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The correlation between gut microbiome @

and atrial fibrillation: pathophysiology
and therapeutic perspectives
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Abstract

Regulation of gut microbiota and its impact on human health is the theme of intensive research. The incidence

and prevalence of atrial fibrillation (AF) are continuously escalating as the global population ages and chronic disease
survival rates increase; however, the mechanisms are not entirely clarified. It is gaining awareness that alterations

in the assembly, structure, and dynamics of gut microbiota are intimately engaged in the AF progression. Owing

to advancements in next-generation sequencing technologies and computational strategies, researchers can explore
novel linkages with the genomes, transcriptomes, proteomes, and metabolomes through parallel meta-omics
approaches, rendering a panoramic view of the culture-independent microbial investigation. In this review, we sum-
marized the evidence for a bidirectional correlation between AF and the gut microbiome. Furthermore, we proposed
the concept of “gut-immune-heart” axis and addressed the direct and indirect causal roots between the gut microbi-
ome and AF. The intricate relationship was unveiled to generate innovative microbiota-based preventive and thera-

peutic interventions, which shed light on a definite direction for future experiments.
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Background
From the results of physiological, epidemiological, and
omics-based studies, complemented by cellular and ani-
mal experiments, microbial communities might coor-
dinate or modify a significant portion of environmental
impacts on human health [1-3]. These microorganisms
are jointly classified as the microbiota and comprise
a vast array of bacteria, archaea, phages, eukaryotic
viruses, and fungi that coexist in all body cavities and on
human surfaces. The gut microbiome serves an instru-
mental role in digesting food, fostering host immunity,
registering intestinal endocrine function and neural
signaling, eliminating toxins, modifying drug action and
metabolism, as well as generating numerous compounds
influencing the host [4—6].

Atrial fibrillation (AF) is the terminal ordinary end-
point of atrial remodeling attributable to multiple cardiac
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diseases and is a prominent contributor to cardiovascular
morbidity and mortality [7]. Although the development
of AF ablation techniques has created more alternatives
for AF treatment, investigations have highlighted that
nearly 50% of patients still demand repeat ablation [8].
Nowadays, the pathogenesis of AF has not been thor-
oughly elaborated, so it is pivotal to explore the underly-
ing mechanism to prevent and manage it. Several recent
researches have revealed that intestinal flora dysbiosis
could induce intestinal barrier function impairment and
systemic inflammatory response that contribute to atrial
electrical and structural remodeling, ultimately con-
tributing to the onset and development of AF [9-11].
The metabolites of intestinal flora, such as trimethyl-
amine oxide (TMAO), short-chain fatty acids (SCFAs),
and lipopolysaccharides (LPS), equally participate in AF
occurrence.

To date, a search of PubMed (https://pubmed.ncbi.nlm.
nih.gov/, accessed on August 2, 2023) using the search
strategy (microbiome OR microbiota OR microbe) AND
(atrial fibrillation) returned over 79 relevant published
articles of which almost 28% were reviewed. Although
there are some excellent recent reviews on this topic
[12-14], we pioneered the concept of the gut-immune-
heart axis and elaborated that intestinal microecological
disorders could contribute to AF development through
the axis. Modulating the composition and metabolism of
the gut microbiome could serve as targets for therapeutic
intervention in AF. We delivered an integrated overview
of the literature on the correlation between gut microbi-
ome’s clinical profile and AF, the experimental and clini-
cal evidence specifying the basic mechanisms, as well as
the status of various approaches for AF prevention and
management. Furthermore, we addressed the present
challenges to demonstrate causality, discussed the gaps
in knowledge, and proposed a potential role for meta-
omics technologies in uncovering these. In conclusion,
this body of work reinforced the notion that gut microbi-
ome might shed light on AF biomarkers and therapeutic
interventions.

Meta-omics for human microbiota characterization
Given the high complexity of the human microbiome
and the difficulties in cultivating a high fraction of gut
microbial species [15], the majority of microbiome inves-
tigations adopt “meta-omics” approaches, including
metagenomics, metatranscriptomics, metaproteomics
and metabolomics (Fig. 1). Currently, the most exten-
sively practiced of the four omics are metagenomics and
metabolomics. Hereby, we recapitulated a cluster of pipe-
lines for the proper execution of meta-omics research,
where inspected diverse aspects of the gut ecosystem at
multiple levels with their advantages and disadvantages.
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Metagenomic analyses deliver a precise and quanti-
fied portrayal of microbial composition. It is currently
grounded in next-generation sequencing technology,
which can be implemented for whole genome sequenc-
ing (shotgun metagenomics) or a single amplicon (16S
rRNA gene sequencing). Targeted amplicon sequencing
is a common method to detect sequence differences in
bacterial 16S rRNA hypervariable regions for taxonomic
identification of bacteria present. Regions of variability
with 16S analyses, while facile and informative, are ordi-
narily insufficient to render species-level resolution. In
addition, according to the different regions analyzed, var-
ying outcomes can be yielded. Whole genomic shotgun
sequencing employs high-throughput genomic sequenc-
ing in combination with sophisticated computational
bioinformatics to capture profiles that identify microbial
communities of both known or unknown taxonomy and
underlying functions without the presence of labora-
tory cultures [16]. Although theoretically comprehensive
and insightful, most surveys remain underpowered. The
outcomes of such analyses are routinely stated as pro-
portions rather than absolute levels, and the existence
of specific microbes in a specimen may not equal patho-
genicity. Notably, bioinformatics analysis of metagenom-
ics sequences permits observers to characterize the key
metabolic routes and functional components conducted
by entire communities at the gene level [17]. It is impera-
tive to reinforce that functional profiling at the genetic
scale is still in its infancy, which furnishes licensed con-
tacts between microbial organic composition and meta-
bolic potential, rather than metabolic activity. This entails
combining metagenomic data with other meta-omics
analyses.

