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Abstract

Atrial fibrillation (AF) is the most common clinically relevant arrhythmia, but the methods 

available for treating AF and its complications (of which the most important is thrombogenesis), 

as well as for assessing AF risk and underlying pathophysiology, are largely limited. Emerging 

evidence suggests a significant role of inflammation in the pathogenesis of AF. That evidence 

includes elevated serum levels of inflammatory biomarkers in AF subjects, the expression of 

inflammatory markers in cardiac tissues of AF patients and animal models of AF, and beneficial 

effects of anti-inflammatory drugs in experimental AF paradigms. Inflammation is suggested to be 

linked to various pathological processes, such as oxidative stress, apoptosis, and fibrosis, that 

promote AF substrate formation. Inflammation has also been associated with endothelial 

dysfunction, platelet activation, and coagulation cascade activation, leading to thrombogenesis. 

Thus, inflammation may contribute to both the occurrence/maintenance of AF and its 

thromboembolic complications. Here, we review the evidence for a role of inflammation and 

inflammatory biomarkers in the risk management and treatment of AF. We also summarize the 

current knowledge of inflammation-dependent cellular and molecular mechanisms in AF 

pathophysiology and their potential as therapeutic targets.
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Atrial fibrillation (AF) is the most common clinical arrhythmia, and is associated with 

increased morbidity and mortality. However, the options for therapy and follow-up are 

largely limited. Emerging evidence points to a close relationship between inflammation and 

AF.1 The prevalence and prognosis of AF are both associated with serum levels of 

inflammatory biomarkers.1,2 Inflammatory infiltrates have been observed in atrial tissues 

from AF patients.3 AF after cardiac surgery is associated with thoracotomy-induced 
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pericarditis.4 Inflammation also contributes to a broad spectrum of cardiovascular diseases 

comorbid with AF, including heart failure (HF),5 coronary artery disease (CAD),6,7 and 

hypertension8 (Figure 1).9

Inflammation has been implicated in various AF-related pathological processes, including 

oxidative stress, fibrosis, and thrombogenesis (Figure 1).1,10,11 However, the efficacy of 

antiinflammatory interventions for AF remains controversial, perhaps in part because the 

precise mechanistic links remain to be clarified. In addition, there are 2 critical unanswered 

questions: (1) whether inflammation associated with AF is a cause or a consequence of the 

arrhythmia, and (2) whether inflammation reflects underlying disease or AF itself. A better 

understanding is required in order to know whether inflammatory pathways can be exploited 

to improve strategies for AF management and prevention. Here, we will review the current 

evidence for the role of inflammation and inflammatory biomarkers in the risk management 

and treatment of AF. We will also discuss the evidence for inflammation-related cellular and 

molecular mechanisms of AF and their value as potential therapeutic targets.

Inflammation-Related Heart Diseases and AF

Inflammation has been implicated in the pathophysiology of various cardiac, as well as non-

cardiac, diseases that are comorbid with AF.

HF and cardiomyopathy are associated with a 4–6-fold increase in AF prevalence.9 

Inflammation has been implicated in the pathophysiology of HF and modulates the cell 

signaling activation patterns associated with fibrosis, apoptosis and hypertrophy; 5 these are 

all forms of cardiac remodeling that, when they occur at the atrial level, predispose to AF. 

For example, serum levels of tumor necrosis factor-α (TNF-α), an inflammatory mediator, 

were significantly increased in diastolic HF patients with a history of AF in a community-

based HF cohort.12

CAD is a systemic, lipid-driven condition with immuneinflammatory components.6,7 AF 

frequently occurs in acute myocardial infarction, especially in the early stages when the 

myocardial inflammatory reaction is at its maximal. Serum levels of interleukin-6 (IL-6), an 

inflammatory biomarker, were independently associated with AF risk in a cohort of subjects 

with known CAD.13

Hypertension increases AF risk and is associated with systemic inflammation.8 A recent 

study from a group of Danish nationwide registries found that inflammatory bowel disease is 

associated with an increased incidence of AF and stroke.14 These observations suggest that 

systemic inflammation contributes to AF.

