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Abstract: Accumulating evidence has demonstrated that gut microbial-derived metabolite tri-
methylamine N-oxide (TMAO) plays a crucial role in the pathogenesis of many diseases and can
be served as a prognostic biomarker for several cardiovascular disorders, including arrhythmia.
Recently, some studies have documented that TMAO was associated with the occurrence, progres-
sion, recurrence, and embolism risk of atrial fibrillation (AF). The activation of related inflamma-
tory signal pathways and the cardiac sympathetic nervous system (CSNS) caused by elevated
TAMO may be the underlying mechanism. It is worth noting that intervention in the metabolic
pathway of TMAO may be an underlying therapeutic target of AF. In addition, standardized and
individualized treatment strategies in clinical practice may be of great significance for AF patients,
particularly those with high serum TMAO concentrations. However, there are also contradictions
in the current research on TMAO and AF. Moreover, notwithstanding the positive preclinical and
clinical findings, data supporting a direct association between TMAO and AF is a paucity. Thus,
conclusive evidence from preclinical studies and multi-center randomized controlled trials to reveal
the essential relationship between TMAO and AF is needy. In this review, we have attempted to
summarize recent studies on TMAO and AF, highlighted the potential therapeutic strategies for AF
patients, followed by a discussion on directions for future research in this field.
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Introduction

Growing evidence indicated that gut microbiota-associated mechanisms play a pivotal
role in the pathogenesis of many different complex human diseases.' ™ The most well-
studied agent exhibiting direct effects on arrhythmogenesis and other disorders is
trimethylamine N-oxide (TMAO). This gut microbial-derived metabolite is derived
from dietary choline or L-carnitine through gut microbiota, transforming choline to
trimethylamine (TMA), a gas absorbed into the circulation and further converted into
TMAO by flavin-containing monooxygenases (FMOs) in the liver.”” Previous studies
reported that TMAO was related to many human diseases, including cerebrovascular

24% such as hypertension,’

diseases,6 renal insufﬁciency,7 and cardiovascular diseases
coronary heart disease,”'® and heart failure."' The metabolic pathway of TMAO and its
adverse effects are shown in Figure 1. TMAO may also be associated with cardiovascular
events and mortality, which has also been confirmed in a recent meta-analysis'? and

hemodialysis sufferings."?
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Figure | The metabolic pathway of TMAO and its adverse effects on the body. Created by ScienceSlides Software and Microsoft Office PowerPoint Software. High-
cholinergic foods are metabolized by intestinal microbes to form TMA, most of which enter the portal system through the blood circulation and are transferred into TMAO

by the FMOs in the liver. Elevated TMAO has adverse impacts on various diseases.

Abbreviations: TMA, trimethylamine; FMOs, flavin-containing monooxygenases; TMAO+, elevated TMAO.

In addition, recent studies have begun to focus on the
substantial role and pathogenetic mechanisms of intestinal
microbiota and its metabolites, especially TMAO, in the
field of arrhythmia and AF.'*'> Despite the positive pre-
clinical and clinical findings, few data supported a direct
link between TMAO and AF with conflicting findings.
Here, we reviewed the latest research on TMAO-AF and
discussed the value of TMAO as a potential therapeutic
target for patients with AF.

TMAO and Risk Factors of AF

It is noteworthy that the intestinal microbiota is a dynamic
ecosystem composed of symbiotic and pathogenic micro-
organisms, affecting the health of the host through the
production of bioactive metabolites.>'® TMAO is cur-
rently the most commonly studied intestinal microbial
metabolite involved in human diseases.

Surprisingly, at present, more and more studies have
found that TMAO is inextricably linked to hypertension,”

chronic  obstructive  pulmonary  disease,'”  heart
failure,“’”’zo obesity,21 metabolic dysfunction,22 athero-
sclerosis and coronary heart diseases,”'*** which are

known as the common risk factors for AF and motivates
a renewed interest in examining the relation between
TMAO and AF. However, these results have not been

confirmed in AF models and prospective clinical studies,
and the degree and mechanism of modifying these risk
factors on AF by regulating intestinal microbes and their
metabolites such as TMAO are still needed to be explored.

