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Association between
trimethylamine N-oxide and
prognosis of patients with
myocardial infarction:
a meta-analysis
Xiuqing Li1, Yubao Wang2*, Jie Xu2, Kaili Luo1 and Tao Dong1

1Department of Gastroenterology and Hepatology, The Third People’s Hospital of Zhenjiang, Zhenjiang,
Jiangsu, China, 2Department of Cardiology, The Affiliated Lianyungang Oriental Hospital of Kangda
College of Nanjing Medical University, Lianyungang, China

Background: Trimethylamine N-oxide (TMAO) has been widely explored and
considered as a biomarker for adverse cardiovascular events. However, the
relationships between TMAO adverse cardiovascular events are inconsistent in
patients. Therefore, this meta-analysis aimed to estimate association between
TMAO levels and the prognosis of patients with myocardial infarction (MI).
Methods: WesearchedPubMed, EMBASE, theCochrane Library, andWebof Science
from inception to July 2, 2023, to retrieve all relevant clinical trials. Associations
between TMAO levels, major adverse cardiovascular events (MACE), all-cause
mortality, recurrent MI, stroke, etc., were systematically addressed. Outcomes
included MACE, all-cause mortality, recurrent MI, rehospitalization caused by heart
failure, stroke, revascularization, SYNTAX score, and multivessel disease. A fixed/
random-effects model should be adopted to calculate the pooled estimates.
Besides, funnel plot, Begg’s test and Egger’ test were used to test publication bias.
Results: A total of nine studies were included in our meta-analysis. Our results
indicated that higher TMAO levels were associated with greater risk of MACE
(RR = 1.94; 95% CI = 1.39 to 2.73), all-cause mortality (RR = 1.56; 95% CI = 1.00
to 2.44), and MI (RR = 1.21; 95% CI = 1.01 to 1.45). No significant association
was found in stroke, SYNTAX, and multivessel disease. Besides, our results
reported that the association between TMAO levels and MACE after MI was
not affected by the geographic localization.
Conclusion: This study was the first meta-analysis that showed a significant
positive association of TMAO levels with MACE, all-cause mortality, and
recurrent MI in patients with MI.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/
display_record.php?RecordID=460400, PROSPERO (CRD42023460400).
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trimethylamine N-oxide, myocardial infarction, all-cause mortality, meta-analysis,
major adverse cardiovascular events

Introduction

The prevalence and mortality of cardiovascular disease (CVD) are increasing

worldwide, especially acute myocardial infarction (AMI) caused by the rupture of

coronary atherosclerotic plaques, which is the leading cause of mortality worldwide (1).

In the last decade, CVD deaths have increased by 12.5 percent globally (2). In China,
01 frontiersin.org

http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2024.1334730&domain=pdf&date_stamp=2020-03-12
mailto:Wyb7509@163.com
https://doi.org/10.3389/fcvm.2024.1334730
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1334730/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1334730/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1334730/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1334730/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1334730/full
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=460400
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=460400
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2024.1334730
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Li et al. 10.3389/fcvm.2024.1334730
the number of people with cardiovascular disease has reached 330

million (3), and high rates of recurrent ischemic events was

observed worldwild [including recurrent AMI, cardiovascular

mortality, and stroke (4)]. Trial results have shown that

approximately 50% of patients with ST-segment elevation

myocardial infarction (STEMI) have multivessel coronary artery

disease that may lead to poor prognosis at the time of primary

percutaneous coronary intervention (PCI) (5, 6). Unfortunately,

sufficient consideration has been given to reducing traditional

risk factors such as hyperlipidemia, smoking, hypertension, and

diabetes mellitus; novel pharmacotherapy treatments only

reduced 30% of CVD-related adverse outcomes (7). Therefore,

it mainly challenges predicting adverse cardiac events among

AMI patients. Also, identifying novel pathogenic risk

factors related to CVD after myocardial infarction (MI) has

vital clinical significance for disease prevention and early

stratification (8).

Emerging studies reported that metabolites of gut microbiota

were significantly associated with CVD. Trimethylamine-N-oxide

(TMAO) is an intestinal-derived bacterial metabolite, and some

gut microbiota produces trimethylamine cleaving enzymes that

convert dietary directly ingested or indirectly made choline,

betaine, carnitines, and TMAO to trimethylamine, which enters

the liver via the portal circulation and is oxidized by flavin

monooxygenase to produce TMAO (9, 10). Trimethylamine is

absorbed into the bloodstream and rapidly oxidized to TMAO by

hepatic flavin monooxygenase3 (11). Serum TMAO

concentration ≥8.74 µM is considered to be a predictor of

metabolic syndrome (12). Several studies have shown that high

TMAO levels accelerate the progression of atherosclerotic plaques

and are also associated with unstable plaques, rupture (13), and

long-term risk of cardiovascular events in patients with acute

coronary syndrome (14). TMAO triggers oxidative stress by

inhibiting the SIRT3-SOD2-mitochondrial reactive oxygen

species signaling pathway, activating thromboxane NIPNLRP3-

type inflammatory vesicles (15), increasing the expression of cell-

surface CD36 receptors, exacerbating macrophage and cholesterol

accumulation, releasing the inflammatory cytokines interleukins

1, β, and 18, and inhibiting the production of nitric oxide

synthase and nitric oxide, which in turn induces inflammation

and endothelial dysfunction (16), promotes atherosclerosis, and

participates in the development of AMI. TMAO has been widely

explored and considered a biomarker for adverse cardiovascular

events. A series of research (17–19) found that elevated

circulating levels of TMAO independently predicted the risk of

major adverse cardiac events, including stroke, myocardial

infarction, and death. Also, levels of choline, betaine, and

carnitine have been shown to be associated with the development

of cardiovascular disease and to predict the risk of major adverse

cardiovascular events (MACE) (20). A previous meta-analysis

(21) showed a positive dose-dependent relationship between

TMAO levels and increased cardiovascular risk and mortality.

