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Abstract: The human gut microbiota has emerged recently as an important regulator of cardiovascular phys-
iology through its effects on metabolism, immune signaling, and systemic inflammation. Increasing evidence 
suggests that alterations in intestinal microbial composition (dysbiosis) may contribute to the development 
and progression of atrial fibrillation (AF). This review summarizes current evidence on gut microbiota al-
terations, microbiota-derived metabolites, and their mechanistic links to atrial fibrillation pathogenesis and 
potential therapeutic strategies. Patients with AF demonstrate reduced microbial diversity and characteristic 
shifts in bacterial taxa, including depletion of short-chain fatty acid–producing bacteria and enrichment of 
potentially pro-inflammatory microorganisms. Gut microbiota–derived metabolites appear to play a key 
role in mediating these effects. Trimethylamine N-oxide (TMAO), lipopolysaccharide (LPS), and pheny-
lacetylglutamine (PAGln) promote oxidative stress, endothelial dysfunction, and activation of inflammatory 
pathways such as NF-κB and the NLRP3 inflammasome, leading to atrial fibrosis, electrical remodeling, and 
increased arrhythmogenic susceptibility. In contrast, short-chain fatty acids exert anti-inflammatory and 
cardioprotective effects that may stabilize cardiac electrophysiology. Importantly, the relationship between 
gut microbiota and atrial fibrillation appears to be bidirectional, as cardiovascular disease itself may influ-
ence intestinal barrier integrity and microbial composition. Understanding the gut–heart axis may open new 
perspectives for risk stratification and therapeutic strategies, including dietary interventions and microbi-
ome-targeted therapies. Further clinical studies are required to determine whether modulation of the gut 
microbiota can effectively prevent or modify the course of atrial fibrillation.
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Introduction

The human gut microbiota constitutes a complex microbial ecosystem that plays a fundamen-
tal role in host metabolism, immune regulation, and maintenance of intestinal barrier integrity. 
Increasing evidence indicates that intestinal microorganisms influence not only gastrointestinal 
physiology but also systemic processes, including inflammation, metabolic homeostasis, and car-
diovascular function. [1, 2, 3] This concept has led to the emergence of the gut–heart axis, which 
describes potential bidirectional interactions between the intestinal microbiome and the cardio-
vascular system.

Dysbiosis, defined as a disruption of microbial composition characterized by reduced diver-
sity and expansion of pro-inflammatory taxa, has been recently associated with cardiometabolic 
disorders such as hypertension, coronary artery disease, heart failure, and atrial fibrillation (AF). 
[1, 2, 3, 4] Several mechanisms have been proposed to explain this association, including systemic 
inflammation, oxidative stress, metabolic disturbances, and autonomic nervous system modula-
tion. [1, 3, 4, 5, 6]

Atrial fibrillation, the most common sustained cardiac arrhythmia worldwide, remains a major 
cause of stroke, heart failure, and cardiovascular mortality. While classical mechanisms of AF 
pathogenesis include atrial fibrosis, electrical remodeling, and autonomic dysregulation, accumu-
lating evidence suggests that systemic metabolic and inflammatory pathways may also contrib-
ute to arrhythmogenesis. In this context, alterations in gut microbiota composition have recently 
emerged as a potential contributor to AF development and its progression. [1, 3, 5]

Clinical studies have demonstrated distinct microbial signatures in patients with AF, including 
reduced microbial α-diversity and depletion of short-chain fatty acid (SCFA)–producing bacteria 
such as Faecalibacterium, Alistipes, and Bifidobacterium, accompanied by enrichment of poten-
tially pathogenic taxa including Ruminococcus, Streptococcus, and Enterococcus. [1, 5, 7] These 
changes may promote intestinal barrier dysfunction and systemic translocation of microbial com-
ponents, thereby triggering inflammatory signaling pathways involved in atrial structural and 
electrical tissue remodeling.

Microbiota-derived metabolites, including trimethylamine N-oxide (TMAO), lipopolysaccha-
ride (LPS), and phenylacetylglutamine (PAGln), have been implicated in endothelial dysfunction, 
inflammation, and myocardial fibrosis, whereas short-chain fatty acids exert protective anti-in-
flammatory effects. [1, 2, 3] Despite growing interest in this field, the mechanistic links between 
gut microbiota alterations and cardiac arrhythmogenesis remain incompletely understood.

Therefore, this review summarizes current evidence regarding gut microbiota dysbiosis, micro-
biota-derived metabolites, and their potential role in the pathogenesis of atrial fibrillation.

Gut microbiota alterations in atrial fibrillation

Microbial diversity and global dysbiosis

The human gut microbiota is dominated by bacteria belonging primarily to the Firmicutes and 
Bacteroidetes phyla, which together account for the majority of microbial species in healthy in-
dividuals. A balanced microbial composition is essential for maintaining metabolic homeostasis, 
immune regulation, and intestinal barrier integrity. In contrast microbial imbalance has been in-
creasingly associated with cardiometabolic diseases, including atrial fibrillation (AF). [1, 2, 3, 4]
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Several clinical studies have demonstrated that patients with AF exhibit reduced gut microbial 
diversity, a hallmark feature of dysbiosis. Lower α-diversity is generally considered an indicator of 
impaired microbial ecosystem stability and has been associated with increased systemic inflam-
mation and metabolic dysfunction. [1, 5, 7] In addition to reduced diversity, AF-related dysbiosis 
is characterized by alterations in the relative abundance of specific bacterial taxa and shifts in the 
overall microbial community structure.

One of the commonly reported features of dysbiosis in cardiovascular disease is an altered Fir-
micutes-to-Bacteroidetes (F/B) ratio, which has been associated with metabolic disturbances and 
systemic inflammatory responses. Although the exact significance of this ratio remains debated, 
changes in the F/B balance may reflect broader microbial ecosystem disruption contributing to 
cardiometabolic pathology. [6, 8]

Specific taxonomic changes in AF

Beyond global changes in microbial diversity, several studies have identified distinct microbial 
signatures associated with atrial fibrillation. These alterations include both depletion of beneficial 
commensal bacteria and enrichment of potentially pathogenic taxa.