TMAO and AF

AF, the most common clinical cardiac rhythm disorder

encountered in practice, is expected to afflict over
34 million people worldwide, is becoming markedly pre-
valent, and is independently associated with at least a two-
fold increase in the risk of cardiovascular death.** ¢

It is no exaggeration to state that AF is still
a tremendously challenging problem in modern medical
practice. Although there are established risk factors and
scoring systems for AF, it is still a formidable hindrance to
probe and elucidate the etiology of AF and seek corre-
sponding therapeutic strategies and interventions to reduce
the incidence, disability, and mortality rate. Lifestyle mod-
ification (weight loss, exercise, and change dietary habits),
been reported to be correlated with alterations in gut
microbiota, contributes to a rhythm control strategy and
alleviates symptoms in AF sufferings.””**

At present, more and more studies, including preclini-
cal and clinical research, have found that TMAO was

associated with the occurrence, progression, recurrence
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after ablation, embolism events and may serve as
a potential therapeutic target of AF.'>?%3° Many observa-
tions have provided positive evidence for the relationship
between TMAO and AF and explored the underlying
mechanisms. However, some findings on the relationship
between TMAO and AF come from small clinical obser-
vational studies with conflicting outcomes, which is unable
to reveal the cause-and-effect and interactive relationship
between TMAO and AF.

TMAO May Serve as a Potential

Biomarker in AF

Currently, several studies suggested that TMAO was
related to the occurrence, progression, and recurrence of
AF after ablation (Table 1). However, some studies have
reached contradictory conclusions.

In 2018, a study concluded that elevated serum TMAO
was positively related to long-term AF in patients with or
without suspected stable angina. After adjusting for latent
confounding covariates, including dietary intake of TMAO
precursor choline and betaine, the prospective association
was independent of conventional AF risk factors.'> Thus,
the circulating levels of TMAO may be a stand-alone
predictor for AF incidence. These findings were further

validated in a metagenomic data-mining analysis, which

Table | Clinical Investigations into TMAO and AF

depicted the TMAO synthetic profiles based upon the
genomic sequence analysis and clarified the vital intestinal
bacteria that formed TMAO in AF patients.'®

Similarly, in another exploratory analysis, researchers
compared TMAO and its precursor in 56 subjects with
paroxysmal AF and 22 individuals suffering from persis-
tent AF and detected a significant relationship between
TMAO levels and AF progression phenotypes without
difference in precursors, which was the first time to con-
firmed the relationship between TMAO and the progres-
sion of AF. However, this study has some defects that need
consideration when interpreting the results. Firstly, the
author did not study the normal sinus rhythm subjects as
a control group which may enable a causal interpretation
about elevated TMAO in AF patients, and additional stu-
dies are required to corroborate the phenomenon.
Secondly, this study has a relatively small research sample,
and this conclusion may not necessarily apply to the gen-
eral population. Lastly, patients with persistent AF have
more underlying diseases, such as coronary heart disease,
hypertension, and cardiac insufficiency, which will affect
the results of TMAO.%

Strikingly, a study also revealed that intestinal micro-
biota disorder was a predictor of recurrence after AF
ablation. The study recommended that intestinal micro-
biota disorder be included in the model for predicting AF