Some meta-analyses have explored the association between

TMAO levels and cardiovascular risks (21–27). For example, Yao

et al. (25) found a significant relationship between TMAO levels

and MACE in coronary heart disease (CHD) patients. Li et al.
Frontiers in Cardiovascular Medicine 02
(27) also reported that TMAO could predict the risk of all-cause

mortality in patients with chronic kidney disease (CKD).

However, no meta-analysis was performed on the association of

TMAO and MACE and death events in MI patients. Increasingly,

studies explored the associations between TMAO levels and the

prognosis of patients with MI (28–31). For example, Li et al. (28)

demonstrated that TMAO levels during follow-up could identify

changes in MACE risk in patients with AMI. Besides, Zhou et al.

(31) found that increased plasma concentration of TMAO is an

independent predictor of all-cause mortality. However, other

studies made inconsistent conclusions. Suzuki et al. (30)

indicated that TMAO was not an independent predictor of all-

cause mortality after AMI, while TMAO could independently

predict recurrent MI. Given the above research, their associations

in patients with MI were inconsistent. Therefore, we performed

the first meta-analysis of published studies to assess the

relationship between TMAO levels and the prognosis of patients

with MI. Thereby, the comprehensive evidence provided by this

meta-analysis is important for an in-depth understanding of the

relationship between TMAO and MI prognosis as well as its

clinical application.
Methods

The present meta-analysis was performed and reported

according to the Preferred Reporting Items for Systematic

Reviews and Meta-analyses (PRISMA) (32).
Search strategy

We searched PubMed, EMBASE, the Cochrane Library, and

Web of Science from inception to July 2, 2023, to retrieve all

relevant clinical trials. Search keywords included “Gastrointestinal

Microbiome”, “trimethylamine N-oxide”, and “Myocardial

Infarction”. Also, we recovered the reference lists of relevant

reviews by manual screening.
Selection criteria

The selection criteria in this meta-analysis were generated

based on the PICOS principle as follows.
Inclusion criteria

Population: Adult patients diagnosed with MI (age ≥ 18

years old).

Outcome: Quantifiable relationship between changes in TMAO

levels and prognosis in MI patients, including all-cause mortality,

recurrent MI, rehospitalization caused by heart failure, stroke,

revascularization, and SYNTAX score.

Study design: Both prospective and retrospective trials

are acceptable.
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Exclusion criteria:

(a) ineligible study design, such as case reports, commentary,

and conference abstracts.

(b) essential data were absent from studies although emailed

authors to obtain them.

(c) repeatedly published studies.

(d) reviews, protocol, and animal trials.

Screening and data extraction

The screening process is divided into three steps: removing

duplicate reports, browsing through the titles and abstracts, and

assessing the full text’s suitability. Two independent reviewers

and disagreements assessed each study were resolved by

discussion with a third reviewer.

Independent researchers worked in pairs to extract data, and

inconsistencies were resolved by discussion or by having a third

reviewer. We pulled information including the name of the first

author, year of publication, study location, participant’ age, male

proportion (%), follow-up time, TMAO level, adjustment model

(yes/no), and outcomes, including MACE (a composite of all-

cause death, recurrence of MI, rehospitalization caused by HF,

ischemic stroke, and any revascularization), SYNTAX score

[A rating system that standardizes the complexity of lesions

based on the anatomical features of the diseased coronary artery

helps clinicians establish a scoring system for the best

revascularization approach in patients with complex coronary

artery disease (33)], and multivessel disease.
Study quality assessment

Two authors independently adopted the Newcastle-Ottawa

Scale (NOS) (34) and Jadad Score (35) to assess the quality of

included articles. For NOS, the score range of this scale is 0 to 9,

and a higher score indicates better methodological quality. The

NOS score < 7 is defined as low quality and a score≥ 7 as high

quality. For Jadad Score, the quality scale ranges from 0 to 5

points, with a score≤ 2 indicating a low quality report, and a

score of ≥3 indicating a high quality report. The discussion

among all authors is to solve disagreements.
Statistical analysis

This meta-analysis used Stata V.14.0 (StataCorp LP). The

outcomes were shown as RR with their 95% CI. The Cochrane Q

and I2 statistics test the heterogeneity among all studies. If the

value of I2 < 25 is regarded as the absence of heterogeneity, 25 to

50 is possible heterogeneity, and ≥50 is significant heterogeneity.

When there is the presence of heterogeneity, a random-effects

model should be adopted to calculate the weighted pooled RR

and 95% CI using DerSimonian-Laird method (36). In addition,

this study conducted a subgroup analysis to explore the

moderator factors. A sensitivity analysis was performed to test
Frontiers in Cardiovascular Medicine 03
the robustness of the pooled results. Funnel plot, Begg’s test and

Egger’ test is to test publication bias. If the funnel plot is

asymmetric, then there is the presence of publication bias. Egger’

test uses a linear regression approach to interpret the asymmetric

funnel plots. The probability value below 0.05 with two-tail was

regarded as statistical significance.
Results

Study selection

In sum, 1,818 articles were identified in electronic and manual

searches. However, 569 articles were excluded for duplication, and

another 1,239 articles were excluded due to study types (reviews,

meeting abstracts, animal trials, case reports, and others) and

irrelevance. Finally, ten articles were reviewed in full text based

on inclusion. Two studies (28, 29) used the same cohort.