Evidence for Inflammatory-Cell Recruitment in AF

Migration of immune cells toward injured tissue is an important component of the 

inflammatory response. Leukocyte infiltration has been confirmed in the atrial tissue of AF 

subjects.3,15 Myeloperoxidase (MPO), an oxidizing agent secreted from infiltrating 

leukocytes, appears to play an important role in atrial fibrosis and AF development.16 AF 

patients undergoing cardiac bypass surgery had higher plasma MPO levels and larger MPO 
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deposition in atrial tissue than sinus rhythm (SR) patients.16 MPO-knockout mice had 

attenuated atrial fibrosis and AF-promotion following chronic angiotensin-II infusion.16 In 

samples of the left atrial appendage, macrophage migration was greater in AF vs. SR 

patients, predominantly in the endo-and subendocardium, together with deposition of 

adhesion molecules and inflammatory cytokines.17 In pressure-overloaded mice, atrial mast 

cell recruitment is responsible for atrial inflammation and fibrosis through a platelet-

dependent growth factor-A-related mechanism.18

Cellular and Molecular Mechanisms

Rapid atrial activity that is not synchronized with the irregular ventricular response during 

AF increases atrial wall stress (stretch) and decreases cardiac output. Both hypoperfusion of 

hormone-regulatory organs and atrial stretch activate the renin-angiotensin-aldosterone 

system, producing angiotensin II. Altered hemodynamic rheology is associated with 

endothelial damage and recruitment of inflammatory cells that secrete cytokines. Figure 2 

summarizes the principal inflammation-related molecular mechanisms in AF, which are 

discussed next in detail.

Angiotensin II

Angiotensin II activates NADPH oxidase, which produces reactive oxygen species (ROS). 

ROS can act as a second messenger to activate downstream effectors, but excess production 

can induce cellular oxidative stress. Angiotensin II and ROS contribute to abnormal Ca2+ 

handling and Ca2+ overload, which cause atrial hypocontractility and activate Ca2+-

dependent signaling. 19 Ca2+-induced activation of nuclear factor of activated T-cells 

(NFAT) suppresses the gene expression of L-type calcium channel subunits, causing 

downregulation of the L-type Ca2+-current, decreased action potential duration and AF-

induced electrical remodeling.20 In addition, NFAT downregulates the transcription of 

microRNA-26, disinhibiting the translation of Kir2.1 and TRPC3, resulting in electrical and 

fibrotic remodeling.20 Angiotensin II also activates the Smad2/3 axis, increasing the 

production of transforming growth factor-β (TGF-β) and the extracellular matrix (ECM) 

proteins that form AF-promoting fibrous tissue.20

NF-κB and Inflammatory Cytokines

Nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB), a transcription factor, is 

a crucial inflammatory signaling molecule. Both inflammatory cytokines and ROS activate 

NF-κB.19 Nuclear translocation of activated NF-κB increases the gene expression of 

inflammatory cytokines, exacerbating inflammation.21 Inflammatory cytokines enhance 

tissue factor (TF) production, promoting thrombogenesis.11 Inflammatory cytokines also 

induce apoptosis;21 apoptotic cardiomyocyte death is accompanied by fibroblast recruitment 

and ECM deposition, forming fibrosis. Inflammation and fibrosis are interrelated and 

potentially share common signaling cascades; TNF-α induces atrial fibrosis via activation of 

TGF-β/Smad2/3 signaling.22 TNF-α also regulates matrix metalloproteinase activity and 

ECM degradation.23 NF-κB may also regulate the expression of Na+-channel subunits that 

contribute to AF-associated electrical remodeling.24
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Inflammatory Biomarkers and AF

Many studies have examined blood levels of inflammatory biomarkers in AF.

