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Abstract

Trimethylamine N-oxide (TMAO) has emerged as a newly identified gut microbiota-dependent metabolite contributing to
a variety of diseases, such as diabetes, atherosclerosis, and cardiovascular diseases. The aim of our study was to determine
whether a relatively high TMAO level is associated with an increased risk of poor outcome in ischemic stroke patients. From
June 2018 to December 2018, we prospectively recruited acute ischemic stroke patients diagnosed within 24 h of symptom
onset. The plasma TMAO level was measured at admission for all patients. Functional outcome was evaluated at 3 months
after the stroke using the modified Rankin Scale (mRS) and then dichotomized as favorable (mRS 0-2) or unfavorable (mRS
3-6). A multivariate logistic regression analysis was conducted to evaluate the association between TMAO concentration and
poor functional outcome and mortality at 3 months. Of the 225 acute ischemic stroke patients included in the analysis, the
median TMAO concentration was 3.8 uM (interquartile range, 1.9-4.8 uM). At 3 months after admission, poor functional
outcome was observed in 116 patients (51.6%), and 51 patients had died (22.7%). After adjusting for potential confounders,
patients with TMAO levels in the highest quartile were more likely to have higher risks of poor functional outcome [compared
with the lowest quartile, odds ratio (OR) 3.63; 95% confidence interval (CI) 1.34-9.82; P=0.011] and mortality (OR 4.27,
95% CI 1.07-17.07; P=0.040). Our data suggest that a high plasma TMAO level upon admission may predict unfavorable
clinical outcomes in acute ischemic stroke patients.

Keywords Trimethylamine N-oxide - Gut microbiota-dependent metabolite - Clinical outcome - Ischemic stroke

Introduction an early risk assessment with an estimate of disease sever-

ity and prognosis is crucial in providing effective interven-

Ischemic stroke is the major cause of acquired adult dis-
ability and mortality in China (Bonita et al. 2004; Liu et al.
2007). There are approximately 1.5 to 2 million newly diag-
nosed and recurrent strokes each year, causing a tremendous
burden on health resources (Liu et al. 2011). Accordingly,
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tions and allocating health care resources to improve stroke
outcomes.

Gut microbes impact human health and diseases, at least
in part, by metabolizing dietary and host-derived substrates
and generating biologically active compounds such as sign-
aling compounds, biological precursors, and toxins (Clem-
ente et al. 2012; Tremaroli and Bickhed 2012; Dinan and
Cryan 2017). Trimethylamine N-oxide (TMAO) is an oxi-
dized metabolite mediated by the gut microbial metabolism
of choline-containing lipids and carnitine-based molecules
(Wang et al. 2011; Craciun and Balskus 2012; Tang et al.
2013). Numerous prospective clinical studies have dem-
onstrated that TMAO is predictive of adverse cardiovas-
cular events, including myocardial infarction, stroke, and
death (Tang et al. 2013; Schiattarella et al. 2017; Haghikia
et al. 2018). More recently, TMAO has been reported to
enhance thrombosis potential with induced platelet hyper-
reactivity, linking increased levels of circulating TMAO to
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a potential increased risk of an acute ischemic event (Zhu
et al. 2016). Additionally, basic science evidence indicates
that high TMAO levels in the brain may increase oxidative
stress, induce mitochondrial dysfunction, and inhibit mTOR
signaling, all of which may contribute to neurological func-
tion impairment (Li et al. 2018). To date, the relationship
between circulating TMAO concentration and stroke out-
come has not yet been specifically detected. Therefore,
the aim of this study was to assess whether the circulat-
ing TMAO level can predict 3-month clinical outcomes in
patients with acute ischemic stroke.