In particular, AF has been associated with reduced abundance of short-chain fatty acid 
(SCFA)-producing bacteria, including genera such as Faecalibacterium, Alistipes, and Bifidobacte-
rium. These microorganisms are key producers of short-chain fatty acids (SCFAs), which play an 
important role in maintaining intestinal and systemic homeostasis (Fig. 1). Their depletion may 
therefore contribute to increased intestinal permeability and systemic inflammatory activation. 
[1, 5, 7]

Fig. 1. Microbial signatures associated with atrial fibrillation. Schematic overview of gut microbiota alter-
ations associated with atrial fibrillation, including reduced microbial diversity, depletion of SCFA-producing 
bacteria, and enrichment of potentially pathogenic taxa.
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Conversely, enrichment of potentially pro-inflammatory or opportunistic taxa has been 
observed in patients with AF. These include genera such as Ruminococcus, Streptococcus, and 
Enterococcus, which have been associated with inflammatory signaling, altered host metabo-
lism, and increased production of microbial metabolites involved in cardiovascular pathology  
(Fig. 1). [1, 5, 7]

Some studies have also reported increased abundance of trimethylamine (TMA)-producing 
bacteria, including Prevotella and Bacteroides. These taxa are of particular interest because TMA 
serves as a precursor of trimethylamine N-oxide (TMAO), a gut microbiota–derived metabolite 
implicated in cardiovascular disease and arrhythmogenesis. [6, 8]

Microbiota alterations and AF phenotype

Emerging evidence suggests that the degree of gut microbiota dysbiosis may correlate with clin-
ical characteristics and duration of atrial fibrillation. For example, patients with persistent or 
long-standing AF appear to exhibit more pronounced alterations in gut microbial composition 
compared with individuals with paroxysmal AF. [6, 9]

This observation supports the hypothesis that sustained atrial remodeling and systemic in-
flammatory activation may interact with microbial dysbiosis in a self-reinforcing pathological 
cycle. Chronic AF may lead to hemodynamic disturbances, intestinal hypoperfusion, and con-
gestion, which in turn can impair intestinal barrier function and promote microbial imbal-
ance. [3, 9]

Additionally, gut microbiota composition in patients with AF may be influenced by several 
confounding factors frequently present in this population, including age, metabolic syndrome, 
obesity, diabetes, medication use, and dietary patterns. These factors may further complicate the 
interpretation of microbiome studies and highlight the need for carefully designed longitudinal 
investigations. [3, 6]

Clinical evidence linking gut dysbiosis and AF

Multiple observational studies have provided evidence supporting an association between gut 
microbiota alterations and atrial fibrillation. For example, population-based analyses have 
demonstrated that specific microbial genera are independently associated with incident AF, sug-
gesting that gut microbiome composition may serve as a potential biomarker for arrhythmia 
risk. [2]

Furthermore, alterations in microbial metabolic profiles have been reported in patients with 
AF, including increased production of metabolites linked to inflammation, thrombosis, and myo-
cardial remodeling. These findings support the concept that gut microbiota alterations may con-
tribute not only to AF development but also to disease progression and recurrence after therapeu-
tic interventions such as catheter ablation. [6, 10, 11]

Despite these consistent associations, most available evidence derives from observational hu-
man studies and experimental animal models, and a direct causal relationship between gut dys-
biosis and atrial fibrillation has not yet been definitively established. Further prospective studies 
and mechanistic investigations are therefore required to clarify the clinical significance of gut 
microbiota alterations in AF pathophysiology.
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Microbiota-derived metabolites in atrial fibrillation

Gut microbiota influences cardiovascular physiology not only through alterations in microbial 
composition but also through the production of bioactive metabolites that interact with host met-
abolic, inflammatory, and neurohumoral pathways. Increasing evidence suggests that these mi-
crobiota-derived metabolites play a central role in linking intestinal dysbiosis with cardiovascular 
diseases, including atrial fibrillation (AF). Several compounds generated by microbial metabolism 
have been implicated in arrhythmogenesis through their effects on inflammation, oxidative stress, 
endothelial function, autonomic regulation, and myocardial structural remodeling. [1, 2, 3, 6]

Among the most extensively studied metabolites associated with AF are trimethylamine N-ox-
ide (TMAO), lipopolysaccharide (LPS), phenylacetylglutamine (PAGln), bile acids, and short-
chain fatty acids (SCFAs). While some of these metabolites exert pro-inflammatory and proar-
rhythmic effects, others appear to play protective roles in maintaining cardiovascular homeostasis.

Trimethylamine N-oxide (TMAO)

Trimethylamine N-oxide (TMAO) is one of the most extensively investigated gut microbiota–de-
rived metabolites in cardiovascular research. TMAO is generated through a two-step metabolic 
process in which dietary nutrients such as choline, phosphatidylcholine, and L-carnitine are me-
tabolized by gut bacteria into trimethylamine (TMA), which is subsequently oxidized in the liver 
by flavin-containing monooxygenases to form TMAO. [1, 2, 12]

Elevated circulating TMAO levels have been associated with increased risk of cardiovascular 
events, including myocardial infarction, stroke, and atrial fibrillation. [1, 2, 11] Mechanistically, 
TMAO promotes systemic inflammation, oxidative stress, endothelial dysfunction, and myocar-
dial fibrosis, processes that contribute to the formation of an arrhythmogenic substrate within the 
atria. [2, 6, 12]

Experimental studies suggest that TMAO may activate the NLRP3 inflammasome and the 
NF-κB signaling pathway, leading to increased production of pro-inflammatory cytokines such 
as interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α). [4, 6, 10, 
13, 14] In addition, TMAO has been shown to influence cardiac electrophysiology by promoting 
calcium-handling abnormalities, connexin remodeling, and atrial fibrosis, thereby increasing sus-
ceptibility to atrial arrhythmias. [5, 6, 10]

TMAO may also affect autonomic nervous system regulation. Experimental studies have 
demonstrated that TMAO can enhance sympathetic activity through stimulation of cardiac auto-
nomic ganglia, potentially facilitating both supraventricular and ventricular arrhythmias. [6, 15]

Lipopolysaccharide (LPS)

Lipopolysaccharide (LPS) is a major structural component of the outer membrane of Gram-neg-
ative bacteria and represents a potent pro-inflammatory endotoxin. In conditions of intestinal 
dysbiosis, increased intestinal permeability often referred to as “leaky gut” may allow LPS to trans-
locate from the intestinal lumen into systemic circulation. [3, 4, 16]

Circulating LPS activates Toll-like receptor 4 (TLR4) on immune cells and cardiomyocytes, 
triggering downstream signaling pathways involving MyD88 and NF-κB activation. [3, 10, 17, 
18, 19, 20] These pathways stimulate the release of pro-inflammatory cytokines and promote 
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activation of the NLRP3 inflammasome, a key molecular complex involved in atrial inflammation 
and fibrosis. [4, 10, 16, 21, 22]

In the context of atrial fibrillation, LPS-induced inflammation may contribute to both structur-
al and electrical remodeling of the atria. Experimental studies suggest that inflammatory signaling 
can alter calcium channel expression, shorten atrial effective refractory periods, and disrupt gap 
junction organization through changes in connexin proteins, including connexin 40 and connex-
in 43. [1, 3, 6, 10] These electrophysiological alterations promote conduction heterogeneity and 
facilitate the formation of re-entry circuits that sustain atrial fibrillation.

Phenylacetylglutamine (PAGln)

Phenylacetylglutamine (PAGln) is a gut microbiota–derived metabolite generated from the mi-
crobial metabolism of phenylalanine into phenylacetic acid, which is subsequently conjugated 
with glutamine in the host liver. [1, 23] Recent studies have identified PAGln as a metabolite with 
significant cardiovascular relevance.