C-Reactive Protein

C-reactive protein (CRP) is a highly reproducible but nonspecific inflammatory biomarker, 

synthesized primarily in the liver in response to inflammatory cytokines. The circulating 

level of CRP is increased in patients with AF compared with those without an AF history, 

and persistent-AF patients have higher CRP levels than do those with paroxysmal-AF.25 A 

Mendelian randomization study showed that although elevated CRP levels were associated 

with increased AF risk, genetically elevated CRP levels did not increase the risk, arguing 

against a causative effect of plasma CRP.26 Higher circulating CRP levels are also 

associated with AF recurrence after electrical cardioversion and catheter ablation.27,28

Stroke is a major complication of AF. An association between inflammation and stroke risk 

in AF patients has been reported; high-sensitivity CRP (hs-CRP) levels positively correlate 

with stroke risk factors (eg, diabetes and hypertension) in AF patients and are also related to 

mortality and a composite outcome of ischemic stroke, myocardial infarction, and vascular 

death.29,30

When interpreting the literature, it is important to note that most studies have involved 

measuring variables in a population, and then assessing their independent statistical 

associations with AF risk. Factors that are independently associated with AF are then 

described as “predictors” of AF risk. However, the predictive value of a risk factor must be 

established prospectively by testing its usefulness for estimating risk and guiding 

management in an independent population; unfortunately, this type of data is rarely available 

for putative AF biomarkers, because the appropriate studies have yet to be performed.

Interleukin-6

IL-6 is produced by lymphocytes and stimulates inflammatory responses. IL-6 also has anti-

inflammatory effects, via the inhibition of TNF-α signaling and the activation of IL-10, an 

anti-inflammatory cytokine.

A recent meta-analysis reported that higher IL-6 blood levels were associated with greater 

AF risk in the general population. Greater serum IL-6 levels were also related to increased 

risks of AF recurrence after electrical cardioversion and catheter ablation.28 Conway et al 

demonstrated that high serum IL-6 levels were independently associated with stroke and the 

composite endpoint of stroke or death.31 Serum IL-6 levels were independently related to 

adverse events and mortality during long-term follow-up (>2 years) in a large cohort of 

anticoagulated permanent/paroxysmal-AF patients.32

In a case-control study, Marcus et al demonstrated that serum CRP and IL-6 levels were 

similar in patients with vs. without previous AF episodes, but were significantly increased in 

blood samples taken during AF.33 Thus, AF may increase production of these acute-phase 

reactants, rather than the substances themselves increasing AF risk. CRP levels were greater 
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in the left atrium than in the coronary sinus, suggesting that AF may cause sequestration of 

inflammatory reactants in the heart.

TNF-α

TNF-α stimulates an acute immune cell reaction and induces inflammation. TNF-α is 

synthesized by various immune cells, including macrophages and lymphocytes.

Li et al demonstrated that serum TNF-α blood levels were greater in patients with AF 

compared with those in SR, and in persistent and permanent AF compared with paroxysmal 

AF.34 A recent meta-analysis reported that higher TNF-α levels were associated with greater 

AF risk.28 Higher TNF-α levels in chronic-AF patients on admission to hospital were also 

predictive of stroke risk during follow-up.35

Interleukin-8

IL-8 is produced by various types of cells, including macrophages, monocytes, fibroblasts, 

and endothelial cells. IL-8 promotes leukocyte migration and induces phagocytosis. IL-8 

also enhances endothelial cell activation and modulates the platelet-platelet and platelet-

leukocyte interactions associated with thrombogenesis.

Liuba et al demonstrated that serum IL-8 levels in the right atrium and coronary sinus, but 

not in the pulmonary veins, were greater in patients with permanent AF than in those with 

paroxysmal AF or SR.36 CRP and IL-6 levels were not different among the 3 groups.