With nuclear magnetic resonance spectroscopy and
mass spectrometry, metabolomics can be adapted for tar-
geted analysis of a panel of identified compounds such as
carbohydrates, lipids, and amino acids or for untargeted
analysis (also referred to as “metabolic fingerprinting”)
to enable robust metabolic comparison [18]. Identifica-
tion of fecal metabolomes or targeted analysis of metabo-
lites in AF and post-ablation AF can shed valuable light
on bidirectional AF-microbiome interaction. Metabo-
lomics has analogous weaknesses to incomplete data-
bases and continues to be problematic in disentangling
metabolites of host or microbiome origin and in linking
metabolites to specific taxa [19]. Assays for metatran-
scriptomic studies typically involve reverse transcription
and complementary DNA sequencing of RNA isolated
from microbiomes of high quality and sufficient quan-
tity. Community-level measurements of gene expression
provide information about the patterns of gene expres-
sion that are induced or repressed under different cir-
cumstances [20]. Nevertheless, due to the pervasive
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Fig. 1 Meta-omics for host-microbiome interactions. Consolidation of data from meta-omics approaches provides expanded insights

into microbiome capabilities, including metagenomics, metatranscriptomics, metaproteomics, and metabolomics. Currently, the most extensively
practiced of the four omics are metagenomics and metabolomics. A cluster of pipelines for the proper execution of meta-omics research

is presented, which inspects diverse aspects of the gut ecosystem at multiple levels with their advantages. GC gas chromatography, LC liquid
chromatography, MS mass spectrometry, NMR nuclear magnetic resonance, WGS whole genome sequencing, gDNA genomic DNA, cDNA

complementary DNA

prevalence of RNases in host-derived samples, it imposes
challenges to dealing with laborious and complex proce-
dures including sample collection, storage, and prepara-
tion when performing metatranscriptomic analyses [21].
Compared to metatranscriptomics, metaproteomics in
principle affords deeper insight into gut microbial func-
tion, as not all transcripts are subliminally translated into
proteins. However, metaproteomics is not quite a well-
established field and suffers from various imperfections,
including the absence of prevalent guidelines and proto-
cols for performing metaproteomic tests and interpreting
metaproteomic inclusions [22].

Consolidation of data from meta-omics approaches
provides expanded insights into microbiome capa-
bilities, elucidating gene regulation and coupling the
appearance of microbes to metabolites. Metabolomics

is incrementally merged with metagenomics to uncover
patterns of covariation between microbiota composition/
function and metabolites, which can also characterize the
phylogenetic-specific contributions of metabolite genera-
tion. However, metatranscriptomics and metaproteom-
ics have only been applied in a very small number of the
latest investigations related to intestinal flora [23, 24].
Correlation analysis and multivariate statistical methods
are the most direct and frequently utilized approaches
to statistically investigate intercorrelations and iden-
tify salient features in multi-omics data integration [25,
26]. In addition, the availability of cutting-edge machine
learning pathways may revolutionize our capability
to interpret and integrate meta-omics data, facilitat-
ing the transformation of studies into mechanisms [27].
Overall, although meta-omics data integration remains
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provocative, the assemblage of multiple meta-omics
datasets presents a prodigious alternative to thoroughly
characterize the function, composition, and metabolic
behavior of the microbiome.

Profile of AF-related gut microbiota

and the metabolites

Currently, only a few observational studies in small
cohorts have reported variations of gut microorganisms
in AF patients and patients with AF after catheter abla-
tion [28-38] (Table 1). These transformations included
a significant increase in species richness and diversity,
a pronounced expansion of opportunistic pathogenic
bacteria, and a distinct diminution of symbiotic bacte-
ria. However, another Japanese publication on the gut
microbial composition and dietary habits of AF ablation
patients revealed contrasting results, with AF patients
having lower gut microbial richness and no differences
in diversity [36]. This could be attributed to the fact that
most AF patients took proton-pump inhibitors to pre-
vent esophageal ulcers before ablation, which would
decrease the abundance and diversity of intestinal flora
[39]. Moreover, the shift in gut microbiota and metabolic
profiles was correlated with recurrent risk [31] and devel-
oped dynamically during AF progression [29, 30], which
required validation in longitudinal cohorts. In addition,
Fang et al. [37] recently identified that gut flora disequi-
librium and microbial dysfunction were implicated in
an exacerbated thromboembolic risk of AF. The above
research was a predominantly cross-sectional survey
from single regional population cohorts. The presence of
diet, exercise, or medications [e.g., proton-pump inhibi-
tor or anticoagulant therapy (dabigatran or rivaroxaban)]
on the variability of gut microbiome was not collected
and corrected, and no clear cause-effect relationship
could be demonstrated. Well-designed multi-center,
large-sample clinical studies are warranted to further ver-
ify these findings.

Modified gut microbial metabolites and associated
metabolic patterns have also been visualized in AF sam-
ples. The potential bacteria and metabolic pathways that
participated in trimethylamine (TMA) generation were
significantly increased in the intestinal of AF patients
[40]. Wang et al. [9] revealed that circulating LPS levels
were identified as a predictor of AF recurrence. Moreo-
ver, it has been documented that enhanced serum TMAO
or LPS levels foreshadowed adverse events in AF patients
[41-43]. Nonetheless, in another study by Papandreou
et al. [44], TMAO was unrelated to AF, contrary to its
precursors (choline, betaine, and dimethylglycine). The
outcomes of a Mendelian randomization study also dem-
onstrated that high TMAO and carnitine were not linked
to higher odds of AF after Bonferroni correction, possibly
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due to confounding or reverse causality [45]. Disruption
of SCFAs synthesis-associated genes characterized by
reduced harboring species and enzymatic genes as well as
decreased levels of SCFAs in stool samples were identi-
fied in patients with AF [46, 47]. Increased levels of serum
secondary bile acids (BAs), including glycocholate sulfate
and glycocholate, were associated with the risk of AF [48,
49]. However, it was reported that AF patients exhibited
dysregulated gut microbial biotransformation of primary
to secondary BAs and a decreased proportion of second-
ary BAs in the stool [50]. These discoveries highlighted
the critical role of intestinal bacteria in AF pathogenesis,
thus demonstrating its therapeutic and diagnostic poten-
tial as an interventional strategy. Although these possi-
bilities are compelling, they remain speculative pending
direct evidence.

Direct correlations between gut microbiome

and AF

Maintenance of arrhythmias typically relies on a “sub-
strate’; referring to the mechanical, electrophysiologi-
cal, and anatomical features of atria that perpetuate AF.
The elaboration of this substrate ordinarily incorporates
both structural and electrical elements of atrial remod-
eling. Structural remodeling denotes organizational vari-
ations in the architecture, comprising macroscopic (atrial
enlargement) and microscopic (fibrosis), whereas electri-
cal remodeling entails alterations in the identity of ion
channels that mediate atrial myocardial activation and
transmission. Over the last few years, there has been a
variety of experimental evidence elucidating, from both a
cellular and molecular perspective, how multiple metab-
olites derived from the intestinal flora could influence the
structural and electrical remodeling of AF (Fig. 2).