PAGln has been shown to interact with adrenergic receptors, including α2A, α2B, and β2 re-
ceptors, thereby enhancing sympathetic signaling pathways involved in cardiovascular regula-
tion. [24] Through this mechanism, PAGln may contribute to increased cardiac excitability and 
facilitate the initiation and maintenance of atrial fibrillation.

In addition to its electrophysiological effects, PAGln has been associated with platelet hyperre-
activity and prothrombotic activity, linking gut microbial metabolism to thromboembolic com-
plications in cardiovascular disease. [24, 25] Elevated circulating PAGln concentrations have been 
reported to predict major adverse cardiovascular events, including myocardial infarction and 
stroke. [24] These findings suggest that PAGln may represent an important metabolic mediator 
connecting gut microbiota with arrhythmia-related cardiovascular risk.

Bile acids

Bile acids represent another important group of metabolites influenced by gut microbiota activity. 
Primary bile acids synthesized in the liver undergo microbial transformation in the intestine, 
leading to the formation of secondary bile acids, which can exert systemic metabolic and signaling 
effects. [3, 5]

Alterations in bile acid metabolism have been reported in patients with atrial fibrillation. Cer-
tain primary bile acids, such as chenodeoxycholic acid (CDCA), may promote oxidative stress and 
inflammatory signaling through activation of NADPH oxidase and generation of reactive oxygen 
species (ROS). [3, 18] ROS production may subsequently trigger ATP release and activation of the 
NLRP3 inflammasome, contributing to atrial fibrosis and structural remodeling.

Some bile acid conjugates, including taurocholic acid (TCA), may also influence cardiac elec-
trophysiology by modulating ion channel activity and intracellular calcium dynamics, potential-
ly shortening the atrial effective refractory period and increasing susceptibility to arrhythmias. 
[3, 6, 18]

In contrast, certain secondary bile acids, such as ursodeoxycholic acid (UDCA), appear to exert 
protective effects by stabilizing cardiomyocyte membrane potential and reducing oxidative stress. 
[3, 18, 22] These findings highlight the complex and sometimes opposing effects of bile acid me-
tabolism within the gut–heart axis.
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Short-chain fatty acids (SCFAs)

Short-chain fatty acids (SCFAs), including acetate, propionate, and butyrate, are produced through 
microbial fermentation of dietary fiber in the colon. These metabolites play an important role in 
maintaining intestinal barrier integrity, regulating immune responses, and modulating systemic 
metabolic processes (Fig. 2). [9, 10, 26]

SCFAs exert potent anti-inflammatory effects by activating G protein–coupled receptors such 
as GPR41 and GPR43 and by inhibiting histone deacetylases (HDAC), which promotes differ-
entiation of regulatory T cells and suppresses pro-inflammatory cytokine production. [6, 20, 25, 
26, 27] By strengthening intestinal barrier function, SCFAs may also reduce systemic exposure to 
endotoxins such as LPS.

In addition to their immunomodulatory effects, SCFAs may influence cardiac electrophysi-
ology. Experimental studies suggest that SCFAs can stabilize cardiac conduction by preventing 
pathological remodeling of gap junction proteins and improving intracellular calcium handling. 
[10, 18, 25] These mechanisms may reduce atrial fibrosis and electrical instability, suggesting a po-
tential protective role of SCFAs in atrial fibrillation (Fig. 2).

Fig. 2. Gut microbiota-derived metabolites and atrial fibrillation. This figure schematically presents the 
key gut microbiota-derived metabolites discussed in the manuscript (TMAO, secondary bile acids, SCFAs, 
PAGln, and LPS) and their proposed links to atrial fibrillation. The diagram illustrates the pathway from gut 
dysbiosis to systemic and atrial inflammation particularly via NLRP3 inflammasome activation leading to 
electrophysiological remodeling, fibrosis, and increased AF risk.
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Summary of microbiota-derived metabolites

Collectively, microbiota-derived metabolites represent a key mechanistic link between gut dysbi-
osis and atrial fibrillation. Pro-inflammatory metabolites such as TMAO, LPS, and PAGln appear 
to promote atrial inflammation, fibrosis, and electrical remodeling, whereas metabolites such as 
SCFAs and certain secondary bile acids may exert protective cardiovascular effects. These find-
ings highlight the complex role of microbial metabolism in arrhythmogenesis and suggest that 
targeting microbial metabolic pathways may represent a promising therapeutic strategy for atrial 
fibrillation.

Mechanisms linking gut dysbiosis and atrial fibrillation

The association between gut microbiota dysbiosis and atrial fibrillation (AF) is mediated by 
a complex network of metabolic, inflammatory, and neurohumoral mechanisms. Microbial im-
balance may influence atrial electrophysiology and structural remodeling through the production 
of bioactive metabolites, activation of inflammatory pathways, modulation of autonomic nervous 
system activity, and disturbances in intracellular calcium handling. Together, these processes con-
tribute to the development of an arrhythmogenic substrate that facilitates both the initiation and 
maintenance of atrial fibrillation. [1, 2, 3, 6]

Inflammation and immune activation

Chronic systemic inflammation represents one of the central mechanisms linking gut dysbiosis 
with atrial fibrillation. Disruption of intestinal barrier integrity may lead to increased translo-
cation of microbial components such as lipopolysaccharide (LPS) into the systemic circulation. 
LPS activates Toll-like receptor 4 (TLR4) expressed on immune cells and cardiomyocytes, trig-
gering downstream signaling pathways involving MyD88 and nuclear factor κB (NF-κB) activa-
tion. [3, 10, 17, 18, 19, 20]

Activation of these inflammatory pathways stimulates the production of pro-inflammatory 
cytokines, including interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α 
(TNF-α). These mediators contribute to systemic endotoxemia and promote inflammatory re-
modeling of atrial tissue. [1, 3, 10, 20, 25] A key molecular mediator in this process is the NLRP3 
inflammasome, which has been increasingly recognized as an important driver of atrial inflam-
mation and arrhythmogenesis. [2, 3, 10, 16, 21, 22]

Activation of the NLRP3 inflammasome leads to increased production of inflammatory cy-
tokines and may promote cardiomyocyte injury, fibroblast activation, and extracellular matrix 
deposition, all of which contribute to structural remodeling of the atria and increased susceptibil-
ity to atrial fibrillation.

Atrial fibrosis and structural remodeling

Structural remodeling of the atria, particularly the development of atrial fibrosis, is a key factor in 
the pathogenesis of atrial fibrillation. Several microbiota-derived metabolites, including TMAO 
and LPS, have been shown to promote pro-fibrotic signaling pathways.
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Experimental studies suggest that TMAO can stimulate macrophage polarization toward 
a pro-inflammatory phenotype and activate molecular pathways such as MAPK and NF-κB, 
leading to increased cytokine production and inflammatory cell infiltration in atrial tissue. 
[4, 6, 10, 14] In addition, TMAO may trigger cardiomyocyte pyroptosis and release of dam-
age-associated molecular patterns (DAMPs), which further stimulate fibroblast activation and 
differentiation into myofibroblasts. [10]

Activated myofibroblasts produce excessive extracellular matrix proteins through pathways 
including TGF-β1/Smad3 and Wnt/β-catenin signaling, resulting in progressive atrial fibrosis. 
[1, 25, 28, 29] Fibrotic remodeling disrupts the structural integrity of atrial tissue and creates 
regions of conduction heterogeneity that facilitate the formation of re-entry circuits sustaining 
atrial fibrillation.