Authors Sample Groups Summary of the Results References
(Year)
Svingen et al | Explored in 3797 patients with suspected stable angina | Plasma TMAO was associated with an improved [15]
(2018) in the Western Norway Coronary Angiography Cohort | reclassification of incident AF in two independent
(WECAQC), followed up for 7.3 years Norwegian cohorts with long-term follow-up.
Verified in 3143 elderly participants in the community-
based Hordaland Health Study (HUSK), followed up for
10.8 years
Nguyen et al | 78 patients from the AF-RISK study. Higher levels of TMAO are associated with more [29]
(2021) progressed forms of AF.
Rexidamu 255 consecutive patients with first-ever acute ischemic | Higher TMAO levels were associated with increased [50]
et al (2019) stroke and 255 age and gender-matched controls risk of first ischemic stroke and worse neurological
deficit in Chinese patients.
Gong et al 117 consecutive AF patients Elevated serum TMAO levels were predictive of [51]
(2019) thrombus formation in AF patients.
Liang et al 68 patients with AF with ischemic stroke and ||| ones | The level of TMAQO was correlated with the CHA2DS2- | [52]
(2019) without ischemic stroke VASc score. TMAQO was a risk factor for ischemic
stroke. TMAO may guide antithrombotic therapy for
patients with low and intermediate risk of embolism.
Clinical Interventions in Aging 2021:16 https: 1977
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recurrence.’’ It is well established that inflammation is
implicated in various physiological and pathological pro-
cesses covering oxidative stress, myocardial fibrosis, and
apoptosis that form AF substrate generation and predict
the recurrence of AF.>'° TMAO has been confirmed by
many studies to participate in the inflammatory response in
the body and activates multiple proinflammatory signal
pathways.”***=3? As a metabolite derived from intestinal
flora, TAMO may also be involved in the recurrence of
APF, but there is still a lack of relevant clinical studies, and
scholars need to further confirm in follow-up studies.

Contrary to prior findings, in a research conducted by
Biittner et al,** they analyzed 45 AF patients and 20
matched controls and found no difference in baseline
TMAO between the groups, and TMAO was not related
to the progression phenotype of AF. Additionally, TMAO
was measured 12—18 months after AF catheter ablation in
35 patients. Noteworthy, the TMAO levels at baseline and
follow-up (3.9 = 1.5 vs 4. 8 = 2.8 uM, p = 0.036) were
correlated (r=0.481, p=0.003).Significantly, the increase in
TMAO was not related to the success of the ablation
procedure (restoration of sinus rhythm). This negative
correlation was inconsistent with previous studies, likely
because this was a small-sample single-center study that
might potentially lead to under-detection of a positive
correlation between AF and TMAO levels. What’s more,
additional factors affecting TMAO concentrations, such as
high carnitine dietary, have not been excluded. This study
has certain limitations and needs further confirmation by
scholars. A bi-directional Mendelian randomization analy-
sis also revealed that gut microbiota-dependent metabo-
lites were not associated with cardiometabolic diseases
such as AF.*° In addition, a follow-up study using two
prospective case-control studies nested within the
PREDIMED study cohort revealed that TMAO was not
associated with AF. However, they found baseline plasma
choline, betaine, and dimethylglycine levels were indepen-
dently related to increased risk of both incident AF and
heart failure.*'

In a standard scenario, TMAO levels are affected by
numerous factors such as diet, underlying diseases, life-
styles, and basic studies have found that TMAO may also
be the causative agent of certain other cardiovascular dis-
eases and neurological diseases, and these covariates may
mask the authentic relationship between TMAO and AF as
well as arrhythmia.***° In addition, most of the current
studies did not consider the complexity and diversity of
the structure of the intestinal microbes, such as other

bacteria, viruses, and fungi, which may interfere with
this association. Overall, despite an extensive body of
evidence, whether TMAO is a risk factor, mediator, or
bystander in the arrhythmia process remains largely
unknown. More studies are called for further delineation

in this subject to reach an accurate conclusion.*>*®

TMAO is Related to Thrombosis and
Embolism in AF Patients

Several observational studies have confirmed the associa-
tion between TMAO and cerebrovascular disease.*’ *
Studies have found that compared with the control group
(3.9; IQR, 2.6-6.1 uM), stroke patients (5.8; IQR, 3.3—
10.0uM) have higher plasma levels of TMAO.>® As such,
some cardiovascular specialists have also begun to inves-
tigate the relationship between TMAO and stroke in AF
patients.® Gong et al®' studied 117 patients with rheumatic
heart disease and AF and divided them into the thrombotic
group (n=25) and non-thrombotic group (n=92). They
found that elevated
patients with valvular AF were associated with platelet

serum TMAO concentrations in

hyperreactivity and thrombosis risk. However, there may
be a potential bias in patients selection in this small sample
cohort study because rheumatic heart disease is a high-risk
disease independent of AF.