Materials and Methods
Study Population

From June 2018 to December 2018, we conducted a pro-
spective cohort investigation enrolling acute ischemic stroke
patients who were admitted within 24 h after the onset of
symptoms. The exclusion criteria were as follows: (1) age
less than 18 years; (2) pre-onset modified Rankin Scale
(mRS) score more than 2; (3) usage of antibiotics and pro-
biotics for less than 1 month after stroke; and (4) presence of
malignant tumor, autoimmune disease, immunosuppressive
therapy, active or chronic inflammatory disorders, severe
renal disease, and hepatic disease. We also excluded subjects
who underwent intravenous thrombolysis and endovascu-
lar therapy after admission. Informed consent was obtained
from participants or legal representatives, and the protocol
was approved by the ethical committee of the Affiliated
Huai’an Hospital of Xuzhou Medical University.

Baseline Data Collection

Baseline data were recorded, including age, sex, comorbidi-
ties (hypertension, diabetes, dyslipidemia, and coronary
heart disease), smoking status, previous stroke, pre-stroke
mRS, systolic and diastolic blood pressure, body mass
index, stroke severity, and stroke subtype. Stroke severity
was assessed by a certified neurologist using the National
Institutes of Health Stroke Scale (NIHSS) (Goldstein and
Samsa 1997). Each patient was classified into one of four
stroke subtype categories as specified in the Trial of the
ORG 10172 in the Acute Stroke Treatment (TOAST) study:
large artery atherosclerosis, cardioembolism, small vessel
occlusion, and stroke of other determined or undetermined
etiology (Adams et al. 1993). The volume of the infarction
was estimated by the DWI-based Alberta Stroke Program
Early CT (DWI-ASPECT) score. The DWI-ASPECT score
was dichotomized as 0-7 versus 8§—10 (de Margerie-Mel-
lon et al. 2013). Laboratory data, including fasting plasma
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glucose (FPG), hypersensitive C-reactive protein (hs-CRP),
homocysteine, and lipid profile results, were also recorded.

TMAO Concentration Assessment

After informed consent was obtained, blood samples were
collected in EDTA tubes from all patients. The specimens
were centrifuged at 1500xg for 10 min, and the isolated
plasma was frozen at — 80 °C for further analysis. As previ-
ously described (Wang et al. 2011, 2014), plasma TMAO
levels were quantified by stable-isotope dilution liquid chro-
matography with online tandem mass spectrometry using
an 8050 triple quadrupole mass spectrometer (Shimadzu
Scientific Instruments, Columbia, MD, USA).

End Points and Follow-Up

The follow-up determination of the mRS at 3 months was
implemented through telephonic conversations or outpatient
visits by one investigator who was blinded to the clinical
data. According to previous studies (Duan et al. 2018; Téth
et al. 2018), poor functional outcome was defined as a mRS
of 3-6. The secondary end point was death at 3 months.

Statistical Analysis

All statistical analyses were performed using SPSS ver-
sion 21.0 (SPSS Inc., Chicago, IL, USA). Statistical sig-
nificance was established at P values < 0.05. Differences in
baseline characteristics between the TMAO level quartiles
were determined using the Chi square test or Fisher’s exact
test, analysis of variance, or the Kruskal-Wallis test where
appropriate. Receiver operating characteristic (ROC) curves
were used to describe TMAO concentration as a potential
predictive factor for poor functional outcome and mortality.
The area under the curve (AUC) was calculated based on the
ROC curves. We also performed a binary logistic regression
analysis to evaluate the possible contributing factors to unfa-
vorable outcomes at 3 months after ischemic stroke. Vari-
ables with statistically significant associations at P <0.1 in
univariate analyses were forced into the multivariate analy-
sis. The results were calculated as adjusted odds ratios (OR)
with 95% confidence intervals (CI).

Results

In all, 225 consecutively admitted patients (55.1% male;
mean age, 68.5 years) with acute ischemic stroke confirmed
by clinical diagnosis and brain CT results were included
for the final analysis. Among these patients, 68.9% had
hypertension, 28.0% had diabetes mellitus, and 11.1% had
hyperlipidemia. For clinical outcomes at 3 months, poor
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functional outcome and mortality were 51.6% and 22.7%,
respectively.