Electrophysiological remodeling and calcium handling

Gut microbiota dysbiosis may also contribute to atrial fibrillation through disturbances in cardiac 
tissue electrophysiology and intracellular calcium homeostasis. Inflammatory signaling and mi-
crobial metabolites have been shown to affect ion channel expression and gap junction organiza-
tion in cardiomyocytes.

For example, LPS-induced inflammatory signaling may reduce the expression of L-type calci-
um channels, leading to decreased calcium current and shortening of the atrial effective refractory 
period (ERP). [1, 3, 6, 15] Shortened ERP facilitates the formation of re-entry circuits, which rep-
resent the fundamental electrophysiological mechanism sustaining atrial fibrillation.

Inflammatory mediators may also disrupt the function and distribution of gap junction pro-
teins, including connexin 40 and connexin 43. Abnormal lateralization of connexins reduces 
conduction velocity and increases electrical heterogeneity within atrial tissue, further promoting 
arrhythmogenesis. [1, 10]

In addition, microbiota-derived metabolites such as TMAO and PAGln may influence intra-
cellular calcium regulation by modulating CaMKII kinase activity and ryanodine receptor (RyR2) 
function, leading to abnormal calcium release from the sarcoplasmic reticulum and the genera-
tion of triggered electrical activity. [10]

Autonomic nervous system modulation

The autonomic nervous system plays an important role in the initiation and maintenance of atrial 
fibrillation. Emerging evidence suggests that gut microbiota may influence autonomic regulation 
through both neural and metabolic pathways. [15, 18, 24]

Microbiota-derived metabolites such as TMAO and PAGln have been shown to interact with 
adrenergic signaling pathways, enhancing sympathetic nervous system activity and increasing 
cardiac excitability. [5, 15, 24] Experimental studies indicate that TMAO may stimulate auto-
nomic ganglia, including the left stellate ganglion and ganglionated plexuses, thereby promoting 
sympathetic overactivation.

Increased sympathetic tone may shorten atrial refractoriness, enhance triggered activity, and 
facilitate the initiation of atrial fibrillation. Conversely, beneficial microbial metabolites such as 
short-chain fatty acids (SCFAs) may exert protective effects by reducing systemic inflammation 
and modulating autonomic balance. [18, 25]
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Integrated pathophysiological model

Taken together, gut microbiota dysbiosis contributes to atrial fibrillation through several intercon-
nected mechanisms, including systemic inflammation, atrial tissue fibrosis, electrophysiological re-
modeling, and autonomic nervous system dysregulation. These processes interact to create a proar-
rhythmic substrate characterized by structural and electrical instability of atrial myocardium.

Understanding these mechanistic pathways provides important insight into the emerging con-
cept of the gut–heart axis and suggests that modulation of gut microbiota and its metabolites may 
represent a promising strategy for the prevention and treatment of atrial fibrillation.

Table 1. Overview of gut microbiota-derived mechanisms in the pathogenesis of cardiac arrhythmias. 

Arrhythmia Type Microbiota-Related 
Mechanisms Key Metabolites/Pathways Evidence/Notes

Atrial Fibrillation 
(AF)

Structural and elec-
trical remodeling; 
atrial fibrosis; NLRP3 
inflammasome acti-
vation

TMAO, PAGln, LPS 
(Pro-arrhythmic); SCFAs 
(Protective)

Strong correlation with 
gut dysbiosis; TMAO pre-
dicts AF recurrence after 
ablation [6, 10, 11, 30, 31]

Ventricular  
Arrhythmias

Ca2+ handling instabil-
ity; Cx43 lateralization; 
autonomic nervous 
system (ANS) modu-
lation

Propionate (SCFA), Pheny-
lacetylglutamine (PAGln)

PAGln enhances adrener-
gic signaling; SCFAs stabi-
lize electrical conduction 
via GPR41/43 [15, 18]

Bradyarrhythmias Vagus nerve overstim-
ulation; metabolic 
interference with 
pacemaker cells

Bile Acids, TMAO Secondary bile acids can 
modulate sinoatrial node 
(SAN) function and heart 
rate. [3, 18]

Bidirectional relationship between atrial fibrillation and gut dysbiosis

Increasing evidence suggests that the relationship between gut microbiota dysbiosis and atri-
al fibrillation (AF) could be bidirectional. While alterations in gut microbial composition and 
microbial metabolite production may contribute to the development and progression of atrial 
fibrillation, the presence of AF and its associated cardiovascular conditions may in turn influence 
intestinal physiology and microbiota composition. [1, 3, 9]

On the one hand, gut dysbiosis may promote arrhythmogenesis through several interconnected 
mechanisms. Changes in microbial composition may increase the production of pro-inflammato-
ry metabolites such as trimethylamine N-oxide (TMAO), lipopolysaccharide (LPS), and pheny-
lacetylglutamine (PAGln), which have been implicated in systemic inflammation, oxidative stress, 
endothelial dysfunction, and myocardial structural remodeling. [1, 2, 3, 6, 32] These processes 
may contribute to atrial fibrosis, electrophysiological instability, and autonomic nervous system 
imbalance, thereby facilitating the initiation and maintenance of atrial fibrillation.

On the other hand, atrial fibrillation and its associated comorbidities that may themselves 
influence gut microbiota composition. Cardiovascular conditions frequently accompanying AF, 
including heart failure, hypertension, metabolic syndrome, and diabetes, are known to affect 
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intestinal perfusion, intestinal barrier function, and immune responses. [3, 9] Hemodynamic dis-
turbances, reduced intestinal blood flow, and venous congestion may impair intestinal barrier 
integrity, promoting microbial translocation and dysbiosis.

In addition, several clinical factors common in patients with atrial fibrillation may further 
modify the gut microbiome. These include advanced age, polypharmacy, dietary patterns, and the 
use of medications such as antibiotics, proton pump inhibitors, and cardiovascular drugs. Such 
factors may alter microbial diversity and metabolic activity, potentially amplifying inflammatory 
and metabolic disturbances linked to cardiovascular disease.

Importantly, observational studies have suggested that the degree of gut microbiota dysbiosis 
may correlate with the severity and duration of atrial fibrillation. For example, patients with per-
sistent or long-standing AF have been reported to exhibit more pronounced alterations in micro-
bial composition and metabolic profiles compared with individuals with paroxysmal AF. [6, 9] 
This observation supports the hypothesis that chronic atrial remodeling and systemic inflamma-
tion may interact with microbial imbalance in a self-reinforcing pathological cycle.