Consistent with prior findings, another study revealed
that high TMAO was associated with ischemic stroke in
patients with AF for the first time.*” In this clinical study,
compared with those with ischemic stroke, those without
had remarkably lower serum TMAO concentrations (8.25
+ 1.58 uM vs 2.22 £ 0.09 uM, P< 0.01). Further analysis
indicated that the best cutoff value of TMAO to distin-
guish between AF with or without ischemic stroke was
3.53uM. This phenomenon might be responsible for
TMAO promoting atherosclerosis through alternative
pathways such as activating macrophages and endothelial
cells or potentiating platelet aggregation. Apart from the
above, this study also showed that TMAO was closely
related to the CHA2DS2-VASc score, a traditional embo-
lization scoring system that is widely applied to assess the
risk of subsequent embolism and to guide anticoagulant
therapy in AF,® and pointed out that elevated TMAO
played a vital role in the identification of embolism risk
for those with low-risk scores.>

Therefore, according to the current research reports, we
believe that for AF patients, especially those with high
TMAO levels, early intervention may be required to
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prevent possible thromboembolic events. One step further,
perhaps it is plausible to add TMAO as a factor in the
CHA2DS2-VASc scoring system.

However, the current indirect evidence on TMAQO and
the embolism risk of AF predominantly derived from
clinical studies, and there was no multi-center prospective
randomized controlled trial to confirm. In addition, due to
the complex structure of the intestinal microbiota, the role
of metabolites derived from microorganisms other than
TAMO during thrombogenic formation remains unclear.
In the future, more preclinical studies involving a variety
of gut microbiota are needed to explore the mechanisms of
increased thrombosis risk in-depth.

Mechanism of TMAO Leading to AF

Although there are many relevant studies, the specific
mechanisms of AF induced by TMAO are still indistinct.>*
Up to date, five main mechanisms are believed to be the
dominant causes that are involved in the pathophysiological
process of TMAO-induced arrhythmia:1) activated cardiac
autonomic nervous system,35 =3 2) inflammation,® 3) cardiac
remodeling and myocardial fibrosis,”®>’ 4) oxidative
stress,”®%°%  5) endothelial dysfunction®®

aging®® (Table 2). However, the current evidence of the

and vascular

mechanisms of TMAO leading to AF is primarily indirect,
and additional models of AF are required to validate it. The
underlying mechanisms of AF caused by TMAO are shown
in Figure 2.

TMAO Acts on the CSNS
Animal models demonstrated that stimulating the atrial auto-
nomic nervous system can lead to electrical remodeling and
promote the development of paroxysmal AF and
arrhythmia.”®' Some scholars have confirmed that a canine
AF model induced by rapid atrial pacing in ganglionated plexi
(GP) can increase the expression of nerve growth factor
(NGF) and lead to atrial electrical remodeling, thereby creat-
ing a matrix for AF.%® Inspired by the study of intestinal
microbes and cardiovascular diseases, scholars began to
explore the relationship between TMAO and arrhythmia.
Interestingly, a study conducted by Meng et al'* showed
that TMAO could further activate CSNS and initiate arrhyth-
mia via direct way through the left stellate ganglion and
indirect mechanisms by the central nervous system.
Consistent with the above findings, in a study performed by
Yu et al.>® TMAO was locally injected into four major ante-
rior right GP and increased neural activity and the suscept-
ibility of atrial to AF through changing the atrial
electrophysiological properties by activating p65 NF-«B sig-
naling pathway resulting in the expression of inflammatory
cytokines, which may induce atrial rhythm disorders.
However, whether the increase in plasma TMAO levels
caused by changes in dietary structure or imbalance of the
intestinal microbiota is sufficient to regulate the CSNS and
induce arrhythmias directly is currently unclear. In addi-
tion, the role of TMAO in the causation of this phenom-

enon remains largely unknown.

