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Dietary intake has been shown to change the composition of gut microbiota and some changes in microbiota (dysbiosis) have been linked
to diabetes, hypertension, and obesity, which are established risk factors for atrial fibrillation (AF). In addition, intestinal dysbiosis generates
microbiota-derived bioactive metabolites that might exert proarrhythmic actions. Although emerging preclinical investigations and clinical
observational cohort studies suggest a possible role of gut dysbiosis in AF promotion, the exact mechanisms through which dysbiosis con-
tributes to AF remain unclear. This Viewpoint article briefly reviews evidence suggesting that abnormalities in the intestinal microbiota
play an important and little-recognized role in the pathophysiology of AF and that an improved understanding of this role may open up
new possibilities in the management of AF.
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Introduction

Multiple mechanisms contribute to the pathophysiology of atrial fib-
rillation (AF). Dietary intake has been shown to change the compos-
ition of gut microbiota and some changes in microbiota (dysbiosis)

have been linked to diabetes, hypertension, and obesity, which are
established risk factors for AF. The gut microbiota is a dynamic eco-
system containing symbiotic and pathogenic microorganisms that res-
ide in the colon and produce bioactive metabolites.1 Although
emerging preclinical investigations and clinical observational cohort

Graphical Abstract

Putative mechanisms of gut microbiota-associated atrial fibrillation. Lifestyle components and diet directly impact the gut microbiota composition (homeo-
stasis left, dysbiosis right) and the gut microbiota-derived metabolites. Gut microbiota-derived metabolites (beneficial metabolites in green, detrimental
metabolites in red) contribute to the development of atrial arrhythmogenic remodelling and atrial fibrillation-promoting comorbidities, leading to both ec-
topic firing and a re-entrant substrate for atrial fibrillation maintenance. BA, bile acids; LPS, lipopolysaccharide; SCFA, short-chain fatty acids; TMA, trime-
thylamine; TMAO, trimethylamine N-oxide; Trp, tryptophan.
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studies suggest a possible role of dysbiosis in AF promotion, the po-
tential mechanisms through which dysbiosis might contribute to AF
are poorly understood.2 Here, we briefly review evidence suggesting
that abnormalities in the intestinal microbiota play an important and
little-recognized role in the pathophysiology of AF and that an
improved understanding of this role may open up new therapeutic
approaches for AF.

Gut microbiota-derived metabo-
lites and their potential contribu-
tion to AF

Trimethylamine N-oxide (TMAO), lipopolysaccharide (LPS), indoxyl
sulfate, and bile acids are the most extensively studied detrimental
microbial metabolites potentially involved in AF pathogenesis. In con-
trast, short-chain fatty acids (SCFAs), derived from the gastrointes-
tinal fermentation of dietary fibres by commensal anaerobic bacteria,
may be protective in AF (Graphical abstract).

Preclinical investigations
Intestinal microbiota convert dietary L-carnitine (e.g. in red meat) and
choline (e.g. in eggs) to trimethylamine, which is oxidated to TMAO
by flavin-containing monooxygenases in the liver.3 In a canine model,
injection of TMAO in the atrial autonomic ganglionated plexi
increased the local expression of proinflammatory cytokines, in asso-
ciation with increased ganglionated plexi activity, enhanced atrial
tachycardia-induced shortening of atrial refractoriness, and increased
AF susceptibility.4 TMAO also activates the NACHT, LRR, and PYD
domain-containing protein 3 (NLRP3) inflammasome, which is causal-
ly involved in AF pathogenesis.5,6

LPSs are components of the outer membrane of most Gram-
negative bacteria. Translocation of gut bacteria or endotoxins occurs
if the gut barrier function is compromised, for example by the hemo-
dynamic changes caused by sympathetic nervous system activation. In
the blood, LPS is transferred from circulating LPS-binding proteins to
CD14 molecules on the surface of leukocytes. This process activates
toll-like receptor 4, causing a strong innate immune response. In ani-
mal models, administration of LPS increases the atrial concentration
of proinflammatory cytokines, downregulates the L-type calcium cur-
rent, and abbreviates the effective refractory period. These are all
AF-promoting actions. Aging-associated gut dysbiosis promotes AF
via increased levels of circulating LPSs and glucose, along with
increased activation of atrial NLRP3 inflammasomes, which leads to
atrial fibrosis.7 Transplantation of faecal microbiota from young to
old rats, or selective inhibition of LPS or NLRP3 inflammasome,
attenuates atrial fibrosis and age-related AF susceptibility, pointing to
gut dysbiosis-related systemic inflammation as the cause of the AF-
promoting substrate in elderly rats.7 In isolated rabbit atria, indoxyl
sulfate contributes to increased atrial inflammation and fibrosis, while
promoting pulmonary vein triggering through oxidative stress and
dysregulation of calcium handling.8