Despite growing evidence supporting this bidirectional interaction, most currently available 
data are derived from observational human studies and experimental animal models. Therefore, 
while the association between gut dysbiosis and atrial fibrillation appears consistent, a definitive 
causal relationship has not yet been fully established. [8, 9] Further longitudinal studies and inter-
ventional trials are required to clarify whether modulation of the gut microbiota can influence the 
incidence, progression, or recurrence of atrial fibrillation.

Therapeutic implications and microbiome-targeted strategies  
in atrial fibrillation

The growing understanding of the gut–heart axis has generated increasing interest in therapeutic 
strategies aimed at modulating gut microbiota composition and microbial metabolism. Although 
the role of microbiome-targeted interventions in atrial fibrillation (AF) remains an emerging field, 
several approaches have been proposed that may influence arrhythmia risk through anti-inflam-
matory, metabolic, and electrophysiological mechanisms. [3, 22, 33]

These strategies primarily include dietary interventions, probiotics and prebiotics, fecal micro-
biota transplantation (FMT), and pharmacological modulation of microbiota-derived metabolites.

Dietary interventions

Diet is one of the most important determinants of gut microbiota composition and metabolic ac-
tivity. Diets rich in dietary fiber, such as the Mediterranean diet, promote the growth of beneficial 
bacteria that produce short-chain fatty acids (SCFAs), including acetate, propionate, and butyrate. 
[22, 33]

SCFAs exert multiple cardioprotective effects, including reduction of systemic inflammation, 
improvement of endothelial function, and stabilization of intestinal barrier integrity. These mech-
anisms may reduce atrial structural remodeling and inflammatory activation associated with AF. 
[3, 22, 33, 34] In addition, high-fiber diets have been associated with improvements in several AF 
risk factors, including hypertension, obesity, and metabolic dysfunction.

Some dietary compounds may also directly influence microbial metabolite production. For ex-
ample, 3,3-dimethyl-1-butanol (DMB), a compound naturally present in extra virgin olive oil and 
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balsamic vinegar, has been shown to inhibit microbial trimethylamine (TMA) production, thereby 
reducing circulating levels of trimethylamine N-oxide (TMAO) in experimental models. [26, 28, 29]

Probiotics and prebiotics

Probiotics and prebiotics represent another potential strategy for modulating gut microbiota com-
position. Probiotics, defined as live microorganisms that confer health benefits to the host, may 
improve intestinal barrier function and reduce systemic inflammation.

Supplementation with bacterial strains such as Lactobacillus and Bifidobacterium has been 
shown to strengthen intestinal barrier integrity and limit translocation of endotoxins such as 
lipopolysaccharide (LPS) into systemic circulation. [3, 15] By reducing systemic inflammatory 
burden, probiotics may indirectly influence cardiovascular risk factors associated with atrial fibril-
lation, including obesity, hypertension, and atherosclerosis. [1, 35]

Prebiotics, which are non-digestible dietary substrates that selectively promote the growth of 
beneficial bacteria, may increase the abundance of SCFA-producing microorganisms. Although 
clinical data specifically addressing AF remain limited, prebiotics have been shown to improve 
metabolic parameters and blood pressure regulation, suggesting a potential indirect benefit for 
arrhythmia prevention. [3, 34]

Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) represents a more direct method of restoring a healthy mi-
crobial ecosystem by transferring intestinal microbiota from a healthy donor to a recipient. Although 
primarily used for the treatment of recurrent Clostridioides difficile infection, FMT has recently gained 
attention as a therapeutic approach in cardiometabolic diseases. [3, 10, 18, 20, 36, 37, 38, 39]

Experimental studies have demonstrated that transplantation of microbiota from healthy do-
nors to animal models with atrial fibrillation may reduce atrial fibrosis, decrease NLRP3 inflam-
masome activation, and improve cardiac electrophysiological stability. [3, 15, 33, 34, 36, 37, 38, 
39] These findings suggest that restoration of microbial diversity may mitigate inflammatory and 
structural mechanisms involved in AF pathogenesis.

However, clinical evidence in humans remains limited, and further studies are required to de-
termine the safety, feasibility, and therapeutic efficacy of FMT in cardiovascular disease.

Targeting microbiota-derived metabolites

Another emerging therapeutic strategy involves targeting specific microbial metabolic pathways 
implicated in cardiovascular pathology. Among these, inhibition of trimethylamine (TMA) pro-
duction represents one of the most actively investigated approaches.

As mentioned previously, compounds such as 3,3-dimethyl-1-butanol (DMB) can inhibit micro-
bial enzymes responsible for TMA formation, thereby reducing circulating TMAO levels and atten-
uating inflammatory and fibrotic remodeling in experimental cardiovascular models. [28, 29, 40]

Additionally, omega-3 fatty acids have been suggested to influence gut microbiota composition 
and increase SCFA production while reducing pro-inflammatory microbial metabolites. These 
effects may contribute to improved endothelial function and reduced arrhythmia susceptibility. 
[41, 42]
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Although these approaches remain largely experimental, targeting microbial metabolites may 
represent a promising strategy for precision medicine approaches in cardiovascular disease, par-
ticularly in conditions characterized by systemic inflammatory and metabolic dysregulation such 
as atrial fibrillation.

Clinical perspectives

Despite promising experimental findings, microbiome-targeted therapies for atrial fibrillation re-
main in an early stage of development. Most available evidence derives from preclinical studies 
or observational clinical data. [3, 5, 18, 20, 21, 23, 36] Large randomized blinded clinical trials are 
therefore required to determine whether interventions targeting gut microbiota composition or 
microbial metabolism can effectively reduce AF incidence, progression, or recurrence.

Nevertheless, growing insights into the gut–heart axis suggest that modulation of intestinal 
microbiota may represent a novel complementary approach in the prevention and management 
of atrial fibrillation.

Table 2. Potential preventive strategies for atrial fibrillation, as the most extensively studied cardiac arrhyth-
mia linked to the gut microbiota
SCFA — short-chain fatty acids; TMAO — trimethylamine N-oxide; FMT — faecal microbiota transplanta-
tion; AF — atrial fibrillation.

Approach / Intervention Mechanism / Goal Evidence / Status Sources
High-fiber / Mediterra-
nean diet

↑ SCFAs, ↓ TMAO,  
anti-inflammatory 
effect

Reduction of AF risk factors (hyper-
tension, dyslipidemia, inflammation); 
animal and human observational data

[33, 43]

Prebiotics ↑ SCFA-producing 
bacteria

Moderate effects on blood pressure 
and insulin; limited AF-specific data

[3, 34]

Probiotics Microbiota modulation,  
↓ inflammation

Effective in reducing risk factors; 
preclinical data for AF

[1]

FMT (Fecal Microbiota 
Transplantation)

Restoration of healthy 
microbiota

Animal models: AF reduction; human 
data are only beginning to emerge

[34, 36, 
37]

TMAO Inhibitors  
(DMB, IMC)

↓ TMAO,  
↓ inflammation,  
↓ fibrosis

Animal models: AF reduction; lack of 
large-scale clinical trials

[29, 40]

SCFA Supplementation Anti-inflammatory and 
anti-fibrotic effects

AF reduction in animal models; 
limited human data

[33]

Limitations and future directions

Despite the growing knowledge linking gut microbiota dysbiosis with atrial fibrillation, several im-
portant limitations remain. First, the majority of currently available data originate from observa-
tional clinical studies and experimental animal models, which limits the ability to establish a clear 
causal relationship between gut microbiota alterations and atrial fibrillation development. [3, 6, 9] 



168 Maria Szwarkowska, Kamil A. Sobieszek, et al.

Although associations between microbial composition, microbiota-derived metabolites, and AF 
have been consistently reported, the directionality and clinical significance of these interactions 
remain incompletely understood.