Structural remodeling

Gut microbiota dysbiosis enhanced susceptibility to AF
and atrial fibrosis as an upstream factor through LPS-
induced NLRP3 (NACHT, LRR, and PYD domains-
containing protein-3) inflammasome activation. A novel
etiological role of anomalous gut microbiota in the patho-
genesis of age-related AF was recently demonstrated by
Zhang et al. [10] using fecal microbiota transplantation
(FMT) rat models. Young rats that were subjected to
6 weeks of FMT utilizing fecal samples collected from
the aged AF rats exhibited a significant elevation in the
expression levels of transform growth factor-p1 (TGE-
p1) and a-smooth muscle actin (two fibrosis-related
marker proteins) in the atria. This effect was attributed to
the “priming” and “triggering” of atrial NLRP3 inflamma-
some via the toll-like receptor (TLR) 4/MyD88/nuclear
factor-kB (NF-kB) pathway and an enhanced nuclear
translocation of NF-kB phosphorylation in response
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Fig. 2 Molecular pathways of gut microbiome and the metabolites involved in atrial fibrillation (AF) progression. The pathogenesis of AF

is ordinarily based on the substrate, including re-entry-promoting structures, connexin (Cx), and electrical remodeling, as well as Ca**-handling
remodeling facilitated by triggered activity. The TLR4/MyD88/NF-kB pathway primes and triggers the atrial NACHT, LRR, and PYD
domains-containing protein-3 (NLRP3) inflammasome in response to lipopolysaccharides (LPS) stimulation, resulting in elevated secretion

of downstream cytokines such as IL-1. Intestinal flora shape trimethylamine oxide (TMAQ) synthesis, facilitate M1 macrophage polarization

and pyroptosis and accentuate atrial structural remodeling. TMAQO decreases Cx40 expression and Cx43 phosphorylation, possibly as a result of its
contribution to increased infiltration of inflammatory cytokines such as IL-1B, IL-6, and tumor necrosis factor-a (TNF-q) in atrial tissue. Short-chain
fatty acids (SCFAs) from intestinal symbionts attenuated NLRP3 signaling-mediated atrial fibrosis via GPR43 and downregulated the expression
levels of phosphorylated calmodulin kinase Il (CaMKIl) and CaMKlI-related ryanodine receptor 2 (RyR2) phosphorylation in the atria, thereby
preventing Ca’*-handling disruption. Phenylacetylglutamine (PAGIn) exacerbates oxidative stress and apoptosis and enhances activation

of CaMKIl and RyR2 in atrial myocytes by stimulating a2A, a2B and 32-adrenergic receptors (32aRs). Bile acids (BAs) signaling via farnesoid X
receptor (FXR) quench NLRP3 activation, whereas BA-induced Ca’* influx can activate NLRP3 inflammasome. Moreover, discrepancies in levels

of upstream factors, including the autonomic nervous system (ANS), systemic inflammation, and reactive oxygen species (ROS), can also interfere
with both ectopic firing and re-entry-promoting substrate, thus directly contributing to the onset and evolution of AF. APD action potential
duration, CASP1 caspase-1, DAD delayed afterdepolarizations, DAMPs damage-associated molecular patterns, IL interleukin, M2R M2 receptor, NCX
Na*/Ca™* exchanger, NF-kB nuclear factor-«kB, NGF nerve growth factor, SR sarcoendoplasmic reticulum, TLR Toll-like receptor, TMA trimethylamine,
FMO flavin-containing monooxygenase, MyD88 myeloid differentiation primary response protein 88, GPR43 G-protein-coupled receptor 43, Kv
voltage-gated potassium

to LPS stimulation. But one technical restriction of this ~AF mice models. More importantly, the administration
study was the absence of authentication that the recolo- of NLRP3-targeted inhibitors could revert fibrosis [10,
nized microbiota was resembling the donor groups. Simi- 11, 51-53], presumably due to a decrease in the secre-
larly, Kong et al. [11] discovered a significant increase in  tion of interleukin (IL)-1 and IL-18 family cytokines
LPS-producing microbiota, such as Desulfovibrionaceae, =~ downstream. Pathological shifts of microbiota metabo-
and activation of the signaling pathway in obesity-related lites and the atria in clinical patients further confirmed
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that NLRP3 inflammasome was associated with the
pathogenesis of AF [10]. In addition, prior investigation
has shown that NLRP3 could also be engaged in AF pro-
gression through Ca®*-handling dysregulation [54], and
further comprehensive works are warranted to straight-
forwardly address the function of LPS.

Intestinal flora shaped TMA and TMAO synthesis,
facilitated M1 macrophage polarization and pyropto-
sis, accentuated atrial structural remodeling, and cul-
minated in AF. Luo et al. [55] revealed the pathogenic
ramifications of gut microbiota in cold-related AF. Cold
exposure contributed to diminished Akkermansia mucin-
iphila, which was accompanied by an increment in the
syncretization of TMA and TMAO, the latter fostering
cardiac pyroptosis [upregulated expressions of caspase-1
(CASP1)-p20 and cleaved-gasdermin D] and ultimately
atrial structural remodeling. Intriguingly, in contrast to
previous studies, TMAO enhanced M1 macrophage infil-
tration at physiological concentrations to evoke apoptosis
in cardiac myocytes (CMs) and fibrosis in cardiac fibro-
blasts (CFs) rather than directly invigorating CFs [56].
Furthermore, emerging evidence underpinned the syn-
ergistic relationship between CMs and CFs in prompt-
ing a substrate for AF development [57]. CMs underwent
pyroptosis in response to mature CASPI1, resulting in
the liberalization of danger-associated molecular fac-
tors (e.g., ATP, DNA) to initiate CFs, which also further
stimulated cytokine release and collagen manufacture
[54]. The sophisticated molecular mechanisms involved
deserve deeper investigation. Preceding examinations
have established that potentiated activation of NLRP3
inflammasome in CMs incremented CASP1 cleavage and
CASP1-mediated pyroptosis, promoting the formation of
an AF maintenance substrate [58]. Moreover, inhibition
of gasdermin D with necrosulfonamide and conditional
CASP1 knockout could forestall cold-related AF and
reverse atrial fibrosis [55]. Therefore, whether NLRP3
inflammasome intermediates the pyroptosis mecha-
nism in the TMAO pro-AF effect is a promising line of
research.

Dietary fiber-fermented SCFAs from intestinal symbi-
onts attenuated NLRP3 signaling-mediated atrial fibrosis
and thus conserved against the prodrome of AF. It has
been demonstrated that the administration of propion-
ate depleted cardiac hypertrophy, fibrosis, arrhythmia
susceptibility, and atherosclerotic lesion burden by alter-
ing T helper cell homeostasis [59]. Increased left atrial
diameter and impaired ejection fraction were detected in
mice fed a low-fiber diet, but not in mice fed a high-fiber
diet or supplemented with SCFAs [47]. This was con-
sistent with disorganized fibrosis and collagen expendi-
ture displaying a striking progression in the atrial tissue
of mice on a low-fiber diet. Thereafter, Zuo et al. [47]
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demonstrated that by autophagic degradation through
K48- and K63-linked ubiquitylation, SCFAs could halt
NLRP3 inflammasome activation via G protein-coupled
receptor 43 (GPR43) in both mice and HL-1 cells, and
thus exert a protective role on AF. However, the particu-
lar role of SCFAs in GPR43 expression and the bridge
between SCFAs and NLRP3 mobilization still demand
specific investigations.

