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Introduction: The relationship between baseline trimethylamine N-oxide (TMAO)

levels and stroke outcomes remains unclear. Therefore, this systematic review

aimed to summarize the existing relevant research.

Methods: We searched for studies on the association between baseline plasma

levels of TMAO and stroke outcomes in the PubMed, EMBASE, Web of Science,

and Scopus databases from their inception to 12 October 2022. Two researchers

independently reviewed the studies for inclusion and extracted the relevant data.

Results: Seven studies were included in the qualitative analysis. Among them, six

studies reported the outcome of acute ischemic stroke (AIS) and one study of

intracerebral hemorrhage (ICH), respectively. Furthermore, no study reported the

outcome of subarachnoid hemorrhage. Among patients with AIS, high baseline

TMAO levels were associated with unfavorable functional outcomes or mortality

at 3 months, as well as a high hazard ratio of mortality, recurrence, or major

adverse cardiac event. Moreover, TMAO levels showed predictive utility for

unfavorable functional outcomes or mortality at 3 months. Among patients with

ICH, high TMAO levels were associated with unfavorable functional outcomes at

3 months, regardless of whether the TMAO value was considered a continuous or

a categorical variable.

Conclusion: Limited evidence indicates that high baseline plasma levels of TMAO

may be associated with poor stroke outcomes. Further studies are warranted to

confirm the relationship between TMAO and stroke outcomes.
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1. Introduction

In China,∼1.5–2 million newly diagnosed and recurrent cases of stroke occur annually,

which makes it the leading cause of acquired disability and mortality among Chinese

adults, and thus a huge burden on health resources (Liu et al., 2007, 2011). Therefore,

proactive measures for the prompt assessment of risk factors affecting stroke severity and

prognosis are required to improve stroke outcomes and reduce the disease burden of stroke.
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Gut microbes can influence human health and disease by

metabolizing substrates from the diet and host to produce

bioactive compounds, including signaling compounds, biological

precursors, and toxins (Clemente et al., 2012; Tremaroli and

Bäckhed, 2012; Dinan and Cryan, 2017). Trimethylamine N-oxide

(TMAO) is an oxidative metabolite produced by gut microbes that

metabolize choline-containing lipids and carnitine-like molecules.

Circulating TMAO levels are positively correlated with the risk of

stroke (Zhang and Yao, 2022). However, the relationship between

circulating TMAO levels and stroke outcomes remains unclear.

Different studies have explored the relationship between circulating

TMAO levels and stroke outcomes with varying stroke subtypes,

outcome types, or treatment measures. Therefore, we aimed to

conduct a systematic review to summarize the relevant literature.

2. Methods

The study protocol of this systematic review was not pre-

registered; however, we strictly followed the Preferred Reporting

Items for Systematic Reviews and Meta-Analysis (PRISMA)

guidelines (Moher et al., 2009).

2.1. Search strategy

PubMed, EMBASE, Web of Science, and Scopus databases

were searched for studies on the relationship between plasma

TMAO levels and stroke outcomes from their inception to 12

October 2022. We used the following search terms: TMAO,

stroke, cerebrovascular disease, ischemic infarction, ischemic

infarction, ischemic brain infarction, cerebrovascular accident,

intracerebral hemorrhage, intracerebral hemorrhage (ICH),

subarachnoid hemorrhage, and subarachnoid hemorrhage (SAH).

The detailed search strategy used in each database is provided in

the Supplementary material (Supplementary Appendix S1). The

reference list of each included study was also manually searched

for other relevant studies.

2.2. Study selection and quality assessment

The eligibility criteria were as follows: (1) original study

involving patients with stroke [acute ischemic stroke (AIS), ICH,

or SAH]; (2) studies reporting on the relationship between baseline

plasma levels of TMAO and stroke outcomes [3-month unfavorable

functional outcome (modified Rankin Scale score≥ 3) or mortality,

hazard ratio (HR) of mortality, stroke recurrence, or major adverse

cardiac event (MACE)]; (3) studies having included≥ 100 patients;

and (4) those reporting the relevant effect sizes [odds ratio

(OR), HR, or area under curve (AUC)], and its corresponding

95% confidence interval (CI). For multiple studies involving

the same patient source, the research team determined which

study to be included in this systematic review. Retrieved articles

were independently evaluated by two authors (P.Z. and Z.N.G.).

Differences between the authors were settled through discussions

with a third person.