Table 2 Main Pathophysiological Mechanisms of TMAO in AF: Directly and Indirectly

Authors Experimental Major Findings References

(Year) Conditions

Yu et al (2018) | Canines TMAO increased neural activity and the susceptibility of atrial to AF through the p65 NF-xB | [35]
signaling pathway resulting in the expression of inflammatory cytokines

Li et al (2019) | Mice TMAO induces cardiac hypertrophy and fibrosis via the Smad3 signaling pathway [57]

Wang et al Mice DMB attenuated cardiac structural and electrical remodeling by reducing plasma TMAO [56]

(2020) concentrations, which negatively regulated the TGF-bl/Smad3 and p65 NF-kB signaling
pathways.

Organ et al Mice Supplementing choline or TMAO significantly increased the severity of heart failure in mice. | [64]

(2016)

Li et al (2019) | Mice TMAO aggravated DOX-induced mouse cardiac fibrosis via activation of the NLRP3 [38]
inflammasome

Ke et al (2018) | Human Elevated circulating TMAO during the aging process may deteriorate endothelial cell [39]
senescence and vascular aging through the repression of SIRT| expression and increased
oxidative stress, and the activation of the p53/p21/Rb pathway.
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Table 3 Knowledge Gaps and Studies Needed to Be Performed

Knowledge Gaps

Studies Needed to Be Performed

Direct evidence of AF caused by TMAO

o A well-designed prospective cohort study without AF through targeted regulation of
TMAO

o Create an animal model with high TMAO serum levels by supplementing choline,
TMAO, or fecal transplantation to verify whether TMAO affects the AF matrix in a rapid
atrial pacing AF model

Study on the intervention of diet/drugs on TMAO

® Validate in well-designed multi-center randomized controlled trials including subjects

around the world

TMAO and Thrombosis Risk

® Validate and explore mechanisms in animal models
e Through targeted regulation of TMAQO, validate in multi-center clinical randomized

controlled trials

The influence and interaction of TMAO or/and other

intestinal flora metabolites on AF

® Research on specific bacteria or flora in sterile animal models

TMAO and the recurrence of AF after ablation

® In the multi-center AF ablation cohort, targeting the metabolic pathway of TMAQO and

investigate the outcomes after AF catheter ablation, and finally, verifying it in an animal model

TMAO Leads to Cardiac Hypertrophy, Myocardial One animal research found that TMAO directly induced

Fibrosis, and Myocardial Remodeling

myocardial hypertrophy and fibrosis, and Abs treatment

Myocardial fibrosis and remodeling are the end stage of  can reduce TMAO and attenuate myocardial remodeling.”’
various heart diseases.'"** Numerous studies have demon-  The study further indicated that the TGF-f1/Smad3 signal-
strated that TMAQO is closely correlated with heart failure.  ing pathway was activated in TMAO-induced cardiac

‘ TMAO +

>\

FMOs

@ NF-kB pathway
} . '
TNFa+

IL-18+ 79
IL-1B+ vé :
—— NoF+ =)

Neuron

-
NLRF’3 Tfla\mm/arsome \

Atrial fibrillation
—_— ‘Rh m& wayy /

rre -

) m&\wm t\%
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Cardiac hypertrophy. Cardiac fibrosis

Figure 2 The underlying mechanism of AF caused by TMAQ. Created by ScienceSlides Software and Microsoft Office PowerPoint Software. Elevated plasma TMAQO levels
can promote AF in different ways. Firstly, activating NLRP3 inflammatory bodies and the NF-k B pathway leads to the release of inflammatory factors and further promotes
NGF expression. Both inflammatory factors and NGF can stimulate atrial plexus and induce AF. On the other hand, TMAO can activate the TGF-B1/Smad3 signaling pathway,
and the activated inflammatory factors further promote myocardial fibrosis and induce arrhythmia.

