAR).
A) Simplified scheme depicting PAR activation. The N-terminal domain of the receptor is 

proteolytically cleaved at a specific recognition motif to generate a new N-terminus. The 

“tethered ligand” domain binds to and auto-activates the receptor, initiating G-protein-

dependent signaling (possibly not in the case of PAR3). B) The relative selectivity of PAR 

for activation by thrombin and FXa. PAR1 is the predominant receptor for both coagulant 

proteases, PAR2 is potently activated by FXa and possibly by supraphysiological thrombin 

levels. PAR3 is cleaved by thrombin. PAR4 responds to thrombin (with 100-fold lower 

affinity than for PAR1) and modestly to FXa.
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Fig. 3. Candidate anti-arrhythmic mechanisms of anticoagulants.
A) Cellular PAR activation by FXa and/or thrombin leads to alterations in cardiomyocyte 

ion channels, Ca2+ handling, leading to prolonged action potential duration (APD) with 

enhanced susceptibility to early and delayed afterdepolarizations (EADs and DADs, 

respectively) and B) Summary of cellular effectors and ion channels reported to be modified 

downstream of PAR1-activation in cardiomyocytes, which potentially contribute to pro-

arrhythmic responses to coagulant proteases: (1) PAR1 is coupled to activation of 

phospholipase C (PLC), generating the signaling mediators diacylglycerol (DAG) and 

inositol trisphosphate (IP3). (2) IP3 activates ligand-gated Ca2+ channels of the sarcoplasmic 

reticulum (SR) to raise intracellular Ca2+. PAR1 activation has been reported to modulate 

voltage-gated ion channels, including (3) L-type Ca2+ channels and (4) Na+ channels, and 

(5) and K+ channels such as ATP-sensitive K+ channels. Additional candidate mediators of 

PAR1-triggered arrhythmogenesis include (6) the Na+-H+ exchanger (NHE-1) and (7) 

phospholipase A2-derived lysophosphatidylcholine (LPC). The precise mechanism how 

LPC supports rhythm disorders requires further elucidation, although the generation of 

reactive oxygen species is a candidate mechanism.
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Fig. 4. Candidate mechanisms how anticoagulants may target the pro-arrhythmogenic substrate.
Inflammatory and fibrotic processes contribute to the vulnerable substrate. Some of them 

have been shown to be directly amplified by coagulant proteases and PAR activation, 

including myofibroblast differentiation with increased collagen deposition, cytokine and 

growth factor secretion, activation of NFKB-dependent inflammatory gene expression, 

production of reactive oxygen species (ROS), matrix metalloproteinase (especially MMP9) 

expression and activation, NLRP3 inflammasome priming and triggering, and feed-forward 

regulation of PAR activation. Application of DOACs suppresses these fibro-inflammatory 

mediators and may thus limit the progression to persistent arrhythmia forms.
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