Another important limitation relates to the complexity and variability of the human gut micro-
biome. Microbiota composition is influenced by numerous factors, including age, diet, geograph-
ical location, medication use, and comorbidities such as obesity, diabetes, and cardiovascular dis-
ease. These confounding variables may significantly affect microbial profiles and complicate the 
interpretation of microbiome studies. [3, 6]

Furthermore, many studies investigating gut microbiota in AF involve relatively small sample 
sizes and heterogeneous patient populations, which may limit the generalizability of the findings. 
Differences in microbiome sequencing methods, bioinformatic analyses, and study designs may 
also contribute to variability across studies.

Future research should focus on large-scale longitudinal studies that can better define the tem-
poral relationship between gut microbiota alterations and atrial fibrillation onset. In addition, 
randomized clinical trials are required to evaluate whether interventions targeting gut microbiota 
composition or microbial metabolic pathways can effectively prevent AF development or reduce 
arrhythmia recurrence after therapeutic interventions such as catheter ablation.

Advances in multi-omics approaches, including metagenomics, metabolomics, and transcrip-
tomics, may further improve our understanding of the complex interactions between the gut mi-
crobiome and cardiovascular physiology. Such integrative strategies may facilitate the identifica-
tion of novel biomarkers and therapeutic targets within the gut–heart axis.

Conclusions

Accumulating evidence indicates that gut microbiota dysbiosis plays an important role in the 
pathophysiology of atrial fibrillation through complex metabolic, inflammatory, and neurohu-
moral mechanisms. Microbiota-derived metabolites such as TMAO, LPS, and PAGln may pro-
mote atrial tissue inflammation, fibrosis, and electrophysiological remodeling, thereby contrib-
uting to the development of an arrhythmogenic substrate. In contrast, beneficial metabolites 
including SCFAs may exert protective effects by reducing systemic inflammation and stabilizing 
cardiac electrophysiology.

The concept of the gut–heart axis highlights the potential importance of intestinal microbiota 
as a novel factor influencing cardiovascular health and arrhythmia susceptibility. Although cur-
rent findings strongly suggest a link between gut dysbiosis and atrial fibrillation, most available 
data are derived from observational studies and experimental models. Further large-scale longi-
tudinal studies and blinded randomized clinical trials are required to clarify causal relationships 
and determine whether microbiome-targeted interventions may become effective strategies for 
the prevention and management of atrial fibrillation.

Authors’ contributions

Conceptualization, M.S.; Methodology, M.S., K.A.S.; Validation, K.B., J.S.; Investigation, M.S., 
K.A.S., K.B. and J.S.; Writing — original draft, M.S., K.A.S, Writing — review & editing, M.S., 
K.A.S., K.B. and J.S.; Visualization, M.S. and K.A.S.; Supervision, K.B. and J.S.

All authors have read and agreed to the published version of the manuscript.



169Current evidence of gut microbiota dysbiosis and its role in atrial fibrillation...

Funding

This research received no external funding.

Data availability statement

The original contributions presented in this manuscript are included in the references section. 
Further inquiries can be directed to the corresponding author.

Conflict of interest

The authors declare no conflict of interest.

References

  1.	 Al-Kaisey A.M., Figgett W., Hawson J., Mackay F., Joseph S.A., Kalman J.M.: Gut Microbiota and Atrial 
Fibrillation: Pathogenesis, Mechanisms and Therapies. Arrhythm Electrophysiol Rev. 2023 Apr 19; 12: 
e14. doi: 10.15420/aer.2022.33.

  2.	 Palmu J., Börschel C.S., Ortega-Alonso A., Markó L., Inouye M., Jousilahti P., et al.: Gut microbiome and 
atrial fibrillation — results from a large population-based study. EBioMedicine. 2023 May 1; 91: 104583. 
doi: 10.1016/j.ebiom.2023.104583.

  3.	 Gawałko M., Agbaedeng T.A., Saljic A., Müller D.N., Wilck N., Schnabel R., et al.: Gut microbiota, dysbi-
osis and atrial fibrillation. Arrhythmogenic mechanisms and potential clinical implications. Cardiovasc 
Res. 2022 Aug 24; 118 (11): 2415–2427. doi: 10.1093/cvr/cvab292.

  4.	 Lu D., Zou X., Zhang H.: The Relationship Between Atrial Fibrillation and Intestinal Flora With Its Me-
tabolites. Front Cardiovasc Med. 2022 Jul 1: 9: 948755. doi: 10.3389/fcvm.2022.948755.

  5.	 Linz D., Gawałko M., Sanders P., Penders J., Li N., Nattel S., et al.: Does gut microbiota affect atrial rhythm? 
Causalities and speculations. Eur Heart J. 2021 Sep 14; 42 (35): 3521–3525. doi: 10.1093/eurheartj/ehab467.

  6.	 Fan H., Liu X., Ren Z., Fei X., Luo J., Yang X., et al.: Gut microbiota and cardiac arrhythmia. Front Cell 
Infect Microbiol. 2023 Apr 25: 13: 1147687. doi: 10.3389/fcimb.2023.1147687.

  7.	 Blöbaum L., Witkowski M., Wegner M., Lammel S., Schencke P.A., Jakobs K., et al.: Intestinal Barrier 
Dysfunction and Microbial Translocation in Patients with First-Diagnosed Atrial Fibrillation. Biomed-
icines. 2023 Jan 10; 11 (1): 176. doi: 10.3390/biomedicines11010176.

  8.	 Zuo K., Li J., Wang P., Liu Y., Liu Z., Yin X., et al.: Duration of Persistent Atrial Fibrillation Is Associated 
with Alterations in Human Gut Microbiota and Metabolic Phenotypes. mSystems. 2019 Dec 17; 4 (6): 
e00422-19. doi: 10.1128/msystems.00422-19.

  9.	 Zuo K., Li J., Li K., Hu C., Gao Y., Chen M., et al.: Disordered gut microbiota and alterations in metabolic 
patterns are associated with atrial fibrillation. Gigascience. 2019 Jun 10; 8 (6). giz058. doi: 10.1093/giga-
science/giz058.

10.	 Li N., Wang L., Li L., Yang M.Z., Wang Q.X., Bai X.W., et al.: The correlation between gut microbi-
ome and atrial fibrillation: pathophysiology and therapeutic perspectives. Mil Med Res. 2023 Nov 7; 
10 (1): 51. doi: 10.1186/s40779-023-00489-1.