Primary bile acids like chenodeoxycholic acid can induce cardiac fi-
brosis via inflammatory processes. Taurine-conjugated primary bile
acids might induce changes in membrane potential by activating mus-
carinic M2-receptors and associated currents in cardiomyocytes,

causing atrial-refractoriness abbreviation that promotes AF. In turn,
secondary bile acids like ursodeoxycholic acid prevent arrhythmias
by stabilizing the cell membrane potential in human cardiomyocytes.2

Beneficial effects have been reported for SCFAs (acetate, butyrate,
and propionate), which are derived from the fermentation of dietary
fibre by commensal anaerobic bacteria in the gut. High SCFA levels
modulate gene expression by inhibiting histone deacetylase activity
through the regulation of chromatin structure, display beneficial
effects by improving glucose homeostasis and insulin sensitivity, and
might reduce ectopic lipid storage. Accordingly, high-fibre diets and
acetate supplementation prevent the development of hypertension,
ventricular hypertrophy, and fibrosis in hypertensive mice.3

Conversely, low blood SCFA concentrations might contribute to
poor metabolite-sensing G-protein-coupled receptor engagement,
which can compromise gut integrity and enhance the passage of sub-
stances like LPS into the bloodstream.

Clinical observational cohort studies
Circulating levels of gut microbiota-derived metabolites such as
TMAO predict cardiovascular events9 and are associated with AF in-
dependently of traditional AF risk factors.10 The concentrations of
the TMAO precursor choline are higher in atrial tissue and plasma
samples in AF patients vs. non-AF subjects. In AF patients, the levels
of circulating primary bile acids correlate with structural remodel-
ling.11 AF patients with increased levels of LPS show a high risk of
major adverse cardiovascular events,12 supporting the clinical rele-
vance of gut dysbiosis-related inflammation in AF patients. Indoxyl
sulfate concentrations independently predict the risk of AF recur-
rence after AF catheter ablation.13

Strategies to modify gut
microbiota in patients

Prospective intervention studies targeting the gut microbiota in AF
patients are still missing. Nevertheless, modulation of the microbiota
composition and microbia-derived metabolites may represent an
interesting approach to influence AF occurrence/progression and
concomitant AF risk factors. One strategy to modify the microbiota
is the oral consumption of acetate-producing bacteria (probiotics) or
supplementation of food ingredients such as fermentable fibres that
induce bacterial growth (prebiotics). Such food additives, including
resveratrol, have been used to halt the development of the AF sub-
strate in animal models. Combinations of pro- and prebiotics (synbi-
otics) may provide a better response to dietary interventions and
reduce the impact of resistant microbial commensals. The most dir-
ect approach is application of protective postbiotics such as SCFAs.

Pharmacological modulation of the gastrointestinal intraluminal mi-
lieu by selective pharmacological inhibition of intestinal absorption of
dietary ions, glucose, fat, or proteins might offer an alternative ap-
proach. Inhibition of intestinal sodium-proton-exchanger subtype 3
using an orally non-absorbable inhibitor attenuates the development
of an arrhythmogenic substrate for AF in hypertensive rats.14 In add-
ition, pharmacological suppression of detrimental gut microbiota-
derived metabolites (e.g. TMAO) has been used to assess the effect
of gut dysbiosis on AF mechanisms in experimentally animal models.
Oral administration of antibiotics and other drugs such as statins can
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enhance or reduce the growth rate of gut microbiota and impact the
formation of microbial metabolites. Conversely, gut microbiota may
also impact drug metabolism as exemplified by digoxin and calcium
antagonists (Supplementary material online, Table S1). However, the
interactions between drug use and gut microbiota in AF patients re-
quire determination in future studies.

As diet, sleep habits, and physical activity influence the intestinal
microbial community, lifestyle interventions may represent an up-
stream approach to primary and secondary prevention of AF within
risk factor management programmes. Where gut dysbiosis cannot be
corrected, pharmacological inhibition of common downstream profi-
brotic/inflammatory pathways (e.g. the NLRP3 inflammasome sys-
tem) might represent an approach to attenuating dysbiosis-related
AF-promoting atrial remodelling.