The Newcastle–Ottawa Scale was used to assess the

quality of the included studies, which is commonly used

for case–control and cohort studies (Wells et al., 2010). It

assesses eight items in three major modules: study population

selection, comparability, and exposure/outcome evaluation.

Two authors (P.Z. and Y.Q.) independently completed the

quality evaluation process, with disagreements being resolved

through discussion.

2.3. Data extraction and analysis

Four authors of the included studies were contacted for

additional information. However, no responses were received. We

extracted the following information from the included studies: first

author, year of publication, country, number of included patients,

mean age, sex ratio, treatment, characteristics of the TMAO

detection methods, and covariates adjusted in the multivariable

model. Two authors completed the data extraction process. First,

one author (Y.Q.) independently extracted the data from the

included studies, and then, the data were checked by another

author (Z.N.G.). We did not perform data synthesis, given the

large among-study heterogeneity and the limited number of

articles available.

3. Results

3.1. Search results of the included studies

We retrieved 698 articles from PubMed, EMBASE, Web of

Science, and Scopus databases. There were no relevant articles

detected from other sources. After removing duplicate articles, we

screened the titles and abstracts of 301 articles; among them, 289

articles were excluded at this stage [conference abstract (n = 41),

comment (n = 10), review (n = 85), not relevant (n = 131), letter

(n = 8), protocol (n = 1), animal study (n = 10), and erratum (n

= 3)]. Of the remaining 12 articles eligible for full-text screening,

3 articles were excluded for having the same source of the study

population, for reporting outcomes other than those relevant to this

study (n = 1), and for having a sample size < 100 (n = 1). Finally,

seven articles were included in the qualitative analysis. Figure 1

shows the detailed process of article screening. The seven included

studies were published between 2019 and 2022; furthermore, six

and one studies were conducted in China and Korea, respectively.

Additionally, six and one studies reported outcomes of AIS

and ICH, respectively, with no study reporting the outcomes

of SAH. Table 1 summarizes the main characteristics of the

included studies.

3.2. Quality assessment of the included
studies

The Newcastle–Ottawa scale scores for six and one studies

were 8 and 7, respectively (Table 2). The quality of these studies

was considered to meet the requirements for inclusion in a

systematic review.
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FIGURE 1

Summary of the study selection process.

3.3. Acute ischemic stroke

3.3.1. Three-month unfavorable functional
outcome

Four studies examined the association between TMAO levels

and unfavorable functional outcomes at 3 months after AIS; among

them, three (Tan et al., 2020; Zhang et al., 2021; Chen et al., 2022)

and two (Zhai et al., 2019; Zhang et al., 2021) studies treated

TMAO levels as continuous and categorical variables, respectively.

Furthermore, three studies reported the AUC of TMAO for

predicting 3-month unfavorable functional outcomes (Zhai et al.,

2019; Tan et al., 2020; Zhang et al., 2021). Notably, one study used

different concentration units for TMAO (pg/ml) compared with

the other studies (Chen et al., 2022), another study reported log2-

transformed TMAO levels (Tan et al., 2020), and another study

excluded patients who were treated with intravenous thrombolysis

or endovascular therapy (Zhai et al., 2019). These studies are

shown in Table 3. All four studies reported a positive association

between high TMAO levels and unfavorable functional outcomes

at 3 months.

3.3.2. Three-month mortality
Two studies reported the relationship between TMAO levels

and the 3-month mortality after AIS; among them, one (Zhang

et al., 2021) and two (Zhai et al., 2019; Zhang et al., 2021) studies

treated the TMAO concentration as continuous and categorical

variables, respectively. Additionally, two studies reported the AUC

of TMAO for predicting 3-month mortality (Zhai et al., 2019;

Zhang et al., 2021). One study excluded patients who received

intravenous thrombolysis or endovascular therapy (Zhai et al.,

2019). Table 3 shows detailed information. Both studies reported

a positive association between high TMAO levels and the 3-

month mortality.

3.3.3. HR of mortality, stroke recurrence, or MACE
One study examined the relationship between TMAO levels

and the HR of mortality (Xu et al., 2021), another study examined

the HR of recurrence (Xu et al., 2021), and three other studies

examined the HR of MACE (Table 3) (Nam et al., 2019; Xu et al.,

2021; Chen et al., 2022). These studies showed that high TMAO

levels were associated with shorter survival of mortality, recurrence,

and MACE.