Therefore, nine non-randomised studies (28, 30, 31, 37–42) were

included in the current meta-analysis (Figure 1).
Study characteristics

This meta-analysis included eight prospective studies and one

retrospective study. Among the selected studies, five studies were

conducted in China and 1 in USA, the UK, the Republic of

Lithuania, and Poland, respectively. The sample sizes of

participants ranged from 84 to 1,803. Besides, all participants’

age was 60 and above, and the majority of participants were

male with 70.2%. The follow-up time ranged from 12 to 42

months. The characteristics of eligible studies are listed in Table 1.
Study quality

We adopted the NOS to assess the quality of concerning

studies. Therefore, all studies’ scores were equal to or higher than

seven, which was considered high quality. The results of the

study quality are shown in Table 1.
Association of TMAO with MACE, all-cause
mortality, recurrent MI and stroke after MI

Across all studies, five studies examine the association of

TMAO with MACE after MI. Our results indicated that patients

with higher TMAO levels had 1.94-fold increased MACE risk

(RR = 1.94; 95% CI = 1.39 to 2.73; I2 = 58.6%, P < 0.047)

(Figure 2). When the analysis for MACE was repeated, stratifying

the studies according to the study design (prospective and

retrospective), a significant association between TMAO levels and

MACE was found in both two groups (prospective: 4 studies; RR

= 1.76; 95% CI = 1.22 to 2.53; I2 = 51.5%, P = 0.103; retrospective:

1 study; RR = 2.61; 95% CI = 1.70 to 4.00) (Supplementary

Figure S4A). Subsequently, sub-group analysis was performed
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FIGURE 1

Flow diagram of the search process and study selection.
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according to the geographical location. The association between

MACE and TMAO levels was also statistically significant across

different countries (USA: 1 study; RR = 1.43; 95% CI = 1.06 to

1.93; China: 3 studies; RR = 2.12; 95% CI = 1.58 to 2.86;

I2 = 26.4%, P = 0.257; Poland: 1 study; RR = 35.04; 95% CI = 1.27

to 967.45) (Supplementary Figure S4B).

Three examine the association between TMAO and all-cause

mortality after MI. Significant relationship between them

was found (RR = 1.56; 95% CI = 1.00 to 2.44; I2 = 65.1%,

P = 0.057) (Figure 2).

Three explored the association between TMAO levels and

recurrent MI after MI. TMAO and recurrent MI had a

significant association after MI (RR = 1.21; 95% CI = 1.01 to 1.45;

I2 = 12.1%, P = 0.321) (Figure 2).
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Two studies examined the association between TMAO and

stroke after MI. Our results reported no significant association

(RR = 2.01; 95% CI = 0.91 to 4.46; I2 = 36.3%, P = 0.210) (Figure 2).
Association of TMAO with SYNTAX score
and multivessel disease after MI

Two studies explored the association of TMAO with SYNTAX

score and multivessel disease, respectively. Our results reported

that no significant association was found in SYNTAX (RR = 1.79;

95% CI = 0.61 to 5.28; I2 = 76.1%, P = 0.041) (Figure 3) and

multivessel disease (RR = 2.47; 95% CI = 0.50 to 12.28; I2 = 92.6%,

P < 0.001) (Figure 3).
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TABLE 1 Basic characteristics of all the included studies.

Study Location Study
design

Sample
size

Age
(year)

Male
(%)

Follow-
up

(month)

TMAO
level

Adjustment
model

Outcomes NOS

Li et al. (28) China Prospective 509 61 (53.4,
60.6)

423
(83.1)

12 >12.7 μmol Yes MACE 7

Gencer et al. (38) USA Prospective 1,803 ≥65 1,343
(74.4)

33 >7.22 μmol Yes MACE 8

Gąsecka et al. (37) Poland Prospective 84 64.4 42 (73.7) 42 478 ng/ml Yes MACE 8

Zhao et al. (39) China Retrospective 1,004 63.6 ±
11.3

700
(69.7)

12 >2.86 μmol Yes MACE 7

Sheng et al. (40) China Prospective 388 58.7 ±
12.1

270
(80.6)

>12 >2.46 μM Yes SYNTAX score and
multivessel disease

8

Aldujeli et al. (41) Republic of
Lithuania

Prospective 200 65.5 (58,
76)

81 (40.5) 12 NR Yes new-onset atrial
fibrillation

8

Zhou et al. (31) China Prospective 1,208 73 (64,
80)

828
(68.5)

22.4 >7.92 μmol Yes MACE 8

Suzuki et al. (30) UK Prospective 1,079 67 (57,
77)

777
(72.0)

24 >5.1 μmol Yes All-cause mortality
and recurrent MI

7

Waleed et al. (42) China Prospective 108 60.1 ±
12.1

61 (69.3) NR NR Yes SYNTAX score and
multivessel disease

9

NOS, Newcastle-Ottawa scale; TMAO, trimethylamine N-oxide; MACE, major adverse cardiovascular events.

Li et al. 10.3389/fcvm.2024.1334730
Besides, one study examined the association of TMAO with

recurrent heart failure (RR = 0.94; 95% CI = 0.16 to 5.51), new-

onset atrial fibrillation (RR = 1.29; 95% CI = 1.00 to 1.66),

cardiovascular death (RR = 2.25; 95% CI = 1.28 to 3.96), and

revascularization (RR = 2.21; 95% CI = 1.28 to 3.80), respectively.
Sensitivity analysis and publication bias

Results of sensitivity analysis indicated that all the pooled

estimates were stable, which stated that our results were reliable

(Supplementary Figures S1–S3). When repeating the meta-

analysis, deleting one study at a time confirmed that the

incidence of MACE, all-cause mortality, and recurrent MI was

significantly higher in the high TMAO level group than in the

low TMAO level group.