Another gut microbiota-dependent metabolite, pheny-
lacetylglutamine (PAGIn), as an independent risk factor
for AF, was positively correlated with left atrial enlarge-
ment [60]. PAGIn stimulated a2A, a2B, and 2 adrener-
gic receptors [61], which could lead to the initiation and
perpetuation of AF [62]. Fang et al. [60] have evaluated
that PAGIn aggravated oxidative stress and apoptosis in
atrial myocytes and directly damaged them. Cardiomyo-
cyte apoptosis inspired by CASP3 was correlated with
the progression of AF by inquiring about atrial remode-
ling and declining conduction velocity [63]. Nevertheless,
probably due to the small sample size, several results in
this cross-sectional study were not statistically signifi-
cant. Thus, additional large prospective cohort surveys
and mechanistic studies are mandatory.

Electrical/Ca?*-handling remodeling

Electrical remodeling yielded a substrate for facile reen-
try. The main dimensions of electrical remodeling in the
atria encompassed shortening of the refractory period
due to the downregulation of Ca*" currents [64], accel-
erated repolarization and hyperpolarization of atrial
cells owing to increased inward K* currents [65], and
conduction abnormalities because of altered expression
and localization of connexins connecting atrial myocytes
[66]. By definition, AF is a highly irregular atrial rhythm,
and therefore electrical remodeling is paramount to the
occurrence and sustenance of AF. Diverse metabolites of
the intestinal flora could simultaneously exert an electri-
cal remodeling that collectively augments AF susceptibil-
ity while imposing structural damage [67].

NLRP3 inflammasome signaling, a central proarrhyth-
mic mediator of various pathophysiological signals in
AF, probably contributed to Ca*"-handling abnormali-
ties elicited by intestinal flora. Mice with constrained
constitutive activation of cardiomyocytes with NLRP3
inflammasome exhibited elevated atrial ectopy due to
upregulated ryanodine receptor 2 (RyR2) expression
and abbreviated action potential duration that facilitated
reentry (as atrial selective ultra-rapid delayed rectifier K*
currents and acetylcholine-activated inward rectifier K*
currents) [54]. It was demonstrated that replenishment
of SCFAs downregulated the expression level of phos-
phorylated calmodulin kinase II (CaMKII) and CaM-
KII-related RyR2 phosphorylation in the atria, thereby
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preventing Ca?"-handling disruption coordinated by die-
tary fiber deprivation [47]. This interaction was mitigated
by the alleviation of CaMKII phosphorylation through
GPR43-mediated NLRP3 deactivation. Notably, no spe-
cific subunits or related molecules downstream of GPR43
and CaMKII were ascertained, necessitating further
studies to comprehend the ramifications of pivotal agents
in NLRP3 signaling. Zuo et al. [50] identified decreased
secondary BAs and circulating fibroblast growth factor
19 levels in AF patients, leading to impaired protective
function of lipid accumulation as well as signaling dys-
regulation in atrial cardiomyocytes. Taurine-bound pri-
mary BAs might precipitate alternations in membrane
potential by activating Na'/Ca**-exchanger and mus-
carinic M2-receptors in cardiomyocytes [68, 69]. BAs
signaling via farnesoid X receptor has been demonstrated
to quench NLRP3 activation, whereas BA-induced Ca**
influx could activate NLRP3 inflammasome [70]. Alter-
natively, PAGIn could potentiate the activation of CaM-
KII and RyR2 in atrial myocytes [60], facilitating cell
membrane hyperexcitability and afterdepolarizations
to instigate a proarrhythmic circumstance; however, the
exact mechanism remains elusive.

Different metabolites of intestinal flora could alter the
interpretation and dissemination of gap junctional pro-
teins that compromise atrial electrical conduction. Gap
junction ion channels like Cx40 and Cx43 mediated the
electrical and metabolic coupling of cardiomyocyte-to-
cardiomyocyte. Any modifications in connexin expres-
sion, phosphorylation, and distribution might result in
enhanced refractoriness dispersion, heterogeneous repo-
larization, and reduced conduction velocity, culminating
in the initiation and maintenance of AF [66, 71]. Jiang
et al. [72] recently discovered that TMAO facilitated
connexin remodeling, hallmarked by decreased Cx40
expression, reduced Cx43 phosphorylation, and lateral
localization of both connexins. This might be attributed
to enhanced infiltration of inflammatory cytokines such
as IL-6, IL-1p, and tumor necrosis factor (TNF)-« in the
atrial tissue by aberrant TMAO [73-76]. Abnormalities
in connexins incremented the dispersion of the atrial
effective refractory period and prompted AF sensitivity.
Treatment with 3,3-dimethyl-1-butanol (DMB), a spe-
cific TMAO inhibitor, ameliorated atrial inflammation
and further attenuated gap junction dysfunction. Analo-
gously, the districting patterns of Cx43 and N-cadherin
were pronouncedly revised and strongly lateralized by
non-localized deposition in mice with low-fiber dietary,
which could be alleviated by SCFAs supplementation
[47]. Chen et al. [77] established that in human umbili-
cal vein endothelial cells and aortas from ApoE~'~ mice,
TMAO-triggered vascular inflammation was connected
with the NLRP3 inflammasome activation. Nonetheless,

Page 10 of 21

no existing reports have addressed the potential role of
NLRP3 inflammasome in the atrial inflammation invoked
by TMAO.

Autonomic nervous system (ANS), inflammation, reactive
oxygen species (ROS) and microRNAs as direct mediators
Discrepancies in levels of upstream factors, including
the ANS, inflammation, and ROS, could interfere with
both ectopic firing and re-entry-promoting substrate.
Intestinal flora and the metabolites could leverage these
upstream factors and thus directly contribute to the
onset and evolution of AF.

Gut microbes and their metabolites might influ-
ence the cardiac ANS through direct pathways (gut
microbe-derived metabolites) and indirect pathways
(gut-brain-heart axis). ANS was well recognized to play
an overwhelming role in the pathogenesis and perpetu-
ation of AF [78, 79]. Yet, the regulation of ANS-induced
AF by intestinal flora is still in the preliminary stage of
exploration. Yu et al. [80] revealed that after local TMAQO
injection to 4 major atrial ganglionated plexi (the ante-
rior right, the inferior right, the superior left, and the
inferior left ganglionated plexi), electrical and autono-
mous remodeling were noted in both normal canines
and rapid atrial pacing-induced AF models. Moreover,
TMAO acted through the cardiac ANS, exacerbating the
malignant cycle of “AF begets AF”. A potential underly-
ing mechanism for these effects might be the activa-
tion of the p65 NF-kB pathway, resulting in the uplift of
pro-inflammatory cytokines such as TNF-a, IL-1f, and
IL-6 [81], which probably meshed the neural activating
properties of TMAO [82]. However, one limitation of
this study was the lack of interventions to suppress the
observed effects. Considering the intense relationship
between heart and gut microbes, as well as the proximate
attribution of microbiota to ANS [83-85], the gut-brain-
heart axis might also have a regulatory role in AF pro-
gression. Still, this concept demands additional clinical
and preclinical trials to be substantiated.