The median TMAO level was 3.8 pM at admission,
with quartile levels as follows: < 1.9 pM (first quartile),
1.9-3.7 pM (second quartile), 3.8—4.8 pM (third quartile),
and >4.8 pM (fourth quartile). The baseline data of the
225 patients according to TMAO quartiles are presented
in Table 1. Increasing quartile of TMAOQO was associated
with hypertension (P =0.030), coronary heart disease
(P=0.042), poor functional outcome (P =0.012) and mor-
tality (P=0.001) at 3 months, higher level of body mass
index (P=0.027), and homocysteine levels (P =0.018).

Table 2 summarizes the results of the binary logistic
regression of the clinical outcomes. Univariate logistic

regression analysis demonstrated that the highest quartile
of TMAO level (using the lowest quartile as the reference
value) was identified as a prognostic marker of unfavorable
functional outcome [OR 3.09; 95% CI 1.45-6.65; P=0.004]
and mortality (OR 5.64; 95% CI 2.08-15.30; P =0.001).
Furthermore, this association remained highly significant
in the multivariable model adjusted for demographic char-
acteristics, hypertension, coronary heart disease, body mass
index, NIHSS score, stroke subtypes, homocysteine, and
low-density lipoprotein levels.

Based on the ROC curve, the optimal TMAO level cut-off
value for predicting an unfavorable outcome was estimated
to be 3.9 uM, which yielded a sensitivity of 60.3%, a speci-
ficity of 65.1%, and an AUC of 0.63 (95% CI 0.56-0.70).

Table 1 Baseline characteristics of the ischemic stroke patients according to TMAO quartile

Variables

First quartile (r=56) Second quartile (n=56) Third quartile (n=56) Fourth quartile (n=57) P value

Demographic characteristics

Age, years 66.5+11.2 67.9+10.3 69.5+10.0 70.0+8.9 0.238

Male sex (%) 33 (58.9) 30 (53.6) 29 (51.8) 32 (56.1) 0.883
Vascular risk factors (%)

Hypertension 30 (53.6) 39 (69.6) 42 (75.0) 44 (77.2) 0.030

Diabetes mellitus 13 (23.2) 11 (19.6) 19 (33.9) 19 (33.3) 0.223

Hyperlipidemia 8 (14.3) 6(10.9) 4(7.1) 7(12.3) 0.673

Coronary heart disease 3(54) 6(10.9) 10 (17.9) 13 (22.8) 0.042

History of stroke 5(8.9) 5(8.9) 6 (10.7) 12 (12.1) 0.151

Current smoking 18 (32.1) 24 (44.4) 21 (37.5) 20 (35.1) 0.586
Clinical data

Systolic blood pressure (mmHg) 131.4+184 137.9+20.1 139.4+18.0 140.4+19.9 0.165

Diastolic blood pressure (mmHg)  85.0+14.2 87.5+15.0 89.5+14.3 87.2+17.2 0.863

Body mass index (kg/m?) 23.1+3.0 232432 23.5+3.5 24.8+3.6 0.027

NIHSS score 5.0 (4.0,9.0) 5.0 (3.0, 8.0) 7.0 (3.0, 11.0) 7.0 (4.0, 11.5) 0.132
DWI-ASPECT 0-7% (%) 20 (37.7) 26 (50.0) 30 (54.5) 34 (64.2) 0.053
Stroke subtypes (%) 0.658

Large artery atherosclerosis 16 (28.6) 14 (25.0) 21 (37.5) 24 (42.1)

Cardioembolism 16 (28.6) 13 (23.2) 12 (21.4) 11 (19.3)

Small artery occlusion 14 (25.0) 20 (35.7) 16 (28.6) 16 (28.1)