Furthermore, the funnel plot indicated no publication bias

(Supplementary Figure S5). Also, both Begg test and Egger test

did not show publication bias in MACE (Begg’s test, P = 0.327;

Egger’s test, P = 0.135), all-cause mortality (Begg’s test, P = 0.602;

Egger’s test, P = 0.536), and recurrent MI (Begg’s test, P = 0.602;

Egger’s test, P = 0.547).
Discussion

This study is the first meta-analysis to examine the relationship

between TMAO levels and the prognosis of MI patients. The main

finding is that high levels of TMAO are significantly associated with

an increased risk of MACE including all-cause mortality, and

recurrent MI, indicating that TMAO may be an effective

biomarker for adverse cardiovascular events. There may be a

potential synergistic effect between TMAO and inflammation on

cardiovascular risk (29).
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Formerly published meta-analyses have presented that high

TMAO increased the risk of MACE or death events among

patients with chronic diseases (25, 27, 43), such as heart failure,

CHD, and CKD, consistent with our results. Besides, a previous

meta-analysis reported that TMAO level could not significantly

predict stroke (HR = 1.01; 95% CI = 0.84 to 1.22). Similar results

(RR = 2.01; 95% CI = 0.91 to 4.46) were found in the present

study. Therefore, these results must be considered carefully and

further investigated because only two articles were included to

examine the relationship between TMAO level and stroke in

both studies. Furthermore, other studies (23) demonstrated that

TMAO levels could predict other health conditions, including

hypertension, diabetes mellitus (DM), cancer, and kidney

function. Whether TMAO is, only a marker of cardiovascular

disease or even a mediator remains unclear. However, TMAO

may be involved in mechanisms and phases of the otosclerosis

process and complications (44, 45). TMAO, a bioactive molecule

that accelerates atherosclerotic plaque progression, is associated

with unstable plaques, rupture (13), and the risk of long-term

cardiovascular events in patients with acute coronary syndrome

(14). An increasing number of studies suggest that TMAO may

be a promising cardiovascular risk marker. Therefore, TMAO

may partially explain the long-standing puzzle of residual

cardiovascular risk.

Our results reported significant heterogeneity. This meta-

analysis performed sensitivity and sub-group analysis to

investigate the source of heterogeneity. First, the results of our

study indicated that our results were stable. In other words, the

correlations between TMAO level and MACE, all-cause

mortality, and MI recurrence were significant and stable. Based

on the study design, the included studies were classified into two

groups: prospective and retrospective. The I2 for MACE was

relatively low. At the same time, only one study was

retrospective. Hence, the different study designs included in the
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FIGURE 2

Forest plot of trimethylamine-N-oxide levels in major adverse cardiovascular events, all-cause mortality, recurrent myocardial infarction, and stroke
after myocardial infarction. Each study is represented by a square and a horizontal line, which represents its relative risk and corresponding 95% CI,
respectively. The area of the square is proportional to the weight of the study in the pooled analysis. The studies are sorted by weight in the plot and
study design. The pooled random-effects estimate and its 95% CI are represented by a red dashed vertical line and diamond. The vertical black line at
1.0 indicates no effect of TMAO on major adverse cardiovascular events, all-cause mortality, recurrent myocardial infarction, and stroke after
myocardial infarction.

Li et al. 10.3389/fcvm.2024.1334730
study may be sources of variability explaining the relationship

between TMAO and MACE in MI patients.

Furthermore, our results reported that the geographical

location of the population in the study did not affect the

relationship between TMAO levels and MACE after MI.

Individual distribution of TMAO blood concentration might be

affected by different consumption of TMAO-producing foods.

Some studies indicated that TMAO is a circulating metabolic

product produced by the gut microbiota, involving abundant

nutritional precursors in Western diets (46–48). However, our

findings should be taken cautiously due to the limited number of

studies (one study in the USA and Poland, respectively). Besides,

compared with retrospective studies, our subgroup analysis

did not show any significant differences in MACE in

prospective studies.
Frontiers in Cardiovascular Medicine 06
In the current study, only two studies in our meta-analysis

examined the association of TMAO levels with SYNTAX score

and multivessel, respectively. Besides, one study examined the

association of TMAO with recurrent heart failure, new-onset

atrial fibrillation, cardiovascular death, and revascularization,

respectively. Therefore, these results need to be considered

carefully and further investigated.
Implications

Our results indicated that decreasing TMAO is a worthwhile

intervention strategy to explore. Effective interventions to alter

the gut microbiota composition and thus reduce TMAO

production or increase TMAO clearance can effectively prevent
frontiersin.org
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FIGURE 3

Forest plot of trimethylamine-N-oxide levels in SYNTAX score and multivessel disease after myocardial infarction. Each study is represented by a
square and a horizontal line, which represents its relative risk and corresponding 95% CI, respectively. The area of the square is proportional to the
weight of the study in the pooled analysis. The studies are sorted by weight in the plot and study design. The pooled random-effects estimate and
its 95% CI are represented by a red dashed vertical line and diamond. The vertical black line at 1.0 indicates no effect of TMAO on SYNTAX score
and multivessel disease after myocardial infarction.

Li et al. 10.3389/fcvm.2024.1334730
the development of CVD. However, studies exploring the effects of

diet, drugs, and lifestyle on flora in populations need better and

more credible data. More in-depth studies are required to unravel

the mechanisms of action of gut microbiota and their metabolites.