Interleukin-10

IL-10 is an anti-inflammatory cytokine mainly produced by monocytes. IL-10 suppresses T-

cell cytokines, enhances B-cell survival, proliferation, and antibody production, and blocks 

inflammatory signaling via NF-κB.

Li et al reported that serum IL-10 levels were greater in persistent and permanent AF 

patients compared with those having paroxysmal AF, as were levels of IL-6, IL-8, TNF-α, 

monocyte chemoattractant protein-1 (MCP-1), vascular endothelial growth factor and N-

terminal pro-brain natriuretic peptide.34 The rhythm of patients at the time of sampling was 

not detailed, so it is unclear whether the differences were related to acute effects of AF or 

underlying inflammation/injury. Prior to cardioversion, AF patients had greater blood levels 

of CRP, TNF-α, soluble intercellular adhesion molecule-1 (sICAM-1), malondialdehyde, 

and nitrotyrosine (NT) compared with the SR controls, and these levels were greater in 

patients with subsequent persistent-AF recurrence vs. those without.37 Successful SR 

maintenance was associated with faster decrease in IL-6, sICAM-1 and NT levels following 

cardioversion.

Others

MCP-1 is a chemokine that recruits monocytes into the arterial intima in atherosclerosis. 

Growth differentiation factor 15 (GDF-15) is a subfamily of TGF-β associated with 

oxidative stress and inflammation. Circulating MCP-1 and GDF-15 levels have been 

associated with prognosis in patients with CAD and HF.1,38,39 GDF-15 blood levels were 
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also independently associated with the risk of stroke, major bleeding, and death in AF 

patients on anticoagulation therapy.38 In contrast, MCP-1 has not been associated with AF 

risk.2

Inflammation and Fibrosis in AF

Atrial fibrosis is a major characteristic of AF-related remodeling. 40 In atrial tissue from AF 

patients with valvular heart disease, there were significant positive correlations among NF-

κB activity, serum TNF-α and IL-6 levels, and collagen volume fraction.41 Serum levels of 

the fibro-inflammatory biomarkers MMP-9, type III procollagen, and hs-CRP, were greater 

in persistent-AF patients than in SR controls, and positively correlated with 

echocardiographic left atrial volume, an index of atrial remodeling.42 After AF ablation, 

serum levels of some fibro-inflammatory biomarkers (hs-CRP and IL-6) decreased in 

patients without AF recurrence, whereas others (tissue inhibitor of metalloproteinase-2 

(TIMP-2), matrix metalloproteinase-2 (MMP-2), carboxyl-terminal telopeptide of collagen 

type I) increased.43 Baseline MMP-2 levels were greater in those with recurrence.43 In a 

postmortem analysis, inflammatory macrophage markers and fibrosis colocalized in 

subendocardial atrial tissues of AF patients, consistent with an association between 

inflammation and fibrosis in AF.44

Inflammation and Postoperative AF (POAF)

POAF occurs in 16–50% of patients after cardiac surgery.4 Greater perioperative serum 

levels of inflammatory biomarkers (CRP, IL-6, and IL-2) have been associated with the risk 

of POAF.4,22 POAF usually occurs within the first few days after surgery, with the time 

course corresponding to changes in serum levels of inflammatory biomarkers.4 Treatment 

with several anti-inflammatory agents has been reported to reduce the prevalence of 

POAF.45

Anti-Inflammatory Interventions in AF

Statins

Statins have pleiotropic actions beyond cholesterol reduction, including improved 

endothelial function, reduced thrombogenesis, and suppression of oxidative stress and 

inflammation. In animal AF models, statins decreased AF vulnerability.46

Pena et al reported that patients with elevated CRP blood levels randomized to rosuvastatin 

treatment had significantly reduced AF risk vs. those randomized to placebo;47 however, 

meta-analyses have suggested that statins may not be effective for primary prevention of 