Dysbiosis of the intestinal flora could induce intestinal
barrier function impairment and systemic inflammatory
response, promoting atrial structural remodeling and
electrical remodeling. Various metabolites of the intes-
tinal flora have been described in detail to enhance AF
susceptibility by generating manifold pro-inflammatory
cytokines in atrial through signaling pathways such as
NF-«xB, NLRP3, TLR4, and so on. It was recently dem-
onstrated that gut microbiota disorders could promote
AF by exacerbating conduction disturbances and linoleic
acid/sirtuin 1 signaling imbalances [67]. Furthermore,
deterioration of the intestinal barrier function could trig-
ger the entry of toxic bacteria metabolites into circulation
and escalate the low-level inflammatory response of the



Li et al. Military Medical Research (2023) 10:51

circulatory system [86, 87]. Elderly and obese microbiota
could result in loss of enterocyte microvilli and a con-
siderable decline in the levels of intestinal mucosal bar-
rier proteins (Claudin-1 and mucin 2) [10, 11]. It could
be hypothesized that AF induced by aged and obese
microbiota dysbiosis was affiliated with systemic inflam-
mation. In response to LPS stimulation, paracrine action
of inflammatory cytokines or delivery to distant organs
might entail endotoxemia, which would precipitate atrial
remodeling and consequently the occurrence of AF [9,
41, 88].

ROS was another conceivable bridge between turbu-
lent intestinal flora and the pathogenesis of AF. Inves-
tigations have demonstrated that metabolites of gut
microbiota, including LPS, SCFAs, indoxyl sulfate, and
PAGIn, might be intertwined with ROS synthesis [47,
60, 89]. ROS was an important stimulant to structural
remodeling and electrical remodeling, acting through
downstream systems like NLRP3-inflammasome for-
mation, mitogen-activated protein kinases, and profi-
brotic inflammatory signaling [54, 90-92]. Besides, it
has recently been recognized that ferroprotein-mediated
ferroptosis was involved in the new onset of AF due to
LPS-induced endotoxemia [11, 93]. As a type of oxida-
tive death, ferroptosis was characterized by a high level
of iron accumulation and lipid peroxidation. Suppression
of CF-derived exosome miR-23a-3p to mitigate oxidative
stress damage and ferroptosis could forestall AF progres-
sion toward persistence [94]. Indeed, only a few works in
the literature have investigated the mechanisms by which
ferroptosis exerts its role in the intestinal flora regulation
of AE.

A burgeoning area in the AF pathophysiology was the
contribution of microRNAs (miRNAs or miRs), tiny
non-coding RNAs (approximately 22 nucleotides) that
adversely regulated target genes. In tissue samples from
AF patients, abnormal atrial autoregulation has been
inferentially implicated in AF-related ectopy by alter-
ing hyperpolarization-activated cyclic nucleotide-gated
channels expression and automaticity-modulating miR-
NAs [95], but direct evidence was scarce. Recent evidence
has demonstrated that the microbiome could modulate
colonic miR-155 or vascular miR-204 to influence cardio-
vascular motility [96, 97]. Nonetheless, whether miRNAs
are involved in the mechanism of gut flora regulation of
AF remains an open question.

Indirect impact of the gut-immune-heart axis

on AF

The gut microbiota could indirectly be accountable for
AF pathogenesis by manipulating the immune system
to control AF risk factors. Efficacious measurement of
AF risk factors was an imperative component of the
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comprehensive AF administration. Cardiovascular dis-
eases such as hypertension [98], coronary artery disease
[99], and heart failure [100] were considered the major
risk factors for AF development. Intestinal flora disequi-
librium could compromise the dysfunction and matura-
tion of the immune system, thereby interfering with the
performance of the cardiovascular system, which is the
concept of the gut-immune-heart axis (Fig. 3). Potential
indirect causal roots exist between gut microbiota and
AF due to the interaction of microbial metabolites with
the immune system.

The role of immunity in cardiac arrhythmias

The various pathological mechanisms of multiple major
cardiovascular risk factors might conflate in an ultimately
shared avenue: expansion of leukocytes in the atrial myo-
cardium, and contributing to the release of pro-inflam-
matory cytokines. The innate immune response is always
launched by the discrimination of pathogen-associated
molecular patterns (PAMPs) and/or damage-associ-
ated molecular patterns (DAMPs) by pattern recogni-
tion receptors (PRRs) and further induces an adaptive
immune response. The main response triggered by PRRs
binding of PAMPs or DAMPs is inflammation. Accord-
ing to the inflammatory and atypical function of cardiac
immune cells, leukocytes could induce arrhythmias by
interacting with cardiomyocytes or altering the com-
position of tissue. Monocytes and macrophages were
the most plentiful leukocytes in the heart, which were
recruited in enormous numbers to the site of injury in
the atria of AF patients [101, 102] (Fig. 3a). Similar induc-
tion of AF was observed for macrophage-derived IL-1B
and its downstream IL-6 [74, 103]. Moreover, mac-
rophages could liberate cytokines to regulate the extra-
cellular matrix and thus activate CFs to myofibroblasts,
leading to collagen deposition and structural remodeling
[104] (Fig. 3b). Upstream of cytokine release, NF-«kB sign-
aling and NLRP3 inflammasome resulted in arrhythmias.
Additional studies have revealed that macrophages could
generate matrix metalloproteinase 7 in the acute phase
after myocardial infarction, a protease that could cleave
extracellular matrix substrates [105, 106].