The severity of CVD can be assessed by identifying individuals

with elevated cardiovascular risk through the detection of TMAO

levels in asymptomatic populations and by monitoring changes in

TMAO levels, and the correlation between gut microbiota and

TMAO can be analyzed. The correlation between gut microbiota

and TMAO will be analyzed, and relevant bacteria will be selected

for targeted therapy, opening up a new direction for preventing

and treating CVD. TMAO is a small organic compound that is

formed by the oxidation of trimethylamine in the host liver by

flavin monooxygenases. In the body, foods rich in choline,

lecithin, and L-carnitine, such as red meat, eggs, dairy products,

and salted fish, are metabolized by the gut microbiota to produce

the precursor trimethylamine (49). Koeth et al. (50) found that

plasma levels of choline, betaine, and TMAO were associated with

an increased risk of CVD, and the formation of TMAO was

predictive, especially choline and L-carnitine. Given this, non-

pharmacological strategies can regulate the gut microbiota to

reduce TMAO levels, thereby reducing the risk of cardiovascular

disease, including diets and food supplements rich in bioactive

compounds or nutrients.
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Limitations

Current meta-analysis should pay attention to several

limitations. Firstly, the number of studies included in our meta-

analysis is relatively small. For example, only three studies

examined the relationships between TMAO levels and all-cause

mortality and recurrent MI, respectively. Therefore, the results

should be interpreted with caution. Secondly, the definition of

elevated TMAO levels varies among different studies. For

example, Zhao et al. (39) considered 2.86 μmol as cut-off value

of TMAO level. Zhou et al. (31) reported that the cut-off value

of TMAO were classified into “high” (≥4.5 μmol) or “low”

(<4.5 μmol). Therefore, our results could be unstable due to the

different definition of elevated TMAO level. Thirdly,

environmental factors (e.g., dietary intake) could influence the

gut microbiota (51, 52) and might, this in turn affects the levels

of TMAO and its precursors in the blood (46). However, only a

detailed assessment of dietary intake was provided in some

included studies. Therefore, further research is needed to

investigate the potential role of nutritional factors in the

metabolism of gut microbiota and prognosis in MI patients.

Finally, most participants in all the included studies were from

Asia, USA, and Europe. Therefore, our findings may not apply to

other ethnic populations, such as Australians and Africans. The
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relationship between TMAO and MI prognosis should also be

examined among Australians and Africans.
Conclusion

TMAO could be an effective biomarker for adverse

cardiovascular events. Our research results show a significant

positive correlation between TMAO levels and MACE, all-cause

mortality, and recurrent MI after MI. Further research needs to

investigate whether TMAO’s precursors might influence the

prognosis in patients with MI.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding author.
Author contributions

XL: Conceptualization, Methodology, Project administration,

Resources, Visualization, Writing – original draft, Writing –

review & editing. YW: Conceptualization, Formal Analysis,

Methodology, Resources, Visualization, Writing – original draft,

Writing – review & editing. JX: Investigation, Methodology,

Project administration, Resources, Writing – original draft,

Writing – review & editing. KL: Methodology, Project

administration, Resources, Software, Writing – original draft,

Writing – review & editing. TD: Conceptualization,

Methodology, Project administration, Resources, Writing –

original draft, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Frontiers in Cardiovascular Medicine 08
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcvm.2024.

1334730/full#supplementary-material

SUPPLEMENTARY FIGURE S1

Sensitivity analysis of trimethylamine-N-oxide levels in major adverse
cardiovascular events after myocardial infarction.

SUPPLEMENTARY FIGURE S2

Sensitivity analysis of trimethylamine-N-oxide levels in all-cause mortality
after myocardial infarction.

SUPPLEMENTARY FIGURE S3

Sensitivity analysis of trimethylamine-N-oxide levels in recurrent myocardial
infarction after myocardial infarction.

SUPPLEMENTARY FIGURE S4

Subgroup analyses of the association between trimethylamine-N-oxide
levels on major adverse cardiovascular according to study design (A) and
geographical location of populations (B).

SUPPLEMENTARY FIGURE S5

Funnel plot in major adverse cardiovascular events (A), all-cause mortality
(B), and recurrent myocardial infarction (C).
References
1. Ralapanawa U, Sivakanesan R. Epidemiology and the magnitude of coronary
artery disease and acute coronary syndrome: a narrative review. J Epidemiol Glob
Health. (2021) 11:169–77. doi: 10.2991/jegh.k.201217.001

2. Hong C, Zhu H, Zhou X, Zhai X, Li S, Ma W, et al. Association of blood urea
nitrogen with cardiovascular diseases and all-cause mortality in USA adults: results
from NHANES 1999–2006. Nutrients. (2023) 15:461–72. doi: 10.3390/nu15020461

3. China Wcotrochadi. Report on cardiovascular health and diseases in China 2021:
an updated summary. Biomed Environ Sci. (2022) 35:573–603. doi: 10.26599/1671-
5411.2023.06.001

4. Rossello X, Bueno H, Pocock SJ, Van de Werf F, Danchin N, Annemans L, et al.
Predictors of all-cause mortality and ischemic events within and beyond 1 year after
an acute coronary syndrome: results from the EPICOR registry. Clin Cardiol. (2019)
42:111–9. doi: 10.1002/clc.23116

5. Park DW, Clare RM, Schulte PJ, Pieper KS, Shaw LK, Califf RM, et al. Extent,
location, and clinical significance of non-infarct-related coronary artery disease
among patients with ST-elevation myocardial infarction. JAMA. (2014)
312:2019–27. doi: 10.1001/jama.2014.15095

6. Sorajja P, Gersh BJ, Cox DA, McLaughlin MG, Zimetbaum P, Costantini C,
et al. Impact of multivessel disease on reperfusion success and clinical outcomes
in patients undergoing primary percutaneous coronary intervention for acute
myocardial infarction. Eur Heart J. (2007) 28:1709–16. doi: 10.1093/eurheartj/
ehm184

7. Winter MP, Wiesbauer F, Blessberger H, Pavo N, Sulzgruber P, Huber K, et al.
Lipid profile and long-term outcome in premature myocardial infarction. Eur J Clin
Invest. (2018) 48:e13008. doi: 10.1111/eci.13008

8. Li CK, Xu Z, Ho J, Lakhani I, Liu YZ, Bazoukis G, et al. Association of NPAC
score with survival after acute myocardial infarction. Atherosclerosis. (2020)
301:30–6. doi: 10.1016/j.atherosclerosis.2020.03.004

