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Abstract

Objective: This study aimed to evaluate the relationship between the intestinal microbial metabolite
trimethylamine N-oxide (TMAO) level in the plasma and the outcomes of patients with ischemic
stroke (IS). Methods: The PubMed, Web of Science, Cochrane Library, and Embase databases were
systematically searched until July 1, 2022 to identify clinical studies on TMAO levels and prognosis
of IS. The identified studies were then screened according to the inclusion and exclusion criteria, and
a meta-analysis on the final included studies was performed using the Stata (version 17.0) software to
investigate the effects of TMAO level on the prognosis of IS. Results: Four studies involving 1,026
participants from 2019 to 2022 were considered. The results indicated an association between high
circulating TMAOQO concentration and poor functional outcomes (rate ratio [RR]: 2.76; 95% confidence
interval [CI]:1.33,5.72; P=0.006; I> = 72.7%; P-heterogeneity = 0.012; random-effects model), mortality
(RR: 5.37; 95%CI: 2.63,10.97; P < 0.001; I>= 0.0%; P-heterogeneity = 0.704; fixed-effects model),
and recursive ischemic events (RR: 2.71; 95%CI: 1.68,4.36; P < 0.001; I> = 0.0%; P heterogeneity =
0.779; fixed-effects model) 3 months after IS.

Conclusions: Elevated TMAO level may be an adverse prognostic indicator in patients with IS.
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INTRODUCTION the difficulty of medical decision-making and
evaluating prognosis. Existing prediction models
are complex and diverse; however, the evaluation
efficiency for prognosis is not high.* Therefore,
exploring new biomarkers to improve IS prognosis
is important.

The intestinal flora acts on the homeostasis
of the human environment through metabolism
and immunity, which affects the occurrence and
development of stroke.*¢ Trimethylamine-N-oxide
(TMAO), a gut-derived metabolite’,is a circulating
organic compound produced by the metabolism of
dietary L-carnitine and choline. Both L-carnitine
and choline are metabolized by intestinal bacteria
trimethylamine, a metabolite which is absorbed
from the intestine and subsequently oxidized via
hepatic flavin monooxygenase enzymes to form
TMAO.® Atherosclerosis is an important risk

Stroke is a global health problem, the second
leading cause of death, and the third most
common cause of disability worldwide.' Ischemic
stroke (IS) is the most common type of stroke,
accounting for 85% of all stroke cases.' Although
IS has the best treatment based on guidelines, it
remains a heavy burden with high recurrence and
mortality rates, indicating that current treatment
does not adequately address important pathogenic
mechanisms. Effective prognostic assessment
and detection are not only an important means
of prolonging the survival time of patients with
IS, but also contributes to better nursing and
allocation of medical resources.> However,
because the disease often occurs in middle-aged
and elderly individuals, it is often accompanied
by complex underlying diseases, which increase
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factor of IS. The TMAO level in blood circulation
increases the risk of IS and poor prognosis by
promoting thrombosis and atherosclerosis.’
Studies have reported that platelet activation
is significantly associated with target organ
damage and poor prognosis.'® Higher plasma
TMAO levels suggest an increased risk of
first-time IS and the possible deterioration of
neurological function.'"'* The TMAO level
of patients with IS indicates dynamic changes
in different periods, and some studies have
explored the relationship between TMAO and
poor prognosis of IS, although their findings
are not completely consistent.'*'” To address
this problem, we conducted a meta-analysis to
explore the prognostic value of TMAO in IS.

METHODS

Search strategy

A systematic search was conducted for studies
published on July 1, 2022, using the following
four English electronic databases: PubMed,
Excerpta Medica Database (EMBASE), Cochrane
Library, and Web of Science. We used a search
strategy combining MeSH heading and text
with the following terms: “trimethyloxamine”,
“trimethylammonium oxide”, “trimethylamine
N-oxide”, “TMAQO” or “trimethylamine oxide”
and “ischemic stroke”, “cryptogenic stroke”
or “wake up stroke”. The reference lists of the
included papers were also screened.

Selection criteria

The original trials included in this meta-analysis
met the following criteria: the participants were
patients with IS; evaluating the relationship
between circulating TMAO levels and prognosis
of IS, including, 3-month modified Rankin scale
(mRS), mortality at 3 months, and major ischemic
events within 3 months; cohort study or case-
control study; and reporting the multivariable-
adjusted hazard ratio (RR) and corresponding
95% confidence interval (CI).

Meanwhile, we excluded studies that reported
only unadjusted risk estimates; lack related data;
animal trials; were not written in English; and
were case reports, letters, conference abstracts,
duplications, or unpublished studies.

Data extraction

Publications that met the inclusion criteria were
independently searched by two reviewers (Y.L.
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and S.L.). Subsequently, the two investigators
collected data of the eligible trials and recorded
them in the information extraction table. The
extracted information included the year of
publication, first author’s surname, study locations,
type of study, sample size, sex distribution and age,
TMAO mean level, outcome measures, adjusted
RR (95% CI), and corresponding 95% confidence
interval. Any disagreements were resolved by a
third author.