Abbreviations: TMA, trimethylamine; FMOs, flavin-containing monooxygenases; NGF, nerve growth factor; +, elevated.
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hypertrophy and that SIS3, the inhibition of Smad3, could
alleviate TMAO-induced cardiac remodeling.’” Other stu-
dies have led to a similar conclusion. High choline or gut
microbial-dependent metabolite TMAO diet will increase
the susceptibility of mice to heart failure.** Moreover,
another study revealed that 3,3-dimethyl-1-Butanol
(DMB) reduced the plasma TMAO levels and attenuated
the pressure overload-induced cardiac hypertrophy, cardiac
fibrosis, and ventricular arrhythmia by inhibiting the p65
NF-«kB and TGF-f1/Smad3 signaling pathway, which may
further confirm the role of TMAO in cardiac remodeling.>®

It is well known that arrhythmias, including AF and
various ventricular arrhythmias, usually occur in cardiac
hypertrophy and fibrosis patients. The studies of myocar-
dial remodeling caused by TMAO suggest that it may
contribute to arrhythmia in this way. Nevertheless, added
preclinical studies, as well as prospective clinical studies,
are warranted to confirm the present findings.

Inflammation, Oxidative Stress, TMAO and AF
Inflammation plays a vital role in the occurrence and pro-
gression of AF, demonstrated in a series of studies.*>**%
Some studies have indicated that increased serum TMAO
concentrations contributed significantly to inflammation via
various pathways, which may indirectly bond TMAO with
the occurrence of arrhythmias such as AF.***

One recent study suggested that age-associated micro-
biota dysbiosis played a significant role in the genesis of AF
through a microbiota-gut-atria axis partly. They found in
their research that the circulating lipopolysaccharide (LPS)
and glucose levels were dramatically elevated in the fecal
microbiota transplantation (FMT) rat model, leading to the
up-regulated expression of NOD-like receptor protein
(NLRP)-3 inflammasome, which contributed to AF, thus
promoting the occurrence of AF. These results were also
corroborated in elderly clinical subjects.® In addition, the
researchers revealed that the microbiota-intestinal barrier-
atrial NLRP3 inflammatory body axis might be a potential
therapeutic target for senile arrhythmia diseases.”®

Another study exposed neonatal cardiac fibroblasts to
different concentrations of TMAO for 24 hours and found
that NOD-, LRR- and NLRP3 inflammasome activities
which
increased the body’s oxidative stress response.

also increased correspondingly, significantly

38

Best of our knowledge, these findings indicated that
multiple inflammatory-activated signaling pathways might
play an essential role in the occurrence of AF. However,

which pathways are the leading causes of AF have not yet
been fully elucidated.

Endothelial Dysfunction and Vascular Aging Caused
by TMAO

Studies have confirmed that endothelial dysfunction and
vascular aging may be correlated to AF through various
routes. Prior findings have demonstrated that vascular and
atrial endothelial dysfunction was associated with AF via
a number of different mechanisms, including the alterations
in hemodynamics parameters and endothelial cell shear
stress, aggravating oxidative stress, exacerbating proinflam-
matory agents, and down-regulation of NOS expression and
NO* production in atrial endocardium.®®*® In addition, stu-
dies have also found that restoration and maintenance of
sinus rhythm through radiofrequency ablation may amelio-
rate endothelial function.®” Furthermore, previous studies
have also linked vascular aging to various diseases such as
acute myocardial infarction, peripheral arterial disease,
stroke, and heart failure, all known as the common risk
factors for AF.”%!

At present, studies have detected that TMAO can cause
endothelial dysfunction and vascular aging, which has
aroused great interest because it may offer a new direction
for further investigating the pathogenesis, diagnosis, and
treatment of AF.**® For example, in a study, researchers
indicated that TMAO mediated the inhibition of sirtuin 1
(SIRT1) expression, then activated the p53/p21/Rb path-
way, leading to increased p53, p53 acetylation, and p21
acetylation, and reduces CDK2, cyclinEl, and Rb phos-
phorylation, thus resulting in endothelial cell senescence
and arterial aging, which may induce cardiovascular dis-
eases such as arrhythmia.*

Nevertheless, there is still a little doubt in this regard,
and future studies are needed to obtain a definitive sight of
the association between TMAO-induced endothelial dys-
function and vascular aging and AF.