Immune cells might mediate conduction by modify-
ing the maturation of the conduction system, adjusting
the expression and function of ion channels in cardio-
myocytes, interfering with gap junction communication
between cardiomyocytes, as well as regulating turnover
to quarantine the extracellular matrix. TNF released by
leukocytes might affect Ca**-handling in cardiomyo-
cytes by electrical remodeling, such as by decreasing
sarcoplasmic/endoplasmic reticulum Ca?" ATPase 2a
expression [107] (Fig. 3c). Notably, cardiomyocytes and
leukocytes shared several ion channels, such as ORAI1



Li et al. Military Medical Research (2023) 10:51

Monocyte and macrophage recruitment

Monocyte ——

Endothelium —

Macrophage

b Myofibroblast——
Cardic fibrosis

Cytokines

CoIIagen /
expression 1

¢ Abnormal Ca?* f l\
L-type Ca**  handling / ! |
0 _channel f ‘

=0
Ca? =0 OFl[SR N | ‘
Ca?t 10Q S SERCAZ2 )| ‘ /

IT_ | |
P

RyR2!'—

®
Cardiomyocyte CCa : Ctoklnes) { ‘

Page 12 of 21
d Changes in intercellular
conduction
Leukocyte
Gap junction
Cardiomyocyte
"~ Cx40 and Cx43
expression
Indole

derivatives

Pro-inflammatory macrophages

v

\ \ Cytokmes such as IL-1B, IL-6, and TGF-B

Fig. 3 Gut-immune-heart axis. The gut microbiome can manipulate the immune system to control risk factors and indirectly induce the pathology
of atrial fibrillation (AF) through the gut-immune-heart axis. a In the lesioned heart, monocytes and macrophages undergo phenotypic alterations
and are massively recruited to the injury site, impacting the cardiomyocyte action potential by regulating repolarization, conduction velocity,

and heterogeneity. b Macrophages can trigger the transformation of cardiac fibroblasts to myofibroblasts by releasing cytokines, leading

to collagen deposition and facilitating structural remodeling. ¢ Cytokines emitted by leukocytes can also influence ion channel expression

(e.g., sarcoplasmic/endoplasmic reticulum Ca?* ATPase 2a), which leads to abnormal Ca?*-handling in cardiomyocytes. d Cytokines released

from leukocytes can impede intercellular conduction between cardiomyocytes and non-cardiomyocytes (e.g., leukocytes) by decreasing

the expression of connexin (Cx) protein. e Microbiome is an emergent mediator of macrophage function and can influence the generation

of pro-inflammatory cytokines by macrophages through metabolites (of which TMAO and LPS are promoters, while SCFAs and indole derivatives
are inhibitors). LPS lipopolysaccharides, RyR2 ryanodine receptor 2, SCFAs short-chain fatty acids, SR sarcoplasmic reticulum, TMAO trimethylamine
oxide, SERCA2a sarcoplasmic/endoplasmic reticulum Ca?*-ATPase 2a, (x40 connexin 40, Cx43 connexin 43, IL interleukin, TGF-B transforming

growth factor-3

and its activator stromal interaction molecule 1. Cardio-
myocyte-restricted stromal interaction molecule-knock-
down mice displayed enhanced arrhythmia susceptibility
triggered by discordant action potential duration alter-
nans [108]. Considering the massive number of resident
immune cells in the heart [109], how they may affect the
depolarization or repolarization of cardiomyocytes and
arrhythmias merits further study. In addition, direct car-
diomyocyte-macrophage interaction via connexin (Cx)
40 and Cx43 containing gap junction was discerned in
both mouse and human hearts [76, 110], which permitted
electrical coupling between these two cell types (Fig. 3d).
It has been suggested that macrophages might impact
cardiac conduction through gap junctions and underpin
functional electrical conduction [111]. Nevertheless, it
is not clarified how the other leukocytes are useful for
intracardiac homeostasis and conduction in a steady
state. How the immune system is activated and operates
systematically in AF requires further investigation.

The role of gut microbes on the immune system

The community structure of the intestinal microbiota
could dramatically determine the immune system. Low
gene counts in the gut microbiota were correlated with
high white blood cell counts [112]. The expression of
PRRs such as TLRs in the intestine was also governed
by intestinal bacteria, which facilitated host navigation
between pathogens through PAMPs and commensal bac-
teria as well as the activation of immune sensory cells.
Prevotella could coordinate the inflammatory response
through TLR2 activation, leading to inflammation and
T helper 17 cell immune response. Furthermore, the
microbiota has established itself as an emerging media-
tor of macrophage function, which has a prominent
contribution to the AF pathogenic mechanism (Fig. 3e).
LPS-induced pro-inflammatory macrophages dimin-
ished atrial effective refractory period, elicited atrial
electrical remodeling, and enhanced AF inducibility
[88]. By directly inhibiting histone deacetylases 3, SCFA
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butyrate downregulated LPS-stimulated pro-inflamma-
tory cytokines in mouse macrophages [113]. Together
with SCFAs, indole derivatives of dietary and intestinal
microbial origin also governed susceptibility to intestinal
inflammation by activating the aryl hydrocarbon recep-
tor pathway in macrophages [114]. The molecular basis
of the microbiome in terms of its interface with the host’s
innate and adaptive immune system is likewise being bet-
ter elucidated.

The gut-immune-heart axis in AF

Although the connection between intestinal flora, immu-
nity, and the cardiovascular system was well established,
direct evidence for the gut-immune-heart axis is scarce.
One of them was the synthesis of TMAO by intestinal
flora, which stimulated M1 macrophage polarization to
exacerbate atrial structural remodeling and ultimately
led to AF [55]. The expression of inflammatory mark-
ers owing to TMAO-activated thioredoxin-interacting
protein-NLRP3 inflammasome could facilitate plaque
formation by generating cholesterol-packed foamy mac-
rophages in arteries [115]. TMAO also boosted protein
kinase C/NF-«B activation and elevated expression of
monocyte adhesion and vascular cell adhesion molecule
1 [116]. All these vascular pathological alterations might
evolve into risk factors for AF. On the other side, trans-
plantation with Bacteroides dorei and Bacteroides vulga-
tus or supplementation with Lactobacillus plantarum
ATCC 14917 inhibited the formation of atherosclerotic
lesions by downregulating serum oxidized low-density
lipoprotein, IL-1p and TNF-«a in the aorta [117, 118].
Anatomizing the intricate interactions between meta-
bolic and immune systems will shed light on the bio-
logical basis of AF and how contemporary and future
treatments may influence metabolism.

Therapeutic potentials for modulating

the microbiome

Prospective intervention projects targeting intestinal
flora in patients with AF are still absent. However, the
above connections between altered intestinal flora com-
ponents in AF patients, microbial metabolite genera-
tion, and AF risk proposed that intestinal flora might be
an essential determinant of AF. Mechanistic linkages
between gut microbiota and AF as well as meta-organ-
ismal routes that generated bioactive metabolites rec-
ognized by host receptors rendered these interactions
promising therapeutic targets for modulating com-
munity output and host phenotype. Investigators have
commenced the field of standardized and individual-
ized microbiota-oriented therapeutic strategies to opti-
mize clinical outcomes, primarily including dietary
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interventions,  probiotic/prebiotic  supplementation,

drugs, and FMT (Fig. 4).