9. Tang WH, Hazen SL. Microbiome, trimethylamine N-oxide, and cardiometabolic
disease. Transl Res. (2017) 179:108–15. doi: 10.1016/j.trsl.2016.07.007
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcvm.2024.1334730/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1334730/full#supplementary-material
https://doi.org/10.2991/jegh.k.201217.001
https://doi.org/10.3390/nu15020461
https://doi.org/10.26599/1671-5411.2023.06.001
https://doi.org/10.26599/1671-5411.2023.06.001
https://doi.org/10.1002/clc.23116
https://doi.org/10.1001/jama.2014.15095
https://doi.org/10.1093/eurheartj/ehm184
https://doi.org/10.1093/eurheartj/ehm184
https://doi.org/10.1111/eci.13008
https://doi.org/10.1016/j.atherosclerosis.2020.03.004
https://doi.org/10.1016/j.trsl.2016.07.007
https://doi.org/10.3389/fcvm.2024.1334730
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Li et al. 10.3389/fcvm.2024.1334730
10. Janeiro MH, Ramírez MJ, Milagro FI, Martínez JA, Solas M. Implication of
trimethylamine N-oxide (TMAO) in disease: potential biomarker or new
therapeutic target. Nutrients. (2018) 10:1398–419. doi: 10.3390/nu10101398

11. Cho CE, Caudill MA. Trimethylamine-N-Oxide: friend, foe, or simply caught in the
cross-fire? Trends Endocrinol Metab. (2017) 28:121–30. doi: 10.1016/j.tem.2016.10.005

12. Barrea L, Annunziata G, Muscogiuri G, Di Somma C, Laudisio D, Maisto M,
et al. Trimethylamine-N-oxide (TMAO) as novel potential biomarker of early
predictors of metabolic syndrome. Nutrients. (2018) 10:1971–89. doi: 10.3390/
nu10121971

13. Geng J, Yang C, Wang B, Zhang X, Hu T, Gu Y, et al. Trimethylamine N-oxide
promotes atherosclerosis via CD36-dependent MAPK/JNK pathway. Biomed
Pharmacother. (2018) 97:941–7. doi: 10.1016/j.biopha.2017.11.016

14. Senthong V, Wang Z, Fan Y, Wu Y, Hazen SL, Tang WH. Trimethylamine N-
oxide and mortality risk in patients with peripheral artery disease. J Am Heart Assoc.
(2016) 5:1–8. doi: 10.1161/JAHA.116.004237

15. Chen ML, Zhu XH, Ran L, Lang HD, Yi L, Mi MT. Trimethylamine-N-Oxide
induces vascular inflammation by activating the NLRP3 inflammasome through the
SIRT3-SOD2-mtROS signaling pathway. J Am Heart Assoc. (2017) 6:1–17. doi: 10.
1161/JAHA.117.006347

16. Sun X, Jiao X, Ma Y, Liu Y, Zhang L, He Y, et al. Trimethylamine N-oxide
induces inflammation and endothelial dysfunction in human umbilical vein
endothelial cells via activating ROS-TXNIP-NLRP3 inflammasome. Biochem
Biophys Res Commun. (2016) 481:63–70. doi: 10.1016/j.bbrc.2016.11.017

17. Li X, Fan Z, Cui J, Li D, Lu J, Cui X, et al. Trimethylamine N-oxide in heart
failure: a meta-analysis of prognostic value. Front Cardiovasc Med. (2022) 9:817396.
doi: 10.3389/fcvm.2022.817396

18. Abbasalizad Farhangi M, Vajdi M. Gut microbiota-associated trimethylamine N-
oxide and increased cardiometabolic risk in adults: a systematic review and dose-
response meta-analysis. Nutr Rev. (2021) 79:1022–42. doi: 10.1093/nutrit/nuaa111

19. Chen G, He L, Dou X, Liu T. Association of trimethylamine-N-oxide levels with
risk of cardiovascular disease and mortality among elderly subjects: a systematic
review and meta-analysis. Cardiorenal Med. (2022) 12:39–54. doi: 10.1159/000520910

20. Tang WHW, Li DY, Hazen SL. Dietary metabolism, the gut microbiome, and
heart failure. Nat Rev Cardiol. (2019) 16:137–54. doi: 10.1038/s41569-018-0108-7

21. Schiattarella GG, Sannino A, Toscano E, Giugliano G, Gargiulo G, Franzone A,
et al. Gut microbe-generated metabolite trimethylamine-N-oxide as cardiovascular
risk biomarker: a systematic review and dose-response meta-analysis. Eur Heart J.
(2017) 38:2948–56. doi: 10.1093/eurheartj/ehx342

22. Heianza Y, Ma W, Manson JE, Rexrode KM, Qi L. Gut microbiota metabolites
and risk of Major adverse cardiovascular disease events and death: a systematic review
and meta-analysis of prospective studies. J Am Heart Assoc. (2017) 6:1–20. doi: 10.
1161/JAHA.116.004947

23. Li D, Lu Y, Yuan S, Cai X, He Y, Chen J, et al. Gut microbiota-derived metabolite
trimethylamine-N-oxide and multiple health outcomes: an umbrella review and
updated meta-analysis. Am J Clin Nutr. (2022) 116:230–43. doi: 10.1093/ajcn/nqac074

24. Guasti L, Galliazzo S, Molaro M, Visconti E, Pennella B, Gaudio GV, et al.
TMAO As a biomarker of cardiovascular events: a systematic review and meta-
analysis. Intern Emerg Med. (2021) 16:201–7. doi: 10.1007/s11739-020-02470-5

25. Yao ME, Liao PD, Zhao XJ, Wang L. Trimethylamine-N-oxide has prognostic
value in coronary heart disease: a meta-analysis and dose-response analysis. BMC
Cardiovasc Disord. (2020) 20(7):1–9. doi: 10.1186/s12872-019-01310-5