Therapeutic Strategies for

TMAO-Related AF

To the best of our knowledge, TMAO has been discussed
as a prognostic predictor and an underlying pathophysio-
logical mechanism in several cardiovascular conditions.
Current studies also believe that targeted TMAO and its
metabolic pathway may potentially possess therapeutic
value in various diseases. In addition, standardized and

individualized treatment strategies in clinical practice

Clinical Interventions in Aging 2021:16
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may be of great significance for AF patients, particularly
those with high circulating TMAO concentrations.

Standardized Antithrombotic Treatment Protocols
Anticoagulant therapy in AF patients is a necessary treat-
ment to reduce thrombosis and improve prognosis. At
present, the CHA2DS2-VASc score is commonly used to
estimate the risk of embolism so as to implement appro-
priate treatment. However, the scoring system has some
limitations in clinical application. Therefore, more
research is needed to improve the predictive and diagnos-
tic value of the scoring system. Because elevated TMAO
has a strong effect of promoting atherosclerosis and plate-
let aggregation, the risk of thrombosis and the probability
of embolic events in AF will significantly increase.*

Therefore, in a recent literature report, scholars indi-
cated that for AF patients, especially those with elevated
levels of intestinal microbial metabolites, it might be rea-
sonable to communicate antiplatelet and anticoagulant
therapy orally.”’ Alignment with this concept, Liang et al>*
considered that elevated TMAO in AF patients could
guide antithrombotic therapy for patients with low and
intermediate risk of embolism.

However, the availability of data on guiding anticoa-
gulants in AF patients with elevated TMAO is still limited.
Therefore, the implementation of the antithrombotic ther-
apy process should necessarily consider both the stroke
risk and bleeding risk as well as other features of the
patient. In other words, individualized management is

still required in AF patients with elevated TMAO.

Dietary Interventions
The human gut microbiota is an intricate dynamic ecosys-

. 2-74
tem composed of millions T

of microorganisms.
Increasing evidence indicates that interventions targeting
the flora may exert potential benefits in preventing several
cardiovascular disorders, including hypertension, coronary
heart disease, and heart failure.”> Targeted regulation of
the intestinal microbiota may help superior control AF via
modifying diverse risk factors for AF. It has been indicated
in various studies that diet contributes to the daily fluctua-
tions of the intestinal microbiota structure, which will
affect the concentrations of TMAO and may exert consid-
erable effects on the body.”®””

Studies have shown that elevated circulating TMAO
concentrations were associated with a high dietary intake
of lipid phosphatidylcholine such as milk, liver, fish, egg

yolk.”®7° In a mouse model, supplementation with choline

for 8 weeks increased the serum TMAO concentration by
1.6 times and increased by two times after 16 weeks.®
Consequently, scholars also provide recommendations that
it is advisable to reduce the intake of phosphatidylcholine
to reduce TMAO in AF patients, especially those with
other cardiovascular diseases.”'>**!

However, this evidence is still speculative and is
merely hypothesis-generating to a large extent and needs
to be confirmed by well-designed multi-center randomized
clinical trials, including prospective and standardized ana-
lysis of the flora. In addition, because Asians and other
races have utterly different dietary practices, regional dif-
ferences should be taken into consideration in the future

study of dietary regulation of gut microbiota.

Restore the Diversity of Intestinal Microflora and
Target the Metabolic Pathway of TMAO

The gut microbial flora and humans coexist under normal
circumstances, and many gut microbes are essential com-
ponents of human metabolism. However, in some specific
cases, the imbalance of the microbiota may lead to severe
diseases. Of course, as is known, the imbalance of the
intestinal microflora may affect the metabolic process. It
has been found that the higher the proportion of Firmicutes
and Bacteroides, the greater the response of TMAO to
dietary precursor intake, suggesting the existence of indi-
vidual differences in TMAQ’s response to dietary precur-
sors, which may be related to the intestinal microbiome.
Therefore, scholars believe that relevant therapeutic stra-
tegies are urgently required to increase intestinal microbial
diversity and restore the symbiotic relationship between
intestinal microorganisms and patients.’’