Others 10 (7.9) 9 (16.1) 7 (12.5) 6 (10.5)
Laboratory data

Hs-CRP (mg/L) 7.5(2.4,15.5) 5.1 (2.3, 12.1) 5.3 (2.3, 10.5) 5.2 (2.5,12.0) 0.538

Fasting blood-glucose (mmol/L) 63+1.5 59+25 6.7+2.4 6.8+2.9 0.242

Homocysteine (mmol/L) 129+5.0 12.1+3.1 15.4+3.7 14.2+5.8 0.018

Total cholesterol (mmol/L) 41+1.0 44+1.0 43+14 45+1.3 0.213

Triglyceride (mmol/L) 1.2(1.0, 1.9) 1.2(0.8,1.7) 1.1 (0.8, 1.8) 1.5(0.9, 1.9) 0.361

Low-density lipoprotein (mmol/L) 2.4 (1.8, 2.9) 2.7(2.2,3.2) 2.4(2.0,3.2) 2.8 (2.0, 3.8) 0.060

High-density lipoprotein (mmol/L) 1.1+0.3 1.2+03 1.1+£0.3 1.1£03 0.300
Clinical outcomes at 3 months (%)

Unfavorable functional outcome 20 (35.7) 26 (46.4) 34 (60.7) 36 (63.2) 0.012

Mortality 6 (10.7) 9 (16.1) 13 (23.2) 23 (40.4) 0.001

Hs-CRP hypersensitive C-reactive protein, NITHSS National Institutes of Health Stroke Scale

*Data available for 213 patients
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Table 2 Logistic regression
analyses of the association
between TMAO levels and

OR (95% CI) for 3-month unfa- P value
vorable functional outcome

OR (95% CI) for P value
3-month mortality

clinical outcomes

Unadjusted model
TMAO level
First quartile
Second quartile
Third quartile
Fourth quartile
Adjusted model
TMAQO level
First quartile
Second quartile
Third quartile
Fourth quartile

Reference

1.56 (0.73-3.33)
2.78 (1.29-5.98)
3.09 (1.43-6.65)

Reference

2.01 (0.79-5.11)
2.65 (0.96-7.34)
3.63 (1.34-9.82)

Reference
0.250 1.60 (0.53-4.83) 0.408
0.009 2.52 (0.88-7.20) 0.084
0.004 5.64 (2.08-15.30) 0.001
Reference
0.143 1.43 (0.34-6.05) 0.627
0.061 1.89 (0.48-7.39) 0.320
0.011 4.27 (1.07- 17.07) 0.040

The multivariate model was adjusted for demographic characteristics, hypertension, coronary heart disease,
body mass index, NIHSS score, DWI-ASPECT score 0-7, stroke subtypes, and homocysteine and low-

density lipoprotein levels

Additionally, the optimal TMAO level cut-off value for pre-
dicting mortality was projected to be 4.0 uM, which yielded
a sensitivity of 64.1%, a specificity of 61.5%, and an AUC
of 0.69 (95% CI 0.60-0.77).

Discussion

In this prospective clinical study, we tested the hypothesis
that the plasma concentration of TMAO was associated with
clinical outcomes in patients with acute ischemic stroke. The
key finding in our study was the dose-dependent association
of plasma TMAO level with unfavorable functional outcome
and mortality at 3 months. Furthermore, these associations
remained robust after adjusting for traditional risk factors,
including body mass index, NIHSS score, stroke subtypes,
homocysteine levels, and low-density lipoprotein levels, in
the multivariate logistic analysis.