Quality assessment

The Newcastle—Ottawa Scale (NOS) was used
to assess the methodological quality of the
studies.'® The domains of NOS cover selection,
comparability, and outcome, which offer a
maximum of nine points. Studies with a score=7
were rated as high quality, and those with scores
0 to 3 were considered of low quality.'®

Statistical analysis

Data were analyzed using Stata 17.0 (StataCorp,
College Station, TX, USA). RRs and 95% ClIs
were used to describe the overall effects. The
overall effect was calculated using a Z-test,
and statistical significance was set at P <
0.05 (two-tailed). Potential heterogeneity was
evaluated using Cochran’s Q and I* statistic;
when heterogeneity was low (P=0.05, ’<50%),
a fixed-effects model was applied. If high
heterogeneity occurred (P<0.05, 1>>50%)",
we further analyzed its potential sources and
applied corresponding measures. First, a subgroup
analysis was performed if clinical heterogeneity
was evident, and a random-effect model was used
if statistical heterogeneity was considered.?! Our
meta-analysis eventually included <10 articles
without testing for publication bias.

RESULTS

Literature search and screening

In total, 273 articles requiring further evaluation
were retrieved from four foreign databases (43 in
PubMed, 3 in Cochrane Library, 171 in Embase,
and 56 in Web of Science). Of the articles, 64
were deleted because of duplicate records. After
screening the titles and abstract, 176 papers
were excluded for several reasons. Finally, after
screening the full text, only four studies met the
inclusion criteria. Figure 1 presents the detailed
flow of the research-selection process.
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Figure 1. Flowchart of study selection

Study characteristics and quality assessment

Finally, four studies involving 1026 participants
from 2019 to 2022 were included. Four studies
were conducted in China, one of which was a
case—control study, and the others were cohort
studies. The average age of the study participants
ranged from 59 to 66.9 years, and there were
more men than women. TMAO levels and mRS
scores at 3 months were reported in all the
studies, and mortality at 3 months was reported
in two of the studies. The major ischemic events
within 3 months was also reported in two of the
studies. All the included studies were adjusted for
various potential influencing factors, and three
studies were rated as high-quality. The detailed
information of those studies were summarized
in Table 1.

3-month mRS score

Four studies with a total of 1026 participants have
reported an association of functional outcomes
after 3 months. The mRS was used to assess
functional outcomes. Random effects model
analyses indicated that higher TMAO levels
were associated with a higher 3-month mRS
(RR: 2.76, 95%CI: 1.33-5.72, P = 0.006, I*> =
72.7%, P-heterogeneity=0.012, random-effects

model, Figure 2). Thus, a high circulating TMAO
concentration was associated with poor prognosis
of patients 3 months after IS.

3-month mortality

Two studies with a total of 576 participants
have reported an association between 3-month
mortality and TMAO levels (RR: 5.37, 95%CI:
2.63-10.97,P<0.001,1>=0.0%, P-heterogeneity
= 0.704, fixed-effects model, Figure 3). This
result indicated that a high circulating TMAO
concentration was associated with mortality in
patients 3 months after IS.

3-month major ischemic events

Two studies with a total of 450 participants
have reported an association between recurrent
ischemic events and TMAO levels (RR, 2.71;
95%CI: 1.68-4.36; P < 0.001; I* = 0.0%;
P-heterogeneity = 0.779; fixed-effects model;
Figure 4). This result indicates that a high
circulating TMAO concentration was associated
with major ischemic events within 3 months in
patients with IS.

Publication bias analysis and sensitivity analysis

We finally included no more than 10 papers, so no
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Study

%

ID RR (95% CI) Weight
zhang (17) (2020) —0— 5.65 (2.87, 13.45) 25.04
Zhai (18) (2019) — 3.63 (1.34,9.82) 21.12
Tan (15) (2020) —*— 2.89 (1.46, 5.71) 26.69
Chen (14) (2022) — 1.10(0.57, 2.12) 27.16
Overall (l-squared =72.7%, p =0.012) <> 2.76 (1.33,5.72) 100.00
NOTE: Weights are from random effects analysis H
I . I
.0743 13.4
Figure 2. Forest plot for the association between TMAO level and functional outcome at 3 months
Study %
D RR (95% Cl) Weight
i
zhang (17) (2020) —~+— 5.84 (3.05, 16.12) 73.46
i
Zhai (16) (2019) +— 4.27 (1.07,17.07) 26.54
Overall (l-squared = 0.0%, p = 0.704) 6.37 (2.63, 10.97) 100.00

.0586

171

Figure 3. Forest plot for the association between TMAO level and 3-month mortality
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Study %
ID RR (95% Cl) Weight
Tan(15) (2020) —_—— 2.62 (1.55, 4.45) 81.92
'
Chen (14) (2022) — 3.13(1.02, 9.61) 18.08

Qverall (I-squared = 0.0%, p = 0.779) 2.71(1.68, 4.36) 100.00

104 1 9.61

Figure 4. Forest plot for the association between TMAO level and major ischemic events within three month

relevant test of publication bias was conducted. effect values (RRs) were recalculated. Thus, the
To evaluate the stability of the meta-analysis,  research results are reliable (Figure 5).
these studies were deleted individually, and the

Meta-analysis estimates, given named study is omitted

| Lower CI Limit o Estimate | Upper CI Limit
zhang[1171]1 (2020) @) \
Zhail 11611 (2019) o
TanJ1501 (2020) o
Chen(11411 (2022) \ 0 \
131 176 255 3171 6.03

Figure 5. The sensitivity analysis of the study
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DISCUSSION

To the best of our knowledge, this was the first
systematic review and meta-analysis to explore
whether high levels of TMAO are related to the
poor prognosis of patients with IS. Therefore,
this meta-analysis demonstrated that circulating
TMAO was independently correlated with the
increased risk of 3-month mRS score, mortality at
3 months, and major ischemic events at 3 months
in patients with IS.