3.4. Intracerebral hemorrhage

One study explored the association between TMAO levels and

outcomes in patients with ICH. Zhai et al. (2021) reported that,
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Zhai et al., 2019 China AIS 225 68.5 55.1 Without EVT

and IVT

Plasma Within 24 h NR LC-MS/MS No

Chen et al., 2022 China AIS with LAA 291 61.68± 7.27 54.6 Not limited Fasting,

Plasma

Within 72 h Within 24 h LC-MS/MS -

Zhang et al., 2021 China AIS 351 66 (55, 74) 50.4 Not limited Fasting,

Plasma

Within 24 h Within 24 h HPLC-MS/MS Yes

Tan et al., 2020 China AIS 204 59 (IQR: 21) 66.7 Not limited Fasting,

Plasma

Within 72 h Within 24 h LC-MS/MS Yes

Xu et al., 2021 China IS or TIA 10027 63 (54, 70) 68.6 Not limited Fasting,

Plasma

Within 7 days Within 24 h LC-MS/MS Yes

Zhai et al., 2021 China ICH 307 66.8 57.7 Not limited Fasting,

Plasma

Within 6 h Within 24 h UPLC-MS/MS No

Nam, 2019 Korea AIS with LAA,

CE or LI

357 68 (57, 75) 62 Not limited Fasting,

Plasma

NR Within 24 h LC-MS/MS Yes

AIS, acute ischemic stroke; LAA, large artery atherosclerotic; IS, ischemic stroke; ICH, intracerebral hemorrhage; CE, cardioembolism; LI, lacunar infarction; NIHSS, National Institutes of Health Stroke Scale; TMAO, trimethylamine-N-oxide; NR, not report;

LC-MS/MS, liquid chromatography-mass spectrometry/mass spectrometry; HPLC-MS/MS, high-performance LC-MS/MS; UPLC-MS/MS, ultra-performance LC-MS/MS; NR, not report; IQR, interquartile range.
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TABLE 2 Newcastle–Ottawa quality assessment scale (NOS) for the included studies.

Study Selection Comparability of
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of the design or
analysis
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Zhai et al.,

2019

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ 8

Chen et al.,

2022

∗ ∗ ∗ ∗ - ∗ ∗ ∗ 7

Zhang et al.,

2021

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ 8

Tan et al., 2020 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ 8

Xu et al., 2021 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ 8

Zhai et al.,

2021

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ 8

Nam, 2019 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ 8

after adjusting for potential confounders, the OR of the highest

quartile to the lowest quartile of TMAO levels for unfavorable

3-month functional outcomes (mRS ≥ 3) was 3.65 (95% CI, 1.43–

9.30; P = 0.007) (Zhai et al., 2021). Additionally, the TMAO level

as a continuous variable was independently associated with an

increased risk of unfavorable 3-month functional outcomes, with

an adjusted OR of 1.26 (95% CI, 1.09–1.45; P= 0.003).

4. Discussion

We systematically searched for studies on the relationship

between baseline TMAO levels and stroke outcomes. Although

we included a limited number of studies, both unadjusted and

adjusted data indicated a relationship between high TMAO levels

and poor post-stroke outcomes. High TMAO levels are associated

with unfavorable functional outcomes or mortality at 3 months, as

well as shorter survival of mortality, recurrence, or MACE.

TMAO production is dependent on the metabolism of

dietary choline and carnitine-based molecules by gut microbiota

(Craciun and Balskus, 2012). First, gut microbes enzymatically

produce trimethylamine (TMA) from the dietary components;

subsequently, TMA enters the circulation and is oxidized to

TMAO by flavin-containing monooxygenase in the liver (Wang

et al., 2011). TMAO is considered a potential mediator in the

pathogenesis of stroke and is closely related to the onset of stroke.

Sun et al. demonstrated that elevated TMAO levels may portend

an increased risk of first stroke after adjusting for important

covariates (Sun et al., 2021). Another study on patients who

underwent elective coronary angiography reported higher baseline

TMAO levels in patients with MACE than in patients without

MACE (Tang et al., 2013). When the MACE components were

separately analyzed, TMAO levels showed a significant positive

correlation with the risk of stroke (Tang et al., 2013). A recent

meta-analysis reported that circulating TMAO levels are positively

correlated with stroke risk, with stroke patients having higher levels

of TMAO compared to non-stroke patients (Zhang and Yao, 2022).

However, elevated levels of TMAO are presumed to be associated

with stroke outcomes. Animal studies have shown that high levels

of TMAO can increase the size of cerebral infarcts and lead to

functional deficits, thus directly affecting the severity of stroke

(Zhu et al., 2021). Recent clinical studies have also reported a

relationship between elevated TMAO levels and poor prognosis

in stroke patients (Zhai et al., 2019; Zhang et al., 2021). In this

systematic review, we have systematically summarized the relevant

literature, but the evidence remains insufficient, necessitating

further research to clarify the relationship between TMAO and

stroke outcomes.