Gaps in knowledge and further
directions

To dissect the precise role of gut microbiota/metabolites, an unbiased
multiomics approach will likely be needed. Microbial-phenotype tri-
angulation approaches and the use of germ-free mice is important
approaches in the investigation of the impact of gut microbiota in AF
pathophysiology. Although several preclinical studies clearly show
that gut microbiota can contribute to AF initiation and maintenance
under experimental conditions, it remains unclear whether these find-
ings can be translated into the clinical setting and whether modifica-
tion of gut microbiota may provide novel therapeutic opportunities in
AF management. Well-designed prospective intervention studies are
required to assess whether abnormalities in gut microbiota are just a
marker of other AF risk factors or an independent contributor to AF
and thus a potential therapeutic target. There is still no agreement on
how best to assess gut microbiota composition, diet patterns, and the
response to targeted interventions. As a result of dynamic habitual
diet patterns, sleep habits, and physical activity, the intestinal microbial
community exhibits significant daily fluctuations.15 Therefore, a longi-
tudinal assessment of lifestyle components should be implemented in
future studies. Dietary composition (micro- and macronutrients) is
difficult to control but can be assessed by mobile health applications
or detailed diaries. It also remains uncertain whether AF patient may
benefit from which intervention at which time point, making individu-
alized treatment decisions currently impossible. Moreover, the major-
ity of studies of the gut microbiota in AF focuses on the identification
of bacteria only and ignores other important nonbacterial compo-
nents of gut microbiota. In addition, the investigation of the role of
selected individual bacterial species compared to whole bacterial
communities development warrants further investigation in AF.
Finally, clinical implementation of gut microbiota-modifying interven-
tions for AF patients will require multidisciplinary collaboration be-
tween cardiologists/electrophysiologists and gastroenterologists, best
organized in an integrated care team.

Conclusions

Emerging preclinical and clinical evidence suggests a relationship be-
tween dysbiosis and AF, although the precise causal factors are still

poorly understood. To move this complex field forward, preclinical
studies should focus on the role of gut microbial dysbiosis in well-
established experimental AF models, the mechanisms mediating
microbiome effects, and the effectiveness of clinically translatable
interventions like dietary manipulation (including probiotics) and fae-
cal transplantation. Clinical intervention studies in AF patients will be
required to definitively establish whether gut microbiota is a modifi-
able risk factor for AF occurrence and progression. While there are
many unknown elements of AF pathophysiology, the role of gut
microbiota requires particular attention because of the extensive evi-
dence pointing to an important contribution, the lack of definitive
studies to clarify the role and underlying mechanisms, and the avail-
ability of clinically-effective interventions to beneficially alter the
microbiome.

Supplementary material

Supplementary material is available at European Heart Journal online.
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In vivo evaluation of coronary arteritis by serial optical coherence
tomography in large vessel vasculitis
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A 74-year-old man with acute cor-
onary syndrome underwent emer-
gency percutaneous coronary
intervention with the implantation
of everolimus-eluting stents for
severe stenosis in proximal left
ascending coronary artery (LAD)
(Panel A, red arrows). Coronary
angiography (CAG) revealed mild
stenosis in proximal right coronary
artery (RCA) and severe stenosis
in distal LAD (Panel A, yellow
arrows, Supplementary material
online, Video S1). Optical coher-
ence tomography (OCT) showed
diffusely thickened homogenous
intima in mid-LAD (Panels a–d and
Supplementary material online, Video S2). Four months later, the serum levels of high-sensitive C-reactive protein (hs-CRP) continued to
be slightly high (1.52 mg/dL), and 18F-fluorodeoxyglucose (FDG) positron emission tomography/computed tomography (PET/CT) showed
increased uptake in the aorta wall (Panel B). CAG revealed rapid progression of stenosis in proximal RCA, mid and distal LAD (Panel C and
Supplementary material online, Video S3). OCT revealed rapidly increased thickening intima and narrowing lumen in mid-LAD (Panels e–h
and Supplementary material online, Video S4), which had no atherosclerosis with white colour observed on coronary angioscopy (Panel D,
level g). We diagnosed the patient with coronary arteritis complicating large vessel vasculitis and started oral prednisone at 30 mg daily.
Eight months later, FDG PET/CT showed reduced uptake in the aorta wall, with a normal hs-CRP range (0.03 mg/dL) (Panel E). CAG
showed regression of the previously observed stenosis in proximal RCA, mid, and distal LAD (Panel F and Supplementary material online,
Video S5). OCT revealed regression of thickening intima and lumen enlargement in mid-LAD (Panels i–l and Supplementary material online,
Video S6). This is the first report in which progression and regression of coronary arteritis by serial OCT was observed. OCT could be a
useful device for the appropriate diagnosis and treatment of coronary arteritis.

Supplementary material is available at European Heart Journal online.
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