AF.48,49 Statins also failed to prevent AF recurrence after cardioversion47 and catheter 

ablation.50 Nevertheless, the perioperative use of statins has reduced POAF incidence, 

lowered serum inflammatory biomarkers, and attenuated reperfusion myocardial injury after 

cardiac surgery.4
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Corticosteroids

In an experimental study, tachycardia-induced atrial remodeling and AF vulnerability were 

attenuated by prednisone treatment; circulating CRP levels were also decreased.51 Potential 

adverse effects such as hyperglycemia, infection, and gastrointestinal bleeding deter the 

routine use of corticosteroids in the clinical setting. Meta-analysis shows that corticosteroids 

reduce the risk of POAF and length of hospital stay without increased risk of infection.52 

The dose-response curve is U-shaped, with intermediate doses (50–210 mg of 

dexamethasone equivalent) recommended.53 Intermediate-dose corticosteroids also 

decreased AF recurrence within 3 days after catheter ablation,54 but low-dose corticosteroids 

failed to prevent early AF recurrence.55

Vitamins

Vitamins C and E are safe, inexpensive and well-tolerated antioxidants. Vitamin C serum 

levels inversely correlated with the incidence of stroke in a Japanese population.56 Are 

vitamins C or E useful for treating or preventing AF? Carnes et al demonstrated that vitamin 

C attenuated 48 h of ATP-induced atrial remodeling and reduced ROS production in dogs,57 

however, a longer (7 days) study found that antioxidant vitamins did not suppress ATP-

induced atrial electrical remodeling in the same dog model.46 A meta-analysis reported that 

prophylactic use of vitamin C reduced the incidence of POAF after cardiac surgery, but the 

quality of available studies was limited. 58 A combination of vitamins C and E and fish oils 

favorably reduced the occurrence of POAF.59 In a small, non-blinded study, vitamin C 

decreased AF recurrence and inflammatory biomarker levels after electrical cardioversion.60 

In spite of these reports, a broad analysis suggests limited utility of vitamin supplementation 

for prevention of either AF10 or cardiovascular disease in general.

Polyunsaturated Fatty Acids

Omega-3 (n-3)-PUFAs, such as eicosapentaenoic acid and docosahexaenoic acid, are 

abundant in fatty fish and have antiinflammatory and anti-oxidative effects. PUFAs 

decreased AF duration and atrial fibrosis in a canine HF model.61

The clinical efficacy of PUFAs for AF is questionable. High-dose PUFA treatment failed to 

prevent paroxysmal-AF recurrence.62 A meta-analysis demonstrated that short-term PUFA 

treatment did not decrease POAF risk.63

Colchicine

Colchicine suppresses leukocyte activation, endothelial cell adhesion and migration. 

Postoperatively-initiated adjusteddose colchicine prevented POAF and shortened hospital 

stay without significant adverse effects in a double-blind randomized trial.64 A subsequent 

study with preoperatively-initiated fixed-dose colchicine failed to show reduced POAF risk 

and colchicine treatment was associated with significant gastrointestinal side effects.65

Inflammation and AF-Related Thrombogenesis

AF-related thrombogenesis and inflammation are intimately linked (Figure 3). Serum CRP 

levels positively correlate with clinical risk factors for stroke.66 In AF patients, increased 
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CRP levels are associated with left atrial thrombus formation and/ or dense spontaneous 

echo contrast.67 Inflammation has been implicated in multiple components leading to AF-

related thrombogenesis: (1) endothelial damage/dysfunction, (2) platelet/ endothelial cell 

activation, and (3) coagulation cascade activation.

Endothelial Damage and Dysfunction

AF causes static and/or turbulent flow in the atrium that may induce endothelial damage and 

dysfunction. Atrial endothelial injury recruits cytokine-producing inflammatory cells, 

triggering inflammatory reactions. Flow-mediated dilation, a clinical indicator of endothelial 

integrity, decreases in AF patients.68 Flow-mediated dilation is inversely related to serum 

CRP levels in chronic-AF patients, implying disruption by inflammation. 69 von Willebrand 

factor (vWF), an adhesion molecule, is an index of endothelial damage/dysfunction; plasma 

vWF levels positively correlate with AF incidence and stroke risk in the elderly 

population.70,71

Platelet and Endothelial Cell Activation

The loss of endothelial integrity accelerates the attachment of vWF onto the injured 

endothelium. Circulating platelets agglutinate with fibrinogen upon interaction with vWF. 