Diet and probiotic/prebiotic in gut-heart axis

Currently, dietary modification is the foremost therapeu-
tic method employed in clinical practice for the manage-
ment of chronic metabolic diseases. Tabata et al. [36]
demonstrated that the gut microbial composition of AF
patients was affiliated with dietary habits. A high-fat
diet resulted in disturbed intestinal flora and elevated
circulating LPS levels in mice, predisposing them to
AF [11]. Yet, the Mediterranean diet might be a plausi-
ble candidate for administering AF or its adverse events
[119]. A prospective cohort study covering 690 AF
patients revealed that adherence to the Mediterranean
diet equated with higher glutathione peroxidase-3 anti-
oxidant activity, which could mitigate oxidative stress to
avert major adverse cardiovascular events [120]. Another
single-center study including 912 AF patients suggested
that LPS might advance AF by raising platelet activation
and was negatively influenced by high compliance with
the Mediterranean diet [41].

Alongside dietary patterns, specific dietary compo-
nents reflecting cardiovascular disease risk and micro-
biota performed a valuable role. The TMAO pathway
was a striking example [121], considering that Western
diets were more abundant in nutrient precursors and
that diets rich in carnitine and phosphatidylcholine were
connected with elevated TMAO levels, while vegetarian
or vegan diets lessened the nutrient precursors [122]. Of
note, TMAO levels appeared to be governed more by the
gut microbial composition than by dietary interventions,
and remarkable discrepancies in TMAO generation were
ascribed among individuals on a specific diet [123]. Fur-
thermore, the extreme variation from animal-based to
plant-based diets could shift the systemic and regional
manufacture of SCFAs and thus be conducive to several
proposed beneficial implications [20].

A few preclinical and clinical intervention investiga-
tions utilizing well-defined microbial components (pro-
biotics) and non-microbial substances that might change
the architecture of the microbial community (prebiotics)
have exhibited promising outcomes. A recent example
entailed a hypertension survey in rodents, where either
a high-fiber diet or acetic acid alone declined blood pres-
sure, cardiac fibrosis, and left ventricular hypertrophy
[124]. Alimentary additives, including resveratrol, have
been applied to thwart the pathogenesis of AF substrates
among animal models [125]. Dietary inulin-based fruc-
tus supplementation has been proven to reverse carotid
artery endothelial dysfunction by invigorating the nitric
oxide synthase/nitric oxide pathway [126]. B-glucan,
a glucose polysaccharide producing SCFAs, could
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Fig. 4 Candidates to formulate individualized measures for atrial fibrillation (AF) patients targeting microbes. The dysbiosis and symbiotic state

of gut microbiota interact with the progression of diseases. The mechanistic link between the gut microbiome and AF poses these interactions

as promising therapeutic targets. There are diverse interventions that can be implemented to prevent the deleterious biological effects

of ecological dysbiosis, mainly including dietary interventions, probiotic/prebiotic supplementation, drugs, and fecal microbiota transplantation
(FMT). Mediterranean diet and high-fiber diet can reduce circulating lipopolysaccharides (LPS) and trimethylamine oxide (TMAO) levels, alleviating
oxidative stress and thus slowing AF development. The utilization of well-defined microbial components (probiotics) and non-microbial substances
(prebiotics) that may modify the structure of the microbial community has revealed promising results in AF treatment. Moreover, nonabsorbable
inhibitors, antibiotics, statins, and oral anticoagulants may exert effects on arrhythmic substrates through gut microbiota. 3,3-dimethyl-1-butanol
(DMB), a prototype of lyase inhibitor, can alleviate AF progression by diminishing trimethylamine (TMA)/TMAO synthesis. FMT from healthy donors
can alter the patients'gut flora to treat the disease, but the therapeutic effect of FMT on AF remains to be further explored

segregate cholesterol, scavenge ROS and exert immu- [127]. Supplementation with oat B-glucan raised high-
nostimulatory effects by mobilizing B-glucan receptors, density lipoprotein cholesterol and depressed plasma
including dectin-1 or CR3 on intestinal macrophages triglycerides and atherosclerosis, while simultaneously
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augmenting the genus Akkermansia in the intestinal
tract [128]. Oral administration of Bacteroides fragilis
could considerably subdue the inflammatory response
via augmenting Treg cells in D-galactose-induced aging
rats, thereby prohibiting atrial structural remodeling and
restraining AF boosting [129]. Nevertheless, the magni-
tude of these researches tended to be relatively modest,
and the adaptation in clinical practice awaited deeper
scrutiny. Moreover, it was recently demonstrated by
Luo et al. [55] that oral supplementation of Akkerman-
sia muciniphila in rats ameliorated pro-AF properties
which were induced by cold exposure. This probiotic has
garnered interest for its application in human clinical tri-
als [130]. Nonetheless, an aspect of the dilemma in pro-
biotic research was that secondary impacts such as host
immune education and function on the microbial com-
munity might contribute to the deleterious effects if the
tremendous scale of gut microbial community and inter-
individual heterogeneity in the community structure was
observed.

Drug-gut microbiota interactions

Adjustment of the gastrointestinal luminal environ-
ment by selective pharmacological interruption with the
absorption of dietary glucose, ions, proteins, or fat might
pose an alternative pathway. For instance, suppression of
intestinal sodium-proton-exchanger subtype 3 with the
oral nonabsorptive inhibitor could abrogate the progres-
sion of arrhythmogenic substrates for AF in hyperten-
sive rats [131]. Additionally, oral antibiotics and statins
could reduce or enhance the growth velocity of intestinal
flora and interfere with microbial metabolite generation.
Despite the multiple surveys reporting the relationships
between atherosclerotic plaques and pathogens, numer-
ous prospective randomized antibiotic trials have so far
failed to demonstrate any clinical benefit [132]. Consider-
ing that recolonization of the microbial community after
withdrawal of antibiotic treatment was difficult to pre-
dict, antibiotic administrations might seem more ame-
nable to rooting out the true pathogen rather than as a
long-term prophylactic measure.

There was a bidirectional effect of oral anticoagulants
(OACs) on the gut flora of AF patients. OACs were the
cornerstone of AF management, which could reduce
stroke and death risk. A previous study revealed that gut
microbiota could influence the bioavailability and efficacy
of OACs [133]. Intestinal flora might have an indirect
effect on OACs through the metabolites generated, or a
direct effect on vitamin K-producing bacteria and struc-
tural modifications of drug molecules. Correspondingly,
Li et al. [134] demonstrated that the implementation of
OAGCs in AF patients might mitigate inflammation, ath-
erosclerosis, and thrombosis by altering the abundance of
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gut microbiota. Nonetheless, OACs might raise the risk
of bleeding in the gastrointestinal tract and other parts
of the body through certain potential pathogens. There
were no available studies exploring whether exogenous
supplementation of OACs-reduced microbiota could
lower the risk of bleeding events.