TMAO is an intestinal microbial-dependent
metabolite of dietary trimethylamine. TMAO
production can be divided into two steps. First,
intestinal microbes produce trimethylamine
from dietary ingredients such as choline or
carnitine.”> TMA then enters the cycle and
is oxidized to TMAO in the liver by the
monooxygenase-containing rispero.® At present,
TMAO is considered an important mediator
in the pathogenesis of atherosclerotic disease
and the occurrence of major atherosclerotic
complications.*#*% Studies have demonstrated that
higher TMAO levels may indicate an increased
risk of stroke in patients with high blood pressure,
even after adjusting for choline, L-carnitine, and
other important covariables, including baseline
systolic blood pressure (SBP) and time-averaged
SBP."? Recently, another study has reported that
increased TMAO levels were associated with an
increased risk of new ischemic brain damage on
magnetic resonance imaging after carotid artery
stenting.”® These studies add increasing amounts
of data, suggesting that TMAO levels may be used
as clinically useful and potentially changeable
prognostic marker for IS, even exceeding the
risk factors and laboratory test results currently
used.'® Moreover, this study was designed to
evaluate the relationship between TMAO levels
and short-term functional prognosis in patients
with IS. Importantly, this preliminary result
leads to an interesting conclusion that elevated
TMAQO levels at admission are associated with
poor functional outcomes, mortality, and major
ischemic events at 3 months, indicating that this
biomarker disorder is detrimental to prognosis.

The underlying mechanism between elevated
TMAUO levels and the poor prognosis of IS can be
speculated as follows. These results may be partly
explained by activation of the inflammatory state,
which plays a key role in the development of IS .16
Previous studies have suggested that physiological
levels of TMAO can induce the expression of
inflammatory cytokines and adhesion molecules
and activate NLRP3 inflammatory bodies, which

are involved in the destruction of the blood—brain
barrier and neuronal regeneration.”’** Therefore,
higher levels of circulating TMAO may stimulate
persistent inflammation and lead to poor prognosis
in patients with IS. Furthermore, >40% of
IS cases are caused by major atherosclerosis,
which can serve as a pathological basis for IS.
TMAO affects cholesterol and sterol metabolism,
enhances cholesterol accumulation and foam cell
formation in macrophages, and promotes vascular
inflammation and endothelial dysfunction.’*
TMAO may also promote the development of
atherosclerosis by impairing the reverse transport
of cholesterol.’> TMAO may also increase
oxidative stress, enhance mitochondrial damage,
and inhibit the mTOR signaling pathway, all of
which impair neural function.*> Moreover, some
investigators have revealed through cerebral IS—
reperfusion animal models that TMAO promotes
reactive astrocytosis and glial scarring formation
through the Smurf2/ALKS axis, thus exacerbating
neurological damage .*! Furthermore, hypertension
and diabetes are known risk factors for stroke
recurrence and have been reported to be facilitated
by TMAO. Specifically, TMAO increases
plasma osmolarity and triggers regulation of the
TMAOAVP-AQP-2 axis, thus causing greater
water reabsorption.** TMAO inhibits hepatic
insulin signaling and exacerbates impaired
glucose tolerance.*® Furthermore, TMAO has been
reported to directly promote platelet aggregation
and lead to multiple agonist-dependent enhanced
platelet activation capacity as well as increased
thrombosis risk by activating the intracellular
storage risk of Ca* release.’

This meta-analysis had some limitations. First,
since all of the included studies were conducted
in China, whether the relationship between
TMAO levels and the outcomes of patients
with IS is similar in populations with different
dietary patterns (e.g., European or American
populations) is unclear. Second, as plasma TMAO
concentrations are affected not only by carnitine
intake but also by gut microbiota disorders and
renal dysfunction, the estimated increased risk
may not be fully elucidated by considering diet.*
Finally, as plasma TMAO concentrations are
affected by diet, whether the effects of TMAO
levels on functional outcome and mortality risk
in patients with IS are attributable to L-carnitine-
rich foods (e.g., red meat) is unclear’, as the
investigators did not assess dietary intake in detail,
and the results should be interpreted cautiously
because of the insufficient number of included
studies.
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In conclusion, elevated TMAO plasma
levels were associated with a poorer prognosis
for patients with IS, although the underlying
mechanism requires further investigation. Future
therapies targeting TMAO may be a new way
to prevent and treat cerebrovascular diseases;
however, further research is required to confirm
these findings.
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