Platelet/ endothelial cell interaction induces the expression of P-selectin (an adhesion 

molecule). The P-selectin glycoprotein ligand-1 (PSGL-1) is expressed on the surface of 

leukocytes and monocytes; P-selectin binding to PSGL-1 promotes leukocyte/ monocyte-

endothelial cell attachment and interaction, producing a thrombo-inflammatory 

environment. The acute onset of AF induces endothelial dysfunction, platelet activation 

(platelet P-selectin expression), and inflammation in the human left atrium.72 Acutely-

induced AF increases platelet P-selectin expression, together with P-selectin-positive 

monocytes/ leucocytes and P-selectin/PSGL-1 double-positive monocytes. 73 Catheter 

ablation and successful SR maintenance are reported to decrease platelet activation, improve 

endothelial function, and reduce levels of inflammation-associated markers in AF patients.74

Note that in AF a fibrin-rich thrombus (red clot) forms, which is more prone to recruiting 

inflammatory cells than platelet-rich thrombus (white clot). This may be one reason why 

antiplatelet therapies are less effective for the prevention of AF-related events than 

anticoagulation.

Coagulation Cascade Activation

Endothelial injury promotes TF release from subendocardial tissue. Exposure of blood 

vessels to TF initiates the coagulation cascade. Inflammation also enhances IL-6 and CRP-

stimulated TF production by monocytes.75,76 Serum TF levels and stroke risk are 

independently associated with serum IL-6 levels in chronic-AF patients.23 Soluble CD40 

ligand (sCD40L), a platelet-activated inflammatory marker, also stimulates TF production 

when it binds to its receptor CD40 on leukocytes.11 The sCD40L levels are increased in 

patients with AF.77
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Conclusions

There is extensive evidence that inflammation contributes to the pathophysiology of AF, 

both directly and via AF-promoting cardiovascular conditions that have an inflammatory 

etiology. AF may be both a cause and a consequence of inflammation; the precise 

mechanistic links remain unclear. Several inflammatory biomarkers are associated with AF 

risk, but their practical value in guiding AF management is not well established. The clinical 

efficacy of anti-inflammatory drugs is limited. The pathophysiology underlying AF varies 

importantly among patients and thus individualized treatment approaches are likely 

necessary. Nevertheless, inflammation is a common pathological process in this 

multifactorial arrhythmia, and therefore presents interesting opportunities for therapeutic 

innovation. However, much more needs to be known in order for these opportunities to be 

realized.
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Figure 1. 
Potential factors linking atrial fibrillation (AF) with inflammation. CAD, coronary artery 

disease; HF, heart failure; HT, hypertension.
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Figure 2. 
Inflammation-related cellular and molecular pathophysiology in atrial fibrillation (AF) 

progression. ECM, extracellular matrix; IL-6, interleukin-6; MAPK, mitogen-activated 

protein kinase; NFAT, nuclear factor of activated T-cells; NF-κB, nuclear factor κ-light-

chain-enhancer of activated B-cells; PKC, protein kinase C; RAAS, renin-angiotensin-

aldosterone system; ROS, reactive oxygen species; Smad2/3, SMA- and MAD-related 

proteins, TGF-β, transforming growth factor-β; TNF-α, tissue necrosis factor-α.

Harada et al. Page 15

Circ J. Author manuscript; available in PMC 2016 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Potential mechanisms underlying thrombogenesis in atrial fibrillation (AF) and the role of 

inflammation. TF, tissue factor; vWF, von Willebrand factor.
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