TMAO is closely related to renal function. TMAO is excreted

by the kidneys; accordingly, patients with poor renal function have

increased plasma TMAO levels (Rhee et al., 2013; Tang et al., 2015).

Circulating TMAO levels in patients with renal dysfunction are

negatively correlated with renal function; moreover, abnormally

high TMAO levels gradually recover after kidney transplantation

(Stubbs et al., 2016). However, renal function is also associated

with stroke outcomes. Studies have indicated that chronic renal

failure accelerates atherosclerosis and arterial calcification even

though the underlying mechanism remains unclear (Buzello et al.,

2003; Massy et al., 2005). This may include increased blood levels

of calcium, phosphate, and intact parathyroid hormone, as well

as perturbed cholesterol metabolism and increased homocysteine

levels (Massy et al., 2005; Spence et al., 2016). Recent meta-analyses
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TABLE 3 Summary of the association between TMAO levels (µmol/L) and outcomes of acute ischemic stroke reported by the included studies (e�ect

size with its 95% confidence interval).

Types of
outcome

Unadjusted data Adjusted data

Number
of studies

Results extracted from the included
studies

Number
of studies

Results extracted from the included
studies

3-month unfavorable functional outcome (mRS ≥ 3)

Continuous 3 Chen et al.,

2022

1.10 (0.57–2.12)a 2 Zhang et al.,

2021

1.21 (1.07–1.35)

Zhang et al.,

2021

1.35 (1.25–1.46) Tan et al., 2020 1.43 (1.02–2.01)b

Tan et al., 2020 1.44 (1.06–1.97)b

Quartered 2 Zhai et al.,

2019

Q2 vs. Q1: 1.56 (0.73–3.33) 2 Zhai et al.,

2019

Q2 vs. Q1: 2.01 (0.79–5.11)

Q3 vs. Q1: 2.78 (1.29–5.98) Q3 vs. Q1: 2.65 (0.96–7.34)

Q4 vs. Q1: 3.09 (1.43–6.65) Q4 vs. Q1: 3.63 (1.34–9.82)

Zhang et al.,

2021

Q2 vs. Q1: 2.61 (1.12–6.12) Zhang et al.,

2021

Q2 vs. Q1: 1.43 (0.78–4.02)

Q3 vs. Q1: 5.43 (2.41–12.26) Q3 vs. Q1: 3.02 (1.34–6.12)

Q4 vs. Q1: 12.93 (5.88–28.42) Q4 vs. Q1: 5.65 (2.87–13.45)

AUC 3 Zhai et al.,

2019

0.63 (0.56–0.70) 0 - -

Zhang et al.,

2021

0.78 (0.72–0.83) - -

Tan et al., 2020 0.65 (0.54–0.71)b - -

3-month mortality

Continuous 1 Zhang et al.,

2021

1.36 (1.23–1.49) 1 Zhang et al.,

2021

1.24 (1.06–1.38)

Quartered 2 Zhai et al.,

2019

Q2 vs. Q1: 1.60 (0.53–4.83) 2 Zhai et al.,

2019

Q2 vs. Q1: 1.43 (0.34–6.05)

Q3 vs. Q1: 2.52 (0.88–7.20) Q3 vs. Q1: 1.89 (0.48–7.39)

Q4 vs. Q1: 5.64 (2.08–15.30) Q4 vs. Q1: 4.27 (1.07–17.07)

Zhang et al.,

2021

Q2 vs. Q1: 1.73 (0.40–7.46) Zhang et al.,

2021

Q2 vs. Q1: 0.89 (0.43–3.87)

Q3 vs. Q1: 4.15 (1.12–15.43) Q3 vs. Q1: 2.29 (0.83–6.03)

Q4 vs. Q1: 13.61 (3.95–46.82) Q4 vs. Q1: 5.84 (3.05–16.12)

AUC 2 Zhai et al.,

2019

0.69 (0.60–0.77) 0 - -

Zhang et al.,

2021

0.80 (0.74–0.87) - -

HR of mortality

Continuous 1 Xu et al., 2021 - 1 Xu et al., 2021 1.03 (1.00–1.06)

Quartered 1 Xu et al., 2021 Q2 vs. Q1: 0.81 (0.59–1.12) 1 Xu et al., 2021 Q2 vs. Q1: 0.93 (0.67–1.30)