11.	 Yang W.T., Yang R., Zhao Q., Li X.D., Wang Y.T.: A systematic review and meta-analysis of the gut micro-
biota-dependent metabolite trimethylamine N-oxide with the incidence of atrial fibrillation. Ann Palliat 
Med. 2021 Nov 1; 10 (11): 11512–11523. doi: 10.21037/APM-21-2763.

12.	 Ajoolabady A., Nattel S., Lip G.Y.H., Ren J.: Inflammasome Signaling in Atrial Fibrillation: JACC State-
of-the-Art Review. J Am Coll Cardiol. 2022 Jun 14; 79 (23): 2349–2366. doi: 10.1016/j.jacc.2022.03.379.

https://doi.org/10.15420/aer.2022.33
https://doi.org/10.1016/j.ebiom.2023.104583
https://doi.org/10.1093/cvr/cvab292
https://doi.org/10.3389/fcvm.2022.948755
https://doi.org/10.1093/eurheartj/ehab467
https://doi.org/10.3389/fcimb.2023.1147687
https://doi.org/10.3390/biomedicines11010176
https://doi.org/10.1128/msystems.00422-19
https://doi.org/10.1093/gigascience/giz058
https://doi.org/10.1093/gigascience/giz058
https://doi.org/10.1186/s40779-023-00489-1
https://doi.org/10.21037/APM-21-2763
https://doi.org/10.1016/j.jacc.2022.03.379


170 Maria Szwarkowska, Kamil A. Sobieszek, et al.

13.	 Guo Q., Jin Y., Chen X., Ye X., Shen X., Lin M., et al.: NF-κB in biology and targeted therapy: new insights 
and translational implications. Signal Transduct Target Ther. 2024 Mar 4; 9 (1): 53. doi: 10.1038/s41392-
024-01757-9.

14.	 Chen X., Zhang H., Ren S., Ding Y., Remex N.S., Bhuiyan M.S., et al.: Gut microbiota and microbiota-de-
rived metabolites in cardiovascular diseases. Chin Med J (Engl). 2023 Oct 5; 136 (19): 2269–2284. doi: 
10.1097/CM9.0000000000002206.

15.	 Goel R., Singh G., Pepine C.J.: Potential role of gut microbiota in cardiac arrhythmias. Am Heart J Plus. 
2025 May 28: 55: 100557. doi: 10.1016/j.ahjo.2025.100557.

16.	 Sun T., Song B., Li B.: Gut microbiota and atrial cardiomyopathy. Front Cardiovasc Med. 2025 Feb 4: 12: 
1541278. doi: 10.3389/fcvm.2025.1541278.

17.	 Bertani B., Ruiz N.: Function and Biogenesis of Lipopolysaccharides. EcoSal Plus. 2018 Dec 31; 8 (1). 
doi: 10.1128/ecosalplus.esp-0001-2018.

18.	 Gawałko M., Kociemba W., Sanders P., Linz D.: Gut microbiome and atrial fibrillation: mechanistic in-
sights metabolites and comorbidities. Systematic review. Gut Microbes. 2025 Dec 31; 17 (1): 2570423. 
doi: 10.1080/19490976.2025.2570423.

19.	 Yang Y., Lv J., Jiang S., Ma Z., Wang D., Hu W., et al.: The emerging role of toll-like receptor 4 in myocar-
dial inflammation. Cell Death Dis. 2016 May 26; 7 (5): e2234. doi: 10.1038/cddis.2016.140.

20.	 Shoukry A.E.A., Rahhal A., Constantinou C.: The role of the gut microbiota and metabolites in heart fail-
ure and possible implications for treatment. Heart Fail Rev. 2025 Dec; 30 (6): 1251–1263. doi: 10.1007/
s10741-025-10546-7.

21.	 Dai H., Hou T., Wang Q., Hou Y., Zhu Z., Zhu Y., et al.: Roles of gut microbiota in atrial fibrillation: 
insights from Mendelian randomization analysis and genetic data from over 430,000 cohort study par-
ticipants. Cardiovasc Diabetol. 2023 Dec 1; 22 (1). doi: 10.1186/s12933-023-02045-6.

22.	 Brar A.S., Vemula S.L., Yanamaladoddi V., Sodhi S., Hatwal J., Sohal A., et al.: Impact of gut microbiome 
on atrial fibrillation: Mechanistic insights and future directions in individualized medicine. World J 
Cardiol. 2025 Jun 26; 17 (6): 107386. doi: 10.4330/wjc.v17.i6.107386.

23.	 Misokalou P., Kasti A.N., Katsas K., Angouras D.C.: Gut Microbiota, Microbial Metabolites, and Inflam-
mation in Cardiac Surgery: Implications for Clinical Outcomes—A Narrative Review. Microorganisms. 
2025 Jul 26; 13 (8): 1748. doi: 10.3390/microorganisms13081748.

24.	 Nemet I., Saha P.P., Gupta N., Zhu W., Romano K.A., Skye S.M., et al.: A Cardiovascular Disease-Linked 
Gut Microbial Metabolite Acts via Adrenergic Receptors. Cell. 2020 Mar 5; 180 (5): 862–877. e22. doi: 
10.1016/j.cell.2020.02.016.

25.	 Kondapalli N., Katari V., Dalal K.K., Paruchuri S., Thodeti C.K.: Microbiota in Gut-Heart Axis: Metabo-
lites and Mechanisms in Cardiovascular Disease. Compr Physiol. 2025 Jun; 15 (3): e70024. doi: 10.1002/
cph4.70024.

26.	 Chen K., Zheng X., Feng M., Li D., Zhang H.: Gut microbiota-dependent metabolite Trimethylamine 
N-oxide contributes to cardiac dysfunction in western diet-induced obese mice. Front Physiol. 2017 
Mar 21: 8: 139. doi: 10.3389/fphys.2017.00139.

27.	 Nabeh O.A.: Gut microbiota and cardiac arrhythmia: a pharmacokinetic scope. Egypt Heart J. 2022 
Dec 30; 74 (1): 87. doi: 10.1186/s43044-022-00325-2.

28.	 Wang G., Kong B., Shuai W., Fu H., Jiang X., Huang H.: 3,3-Dimethyl-1-butanol attenuates cardi-
ac remodeling in pressure-overload-induced heart failure mice. J Nutr Biochem. 2020 Apr 1; 78. doi: 
10.1016/j.jnutbio.2020.108341.

29.	 Huang R., Yan L., Lei Y.: The gut microbial-derived metabolite trimethylamine n-oxide and atrial fibril-
lation: Relationships, mechanisms, and therapeutic strategies. Clin Interv Aging. 2021 Nov 30: 16: 1975–
1986. doi: 10.2147/CIA.S339590.