26. Zhou Z, Jin H, Ju H, Sun M, Chen H, Li L. Circulating trimethylamine-N-oxide
and risk of all-cause and cardiovascular mortality in patients with chronic kidney
disease: a systematic review and meta-analysis. Front Med. (2022) 9:828343. doi: 10.
3389/fmed.2022.828343

27. Li Y, Lu H, Guo J, Zhang M, Zheng H, Liu Y, et al. Gut microbiota-derived
trimethylamine N-oxide is associated with the risk of all-cause and cardiovascular
mortality in patients with chronic kidney disease: a systematic review and dose-response
meta-analysis. Ann Med. (2023) 55:2215542. doi: 10.1080/07853890.2023.2215542

28. Li N, Wang Y, Zhou J, Chen R, Li J, Zhao X, et al. Association between the
changes in trimethylamine N-oxide-related metabolites and prognosis of patients
with acute myocardial infarction: a prospective study. J Cardiovasc Dev Dis. (2022)
9:380–96. doi: 10.3390/jcdd9110380

29. Li N, Zhou J, Wang Y, Chen R, Li J, Zhao X, et al. Association between
trimethylamine N-oxide and prognosis of patients with acute myocardial infarction
and heart failure. ESC Heart Fail. (2022) 9:3846–57. doi: 10.1002/ehf2.14009

30. Suzuki T, Heaney LM, Jones DJ, Ng LL. Trimethylamine N-oxide and risk
stratification after acute myocardial infarction. Clin Chem. (2017) 63:420–8. doi: 10.
1373/clinchem.2016.264853

31. Zhou X, Jin M, Liu L, Yu Z, Lu X, Zhang H. Trimethylamine N-oxide and
cardiovascular outcomes in patients with chronic heart failure after myocardial
infarction. ESC Heart Fail. (2020) 7:188–93. doi: 10.1002/ehf2.12552
Frontiers in Cardiovascular Medicine 09
32. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD,
et al. The PRISMA 2020 statement: an updated guideline for reporting systematic
reviews. Br Med J. (2021) 372:n71. doi: 10.1136/bmj.n71

33. Head SJ, Farooq V, Serruys PW, Kappetein AP. The SYNTAX score and its
clinical implications. Heart. (2014) 100:169–77. doi: 10.1136/heartjnl-2012-302482

34. Wells G. The Newcastle-Ottawa Scale (NOS) for assessing the quality of non-
randomised studies in meta-analyses. In Symposium on Systematic Reviews: Beyond
the Basics (2014). Available online at: https://www.ohri.ca/programs/
clinical_epidemiology/oxford.asp (accessed October 24, 2024).

35. Didari T, Mozaffari S, Nikfar S, Abdollahi M. Effectiveness of probiotics in
irritable bowel syndrome: updated systematic review with meta-analysis. World
J Gastroenterol. (2015) 21:3072–84. doi: 10.3748/wjg.v21.i10.3072

36. DerSimonian R, Kacker R. Random-effects model for meta-analysis of clinical
trials: an update. Contemp Clin Trials. (2007) 28:105–14. doi: 10.1016/j.cct.2006.04.004

37. Gąsecka A, Fidali O, Kłębukowska A, Jasińska-Gniadzik K, Szwed P, Witkowska
K, et al. Plasma concentration of TMAO is an independent predictor of adverse
outcomes in patients after acute myocardial infarction. Postepy Kardiol
Interwencyjnej. (2023) 19:31–9. doi: 10.5114/aic.2022.123884

38. Gencer B, Li XS, Gurmu Y, Bonaca MP, Morrow DA, Cohen M, et al. Gut
microbiota-dependent trimethylamine N-oxide and cardiovascular outcomes in
patients with prior myocardial infarction: a nested case control study from the
PEGASUS-TIMI 54 trial. J Am Heart Assoc. (2020) 9:e015331. doi: 10.1161/JAHA.
119.015331

39. Zhao S, Tian Y, Wang S, Yang F, Xu J, Qin Z, et al. Prognostic value of
gut microbiota-derived metabolites in patients with ST-segment elevation
myocardial infarction. Am J Clin Nutr. (2023) 117:499–508. doi: 10.1016/j.
ajcnut.2022.12.013

40. Sheng Z, Tan Y, Liu C, Zhou P, Li J, Zhou J, et al. Relation of circulating
trimethylamine N-oxide with coronary atherosclerotic burden in patients with ST-
segment elevation myocardial infarction. Am J Cardiol. (2019) 123:894–8. doi: 10.
1016/j.amjcard.2018.12.018

41. Aldujeli A, Patel R, Grabauskyte I, Hamadeh A, Lieponyte A, Tatarunas V, et al.
The impact of trimethylamine N-oxide and coronary microcirculatory dysfunction on
outcomes following ST-elevation myocardial infarction. J Cardiovasc Dev Dis. (2023)
10:197–208. doi: 10.3390/jcdd10050197

42. Waleed KB, Tse G, Lu YK, Peng CN, Tu H, Ding LG, et al. Trimethylamine N-
oxide is associated with coronary atherosclerotic burden in non-ST-segment
myocardial infarction patients: SZ-NSTEMI prospective cohort study. Rev
Cardiovasc Med. (2021) 22:231–8. doi: 10.31083/j.rcm.2021.01.299

43. Li W, Huang A, Zhu H, Liu X, Huang X, Huang Y, et al. Gut microbiota-derived
trimethylamine N-oxide is associated with poor prognosis in patients with heart
failure. Med J Aust. (2020) 213:374–9. doi: 10.5694/mja2.50781

44. Wang Z, Zhao Y. Gut microbiota derived metabolites in cardiovascular health
and disease. Protein Cell. (2018) 9:416–31. doi: 10.1007/s13238-018-0549-0