Due to the identification of microbial enzymes that
synergistically converted nutrients such as choline or car-
nitine to TMA, several small molecule inhibitors revers-
ing adverse cardiovascular effects have been identified in
experimental studies [135, 136]. The prototype of a lyase
inhibitor was DMB, which could inhibit TMA/TMAO
synthesis in vivo mouse models and in microbial cell
culture without compromising the survival of microbial
cells. Mice treated with DMB experienced diminished
atherosclerotic lesions, attenuated foam cell formation,
and alleviated cardiovascular disease progression [137].
More importantly, in experimental animal models, DMB
was demonstrated to mitigate the development of cold
and diabetes-related AF by curtailing the synthesis of
TMAO [55, 72]. Even though human clinical investiga-
tions of choline TMA lyase blockers have not been inves-
tigated, there are substantial endeavors underway in this
domain.

As AF patients might receive antiarrhythmic drugs
or anticoagulants during long-term treatment, exam-
ining the interaction between gut flora and drugs was
of extensive interest. There was a vast diversity in the
metabolism of drugs by gut microbes, which might entail
potential alterations in responsiveness. The divergent
drug-microbe interfaces between different individuals
are another area that deserves deeper study and displays
prospects for practical application in personalized medi-
cine and drug exploration efforts.

FMT

While most frequently utilized for mechanistic pur-
poses, FMT has gained prominence as a regimen for
well-defined indications such as Clostridium difficile coli-
tis. Investigational employment of FMT from human or
mouse origin, transplanted to germ-free mice that were
exclusively deprived of the microbiome, has immensely
expanded the comprehension of gut microbiome’s causal
roles in registering and contributing to cardiac arrhyth-
mia. Several researches using FMT rat models offered
original causes of gut microbiota dysbiosis for the onset
of age, obesity, and cold-associated AF [10, 11, 55]. Fur-
thermore, Zhang et al. [10] also demonstrated that aged
rats colonized with young microbiota rehabilitated atrial
NLRP3-inflammasome activity and gut structure, thereby
curtailing the pathogenesis of age-related AF. Neverthe-
less, the limited human data and the mechanistic expla-
nation of this effect necessitate further studies. In a small
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randomized double-blind pilot trial, single vegan-donor
FMT altered the composition of the gut microbiota
in subjects with metabolic syndrome but an inability
to influence TMAO manufacture or atherogenic pro-
inflammatory status [138]. Both the short-term follow-up
period and the small sample size might account for the
lack of discernible effects. In addition, Manrique et al.
[139] uncovered that FMT from healthy donors remark-
ably altered the gut bacteriophage community in patients
with metabolic syndrome. A clearer comprehension of
causative versus “passenger” bacteria, as well as the par-
ticipation of non-bacterial ingredients such as virome
and fungome, might assist in specifying a clear micro-
biological profile that maximized efficacy while simulta-
neously addressing the security of the procedure and its
prolonged impact on the recipients.

Conclusions and future perspectives

Whilst our perception about how microbiome influ-
ences AF is still nascent, the speed with which novel
revelations are arising is striking. Several preclinical
surveys have explicitly proposed that intestinal flora
could potentiate the development and maintenance of
AF under experimental conditions, but the underlying
mechanisms remain unarticulated. Furthermore, it is
uncertain whether these discoveries can be interpreted
in the clinical context and whether modifications in
intestinal flora may pose new therapeutic aspects for AF
administration. There is a demand for well-designed pro-
spective interventional studies to verify the causal rela-
tionship between AF and gut microbiome and to appraise
whether aberrant gut microbiome is only a marker for
other AF risk factors or an isolated indicator. It is instruc-
tive to explore whether the characteristics of gut micro-
biome under different pathophysiological conditions and
its derived metabolites can be exploited as biomarkers of
prognosis or the curative performance of ablation ther-
apy in AF patients.

The oral cavity is also colonized with a slightly het-
erogeneous microbial society, and ever-increasing pro-
portions of oral bacteria have been correlated with
cardiovascular disease [140]. Oral diseases and cardio-
vascular diseases share substantial overlapping risk fac-
tors as well as joint biomarkers and genetic susceptibility
variants, signifying an underlying shared pathophysiol-
ogy of periodontitis and cardiovascular diseases [141].
Prior observational investigation has upheld the connec-
tion between periodontitis and AF irrespective of known
confounders [142]. In an animal model, periodontitis has
been observed to strengthen the immune activation of
the atrial myocardium, thereby subverting the electro-
physiological properties of the atria [143]. A recent pop-
ulation-based cohort study of 161,286 subjects revealed
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that improvements in oral hygiene such as regular pro-
fessional dental cleanings and frequent tooth brushing
were linked to a decreased risk of AF [144]. However, few
experiments have been conducted to study the role and
mechanisms of oral flora in AF pathophysiology. Future
investigations may benefit from interrogating the con-
nection between the characteristics as well as the metab-
olism of oral flora and AF. Considering the treatment of
periodontitis as a highly feasible and daily manageable
measure for AF prevention, randomized clinical trials
dealing with standardized oral flora interventions are
warranted to demonstrate the advantage of periodontal
treatment in mitigating AF risk.

Because of the heterogeneity and transparency of the
gut microbiome as well as state-of-the-art technologi-
cal advances, meta-omics approaches hold a prospect
as a gateway to unveiling host-microbiome interactions
and evaluating causality in the clinical milieu. Neverthe-
less, it has restrictions and requires further innovation.
A portion of the data could not be allotted on account
of insufficient reference databases, especially the scar-
city of eukaryotic and viral matches, which hampered
the extraction of organismal and functional information.
Currently, only the bacterial community has been exten-
sively studied, whilst other constituents of the gut micro-
biota, such as viruses, fungi, or archaea, have not been
prolifically explored. Zuo et al. [38] have demonstrated
that enterovirus features were correlated with AF for the
first time, which has tremendous potential value in antic-
ipating ablation outcomes (Table 1). Therefore, the con-
junction of these members in microbial-AF association
analysis may unlock a fresh door for potential therapeu-
tic approaches. Furthermore, another difficulty of special
pertinence to microbiome studies is the drastic inter-
individual variation in the configuration of the gut micro-
biome and the subsequent host metabolism induced by
dietary interventions. In turn, applying machine learn-
ing to datasets encompassing diet, gut flora, and genet-
ics might deliver the solution. Apart from direct causal
routes, specific bacteria or microbiota constituents may
be implied by incident or simply as modifying variables
in drug regimens and genetic studies. Thus, the microbi-
ome remains a crucial segment of personalized and pre-
cision medicine.
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