Moreover, researchers have also suggested that tar-
geted TMA synthesis pathways and intestinal microbial
dysregulation may have therapeutic potential as an inter-
vention strategy for AF.'® Not surprisingly, TMA forma-
tion inhibitors targeting microbial TMA lyase have been
developed, reducing TMAO levels in mouse models and
reversing atherosclerosis, which may also become a means
of treatment for AF.*> Current research believes that pre-
biotics and probiotics, antibiotics, and FMT are potential
candidates for adjusting and restoring the intestinal
structure.® Targeted regulation of TMAO may be
a possible therapeutic target for myocardial hypertrophy
and myocardial fibrosis, which may exert anti-arrhythmic
effects.”” Further researches should be conducted to sub-
stantiate or qualify the present findings.

1982 "

Dove!

Clinical Interventions in Aging 2021:16


https://www.dovepress.com
https://www.dovepress.com

Dove

Huang et al

Therapeutic Strategies for TMAO-Mediated
Inflammation

An increasing amount of evidence has indicated that
TMAO mediates the activation of a variety of inflamma-
tory signal pathways in the body, thereby stimulating the
CSNS and increasing inflammatory markers in the body,
leading to myocardial fibrosis, which may be the mechan-
ism of AF.?3%65 Therefore, some experts believe that the
regulation of TMAO-mediated inflammatory response is
also one of the highly effective methods for AF.

For instance, Zhang et al*®

indicated in their study that
the microbiota-intestinal barrier-atrial NLRP3 inflamma-
tory body axis may be a reasonable molecular target for
the treatment of senile arrhythmia diseases. The targeting
of excessive TMAO intake-associated inflammation in the

heart—gut axis can also prevent cardiac arrhythmia.®’

Conclusions and Future

Perspectives

Studies have demonstrated that gut microbiota and its
metabolites, in particular, the TMAO, play a pivotal role
in the pathogenesis of AF. The pathophysiological
mechanisms and therapeutic strategies have been dis-
cussed in extensive studies. However, there is still a big
step called for to figure out further the molecular and
genetic mechanisms of TMAO in the occurrence, progres-
sion of AF, as summarized in table 3. Besides, direct
evidence of TMAO and AF susceptibility is still insuffi-
cient, which needs to be verified in a well-designed pro-

spective cohort study with targeted regulation of TMAO
without AF. In addition, an animal model with high
TMAO serum levels created by supplementing choline,
TMAO, or fecal transplantation is required to verify
whether TMAO affects the AF matrix in the rapid atrial
pacing AF model.

Although modern research has fully cognized the
importance of intestinal microbiota, current research is
usually restricted to specific bacteria, missing the remain-
ing microorganisms such as fungi and viruses. Therefore,
in future models, the influence of a variety of microorgan-
isms and their metabolites on AF will be considered.

Moreover, TMAO increased the risk of thrombosis in AF
patients and was associated with recurrence after ablation,
mostly from observational clinical studies with small sample
sizes, which needs to be further validated in animal experi-

ments or multi-center clinical randomized controlled trials.

In addition, because most of the clinical evidence
between TMAO and AF came from Asia, it is currently
impossible to extrapolate the changes in TMAO observed
in this population to Western countries. More evidence
from Western countries or worldwide needs to be provided
to fully reveal the underlying mechanism and genuine
relationship between TMAO and AF due to regional dif-
ferences and variation in dietary habits. More extensive
preclinical and clinical studies, as well as randomized
controlled trials, are also required to verify further the
beneficial effect of targeting TMAO and its metabolic
process, such as prebiotics and probiotics in AF patients.

We conducted a systematic and comprehensive search
of articles using MEDLINE (from inception to
1 September 2021), EMBASE (from 1980), and Cochrane.
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