45. Zhu W, Wang Z, Tang WHW, Hazen SL. Gut microbe-generated
trimethylamine N-oxide from dietary choline is prothrombotic in subjects.
Circulation. (2017) 135:1671–3. doi: 10.1161/CIRCULATIONAHA.116.025338

46. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, et al. Intestinal
microbiota metabolism of L-carnitine, a nutrient in red meat, promotes
atherosclerosis. Nat Med. (2013) 19:576–85. doi: 10.1038/nm.3145

47. Wang Z, Tang WH, Buffa JA, Fu X, Britt EB, Koeth RA, et al. Prognostic value of
choline and betaine depends on intestinal microbiota-generated metabolite
trimethylamine-N-oxide. Eur Heart J. (2014) 35:904–10. doi: 10.1093/eurheartj/
ehu002

48. Li XS, Wang Z, Cajka T, Buffa JA, Nemet I, Hurd AG, et al. Untargeted
metabolomics identifies trimethyllysine, a TMAO-producing nutrient precursor, as a
predictor of incident cardiovascular disease risk. JCI Insight. (2018) 3:1–18. doi: 10.
1172/jci.insight.99096

49. Zeisel SH, Warrier M. Trimethylamine N-oxide, the microbiome, and heart and
kidney disease. Annu Rev Nutr. (2017) 37:157–81. doi: 10.1146/annurev-nutr-071816-
064732

50. Koeth RA, Lam-Galvez BR, Kirsop J, Wang Z, Levison BS, Gu X, et al. l-
Carnitine in omnivorous diets induces an atherogenic gut microbial pathway in
humans. J Clin Invest. (2019) 129:373–87. doi: 10.1172/JCI94601

51. Kahleova H, Rembert E, Alwarith J, Yonas WN, Tura A, Holubkov R, et al.
Effects of a low-fat vegan diet on gut Microbiota in overweight individuals and
relationships with body weight, body composition, and insulin sensitivity. A
randomized clinical trial. Nutrients. (2020) 12:1917–2932. doi: 10.3390/nu12102917

52. Sakkas H, Bozidis P, Touzios C, Kolios D, Athanasiou G, Athanasopoulou E,
et al. Nutritional status and the influence of the vegan diet on the gut
microbiota and human health. Medicina. (2020) 56:88–102. doi: 10.3390/
medicina56020088
frontiersin.org

https://doi.org/10.3390/nu10101398
https://doi.org/10.1016/j.tem.2016.10.005
https://doi.org/10.3390/nu10121971
https://doi.org/10.3390/nu10121971
https://doi.org/10.1016/j.biopha.2017.11.016
https://doi.org/10.1161/JAHA.116.004237
https://doi.org/10.1161/JAHA.117.006347
https://doi.org/10.1161/JAHA.117.006347
https://doi.org/10.1016/j.bbrc.2016.11.017
https://doi.org/10.3389/fcvm.2022.817396
https://doi.org/10.1093/nutrit/nuaa111
https://doi.org/10.1159/000520910
https://doi.org/10.1038/s41569-018-0108-7
https://doi.org/10.1093/eurheartj/ehx342
https://doi.org/10.1161/JAHA.116.004947
https://doi.org/10.1161/JAHA.116.004947
https://doi.org/10.1093/ajcn/nqac074
https://doi.org/10.1007/s11739-020-02470-5
https://doi.org/10.1186/s12872-019-01310-5
https://doi.org/10.3389/fmed.2022.828343
https://doi.org/10.3389/fmed.2022.828343
https://doi.org/10.1080/07853890.2023.2215542
https://doi.org/10.3390/jcdd9110380
https://doi.org/10.1002/ehf2.14009
https://doi.org/10.1373/clinchem.2016.264853
https://doi.org/10.1373/clinchem.2016.264853
https://doi.org/10.1002/ehf2.12552
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/heartjnl-2012-302482
https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://doi.org/10.3748/wjg.v21.i10.3072
https://doi.org/10.1016/j.cct.2006.04.004
https://doi.org/10.5114/aic.2022.123884
https://doi.org/10.1161/JAHA.119.015331
https://doi.org/10.1161/JAHA.119.015331
https://doi.org/10.1016/j.ajcnut.2022.12.013
https://doi.org/10.1016/j.ajcnut.2022.12.013
https://doi.org/10.1016/j.amjcard.2018.12.018
https://doi.org/10.1016/j.amjcard.2018.12.018
https://doi.org/10.3390/jcdd10050197
https://doi.org/10.31083/j.rcm.2021.01.299
https://doi.org/10.5694/mja2.50781
https://doi.org/10.1007/s13238-018-0549-0
https://doi.org/10.1161/CIRCULATIONAHA.116.025338
https://doi.org/10.1038/nm.3145
https://doi.org/10.1093/eurheartj/ehu002
https://doi.org/10.1093/eurheartj/ehu002
https://doi.org/10.1172/jci.insight.99096
https://doi.org/10.1172/jci.insight.99096
https://doi.org/10.1146/annurev-nutr-071816-064732
https://doi.org/10.1146/annurev-nutr-071816-064732
https://doi.org/10.1172/JCI94601
https://doi.org/10.3390/nu12102917
https://doi.org/10.3390/medicina56020088
https://doi.org/10.3390/medicina56020088
https://doi.org/10.3389/fcvm.2024.1334730
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Association between trimethylamine N-oxide and prognosis of patients with myocardial infarction: a meta-analysis
	Introduction
	Methods
	Search strategy
	Selection criteria
	Inclusion criteria
	Screening and data extraction
	Study quality assessment
	Statistical analysis

	Results
	Study selection
	Study characteristics
	Study quality
	Association of TMAO with MACE, all-cause mortality, recurrent MI and stroke after MI
	Association of TMAO with SYNTAX score and multivessel disease after MI
	Sensitivity analysis and publication bias

	Discussion
	Implications
	Limitations
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