30.	 Rashid S., Noor T.A., Saeed H., Ali A.S., Meheshwari G., Mehmood A., et al.: Association of gut microbi-
ome dysbiosis with the progression of atrial fibrillation: A systematic review. Ann Noninvasive Electro-
cardiol. 2023 Jul; 28 (4): e13059. doi: 10.1111/anec.13059.

https://doi.org/10.1038/s41392-024-01757-9
https://doi.org/10.1038/s41392-024-01757-9
https://doi.org/10.1097/CM9.0000000000002206
https://doi.org/10.1097/CM9.0000000000002206
https://doi.org/10.1016/j.ahjo.2025.100557
https://doi.org/10.3389/fcvm.2025.1541278
https://doi.org/10.1128/ecosalplus.esp-0001-2018
https://doi.org/10.1080/19490976.2025.2570423
https://doi.org/10.1038/cddis.2016.140
https://doi.org/10.1007/s10741-025-10546-7
https://doi.org/10.1007/s10741-025-10546-7
https://doi.org/10.1186/s12933-023-02045-6
https://doi.org/10.4330/wjc.v17.i6.107386
https://doi.org/10.3390/microorganisms13081748
https://doi.org/10.1016/j.cell.2020.02.016
https://doi.org/10.1016/j.cell.2020.02.016
https://doi.org/10.1002/cph4.70024
https://doi.org/10.1002/cph4.70024
https://doi.org/10.3389/fphys.2017.00139
https://doi.org/10.1186/s43044-022-00325-2
https://doi.org/10.1016/j.jnutbio.2020.108341
https://doi.org/10.1016/j.jnutbio.2020.108341
https://doi.org/10.2147/CIA.S339590
https://doi.org/10.1111/anec.13059


171Current evidence of gut microbiota dysbiosis and its role in atrial fibrillation...

31.	 Zuo K., Fang C., Gao Y., Fu Y., Wang H., Li J., et al.: Suppression of the gut microbiota–bile acid–FGF19 
axis in patients with atrial fibrillation. Cell Prolif. 2023 Nov; 56 (11): e13488. doi: 10.1111/cpr.13488.

32.	 Jiang W.Y., Huo J.Y., Wang S.C., Cheng Y.D., Lyu Y.T., Jiang Z.X., et al.: Trimethylamine N-oxide facili-
tates the progression of atrial fibrillation in rats with type 2 diabetes by aggravating cardiac inflamma-
tion and connexin remodeling. J Physiol Biochem. 2022 Nov 1; 78 (4): 855–867. doi: 10.1007/s13105-
022-00908-2.

33.	 Abdallah M., Othman R., Antar G., Atwi M., Butrus T., Hajjar E., et al.: Exploring the Gut-Atrial Fibril-
lation Link: A Comprehensive Review. New Emirates Medical Journal. 2024. doi: 10.2174/01025068823
32720241004072452.

34.	 Drapkina O.M., Yafarova A.A., Kaburova A.N., Kiselev A.R.: Targeting Gut Microbiota as a Novel 
Strategy for Prevention and Treatment of Hypertension, Atrial Fibrillation and Heart Failure: Current 
Knowledge and Future Perspectives. Biomedicines. 2022 Aug 19; 10 (8): 2019. doi: 10.3390/biomedi-
cines10082019.

35.	 Oniszczuk A., Oniszczuk T., Gancarz M., Szymańska J.: Role of Gut Microbiota, Probiotics and Pre-
biotics in the Cardiovascular Diseases. Molecules. 2021 Feb 22; 26 (4): 1172. doi: 10.3390/mole-
cules26041172.2021.

36.	 Green J.E., Davis J.A., Berk M., Hair C., Loughman A., Castle D., et al.: Efficacy and safety of fecal micro-
biota transplantation for the treatment of diseases other than Clostridium difficile infection: a systematic 
review and meta-analysis. Gut Microbes. 2020 Nov 9; 12 (1): 1–25. doi: 10.1080/19490976.2020.1854640.

37.	 Pakmehr A., Mousavi S.M., Ejtahed H.S., Hoseini-Tavassol Z., Siadat S.D., Hasani-Ranjbar S., Larijani B.: 
The Effect of Fecal Microbiota Transplantation on Cardiometabolic Risk Factors: A Systematic Review 
and Meta-Analysis. Clin Ther. 2024 Feb; 46 (2): e87–e100. doi: 10.1016/j.clinthera.2023.11.015.

38.	 Luqman A., Hassan A., Ullah M., Naseem S., Ullah M., Zhang L., et al.: Role of the intestinal microbiome 
and its therapeutic intervention in cardiovascular disorder. Front Immunol. 2024 Jan 26; 15: 1321395. 
doi: 10.3389/fimmu.2024.1321395.

39.	 Leshem A., Horesh N., Elinav E.: Fecal Microbial Transplantation and Its Potential Application in Car-
diometabolic Syndrome. Front Immunol. 2019 Jun 14; 10: 1341. doi: 10.3389/fimmu.2019.01341.

40.	 Hoseini-Tavassol Z., Hasani-Ranjbar S.: Targeting TMAO and its metabolic pathway for cardiovascular 
diseases treatment. J Diabetes Metab Disord. 2021 May 17; 20 (1): 1095–1097. doi: 10.1007/s40200-021-
00819-x.

41.	 Qi Q., Li J., Yu B., Moon J.Y., Chai J.C., Merino J., et al.: Host and gut microbial tryptophan metabolism 
and type 2 diabetes: an integrative analysis of host genetics, diet, gut microbiome and circulating metab-
olites in cohort studies. Gut. 2022 Jun 1; 71 (6): 1095–1105. doi: 10.1136/gutjnl-2021-324053.

42.	 Mayerhofer C.C.K., Kummen M., Holm K., Broch K., Awoyemi A., Vestad B., et al.: Low fibre intake is 
associated with gut microbiota alterations in chronic heart failure. ESC Heart Fail. 2020 Apr 1; 7 (2): 
456–466. doi: 10.1002/ehf2.12596.

43.	 Luo K., Taryn A., Moon E.H., Peters B.A., Solomon S.D., Daviglus M.L., et al.: Gut microbiota, blood me-
tabolites, and left ventricular diastolic dysfunction in US Hispanics/Latinos. Microbiome. 2024 Dec 1; 
12 (1): 85. doi: 10.1186/s40168-024-01797-x.

https://doi.org/10.1111/cpr.13488
https://doi.org/10.1007/s13105-022-00908-2
https://doi.org/10.1007/s13105-022-00908-2
https://doi.org/10.2174/0102506882332720241004072452
https://doi.org/10.2174/0102506882332720241004072452
https://doi.org/10.3390/biomedicines10082019
https://doi.org/10.3390/biomedicines10082019
https://doi.org/10.3390/molecules26041172
https://doi.org/10.3390/molecules26041172
https://doi.org/10.1080/19490976.2020.1854640
https://doi.org/10.1016/j.clinthera.2023.11.015
https://doi.org/10.3389/fimmu.2024.1321395
https://doi.org/10.3389/fimmu.2019.01341
https://doi.org/10.1007/s40200-021-00819-x
https://doi.org/10.1007/s40200-021-00819-x
https://doi.org/10.1136/gutjnl-2021-324053
https://doi.org/10.1002/ehf2.12596
https://doi.org/10.1186/s40168-024-01797-x