Q3 vs. Q1: 0.91 (0.66–1.24) Q3 vs. Q1: 1.12 (0.80–1.56)

Q4 vs. Q1: 1.43 (1.08–1.90) Q4 vs. Q1: 1.39 (1.02–1.90)

HR of recurrence

Quartered 1 Xu et al., 2021 Q2 vs. Q1: 1.10 (0.90–1.35) 1 Xu et al., 2021 Q2 vs. Q1: 1.06 (0.87–1.30)

Q3 vs. Q1: 1.22 (1.00–1.49) Q3 vs. Q1: 1.20 (0.98–1.47)

Q4 vs. Q1: 1.59 (1.32–1.91) Q4 vs. Q1: 1.54 (1.26–1.88)

(Continued)
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TABLE 3 (Continued)

Types of
outcome

Unadjusted data Adjusted data

Number
of studies

Results extracted from the included
studies

Number
of studies

Results extracted from the included
studies

HR of MACE

Continuous 1 Xu et al., 2021 - 1 Xu et al., 2021 1.02 (1.01–1.04)

Dichotomous 2 Chen et al.,

2022

High vs. low: 4.16

(1.39–12.43)

2 Chen et al.,

2022

High vs. low: 3.13 (1.02–9.61)

Nam, 2019 TMAO cut off: 1.77

(1.11–2.83)

Nam, 2019 TMAO cut off: 1.69

(1.03–2.77)

Quartered 1 Xu et al., 2021 Q2 vs. Q1: 1.06 (0.88–1.27) 1 Xu et al., 2021 Q2 vs. Q1: 1.02 (0.85–1.23)

Q3 vs. Q1: 1.16 (0.97–1.38) Q3 vs. Q1: 1.13 (0.94–1.36)

Q4 vs. Q1: 1.55 (1.31–1.83) Q4 vs. Q1: 1.45 (1.21–1.74)

apg/ml for baseline TMAO.
b log2-transformed baseline TMAO.

TMAO, trimethylamine-N-oxide; mRS, modified Rankin Scale; AUC, area under the curve; MACE, major adverse cardiac event.

have demonstrated a relationship between renal impairment at

admission with 3-month poor functional outcomes and mortality

in patients with AIS treated with intravenous thrombolysis or

endovascular thrombectomy (Malhotra et al., 2020; Wang et al.,

2022). To summarize, baseline renal function is an important

confounding factor, and assessing baseline renal function is

essential to elucidating the relationship between TMAO and

stroke outcomes.

One possible explanation for the effect of TMAO on stroke

outcome involves the activation of the inflammatory state, which

is crucially involved in the development and propagation of stroke

(Wang et al., 2007; Siniscalchi et al., 2016). TMAO activates the

NLRP3 inflammasome by inducing the expression of inflammatory

cytokines and adhesion molecules (Seldin et al., 2016; Boini et al.,

2017; Chen et al., 2017; Nam, 2019), which contributes to the

disruption of the blood–brain barrier and neuronal regeneration

(Yang et al., 2019). Another possible explanation is that TMAO is

directly involved in platelet hyperreactivity (Zhu et al., 2016; Nam,

2019). Studies have shown that platelet hyperreactivity has adverse

effects on the severity and clinical outcomes of cardiovascular

diseases (Angiolillo et al., 2007; Schwammenthal et al., 2008). Thus,

high TMAO levels may lead to poor outcomes in patients with

stroke by modulating platelet function. At present, the mechanisms

underlying the prognostic impact of TMAO on stroke have not

been determined, and further research is needed.

This study has several limitations. First, we included a

small number of studies, and there was high between-study

heterogeneity. Therefore, caution should be applied when

interpreting our findings; moreover, further studies are required

to explore the relationship between TMAO and stroke outcomes.

Second, all the included studies were conducted in East Asia.

TMAO production is dependent on the metabolism of dietary

nutrients by gut microorganisms. Individuals in different regions

have different diets and may have different characteristics of

gut microbiota, which may affect the circulating TMAO levels.

Therefore, our findings may not be applicable in other regions.

Finally, we could not determine whether publication bias affected

our results.

5. Conclusion

Overall, the limited evidence indicates that high baseline

plasma levels of TMAO may be associated with poor stroke

outcomes. Furthermore, baseline TMAO levels have a certain

predictive effect on unfavorable functional outcomes ormortality at

3 months after stroke. Further studies are warranted to determine

the relationship between TMAO and stroke outcomes.
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