TMAO is a gut microbiota-dependent metabolite of die-
tary trimethylamines. The production of TMAOQO involves a
two-step process. First, gut microbes enzymatically gener-
ate trimethylamine from dietary constituents such as cho-
line or carnitine (Craciun and Balskus 2012). TMA then
enters the circulation and is oxidized to TMAO in the liver
by flavin-containing monooxygenase (Wang et al. 2011). It
is now believed that TMAO is a potentially important media-
tor of the pathogenesis of atherosclerotic disease and the
occurrence of major atherothrombotic complications, such
as stroke and myocardial infarction (Bennett et al. 2013;
Tang et al. 2013; Wilson et al. 2016). Although nutrition
has always been linked to the outcomes of cardiovascu-
lar patients, the pivotal role of the gut microbiome and its
metabolites has only recently been recognized in ischemic
stroke. Nie et al. demonstrated that higher TMAO levels may
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portend an increased risk of first-ever stroke in hyperten-
sive patients, even after adjustment for choline, L-carnitine,
and other important covariates, including baseline SBP and
time-averaged SBP during the treatment period (Nie et al.
2018). More recently, another study found that, in patients
with carotid artery stenting (CAS), increased TMAO levels
were associated with an increased risk of new ischemic brain
lesions on post-CAS MRI scans (Wu et al. 2018). These
studies add to the growing body of data demonstrating that
TMAO level may serve as a clinically useful and poten-
tially modifiable prognostic marker in ischemic stroke, even
beyond the currently used risk factors and laboratory test-
ing. To the best of our knowledge, our study was the first to
assess the relationship between TMAO level and short-term
functional outcome in Chinese patients after acute ischemic
stroke. Importantly, this preliminary result confirmed an
interesting conclusion: an elevated TMAO level at admission
was correlated with a poor functional outcome and mortality
at 3 months, indicating that a disturbance in this biomarker
was prognostically unfavorable.

The potential biological mechanisms underlying the
deleterious effects of TMAO level on stroke outcome
are outlined in Fig. 1. This observation might be partly
explained by activating inflammatory status that plays a
crucial role in the development and propagation of stroke
(Wang et al. 2007; Siniscalchi et al. 2016). Previous stud-
ies have advanced the notion that the physiological level
of TMAO can induce the expression of inflammatory
cytokines and adhesion molecules and activate the NLRP3
inflammasome (Seldin et al. 2016; Boini et al. 2017; Chen
et al. 2017), which are all involved in the disruption of
the blood-brain barrier and neuronal regeneration (Yang
et al. 2019). Thus, higher circulating TMAO levels may
reflect ongoing inflammatory processes and lead to poor
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High TMAO level
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Fig. 1 Putative mechanisms for the association of high TMAO level
with severe neurological deficit and poor functional outcome. P val-
ues are indicated for the measured associations in our study. Putative
intermediate mechanisms are shown in the middle of the figure with
dashed lines

outcomes after ischemic stroke. Furthermore, a recent
study in animal models and healthy volunteers has dem-
onstrated that increasing TMAO is directly involved in
enhancing platelet reactivity (Zhu et al. 2016). Given the
detrimental impact of platelet hyperreactivity on stroke
severity and clinical outcome in patients with cardiovas-
cular diseases (Angiolillo et al. 2007; Schwammenthal
et al. 2008), we proposed that increased TMAO levels may
induce poor functional outcomes by modulating platelet
function in cerebrovascular disorders. However, platelet
function was not evaluated in our study. More detailed
studies are required to determine the mechanism under-
lying the adverse impact of TMAO levels on functional
outcome after ischemic stroke.

The strengths of this study lie in the strict inclusion crite-
ria, the relatively large, homogeneous patient series, and the
prospective design. Nevertheless, this study has several limi-
tations. First, the study was performed in one stroke center.
This selection bias would probably reduce the power of the
study. In addition, as a single-center observational cohort,
these findings need to be replicated in other validation
cohorts. Second, our measurement method was not able to
reflect potentially dynamic changes in the TMAO level. Fur-
ther studies are needed to assess how TMAO levels change
over time after stroke and whether the level drawn at later
points provides improved prognostic information. Finally,
we were unable to control for postdischarge medication that
might have impacted the clinical outcomes. Therefore, the
interpretation of our data must be done cautiously.

In summary, our study demonstrated that plasma TMAO
levels at admission were independently associated with clini-
cal outcomes in patients with acute ischemic stroke. Further
longitudinal studies are needed to comprehensively detect
these associations to verify whether a diet-induced reduction
in TMAO levels could be beneficial for acute stroke patients.
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