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Gut Microbiota Metabolites and Risk of Major Adverse Cardiovascular
Disease Events and Death: A Systematic Review and Meta-Analysis of

Prospective Studies
Yoriko Heianza, RD, PhD; Wenjie Ma, MD, MS; JoAnn E. Manson, MD, DrPH; Kathryn M. Rexrode, MD, MPH; Lu Qi, MD, PhD

Background—Gut microbial metabolites have been implicated as novel risk factors for cardiovascular events and premature death.
The strength and consistency of associations between blood concentrations of the gut microbial metabolites, trimethylamine-N-
oxide (TMAO) and its precursors, with major adverse cardiovascular events (MACE) or death have not been comprehensively
assessed. We quantified associations of blood concentrations of TMAO and its precursors with risks of MACE and mortality.

Methods and Results—PubMed and Embase databases were searched up, and a total of 19 prospective studies from 16
publications (n=19 256, including 3315 incident cases) with quantitative estimates of the associations of TMAO with the
development of MACE or death were included in our main analysis. Multivariate-adjusted relative risks (RRs) were used when these
were available. Elevated concentrations of TMAO were associated with a pooled RR of 1.62 (95% Cl, 1.45, 1.80; Preterogeneity=0-2;
1?=23.5%) for MACE compared with low TMAO levels, and 1 study of black participants influenced the heterogeneity of the
association. After excluding the data of blacks, the RRs were not different according to body mass index, prevalence of diabetes
mellitus, history of cardiovascular diseases, and kidney dysfunction. Furthermore, elevated TMAO concentrations were associated
with a pooled RR of 1.63 (1.36, 1.95) for all-cause mortality. Individuals with elevated concentrations of TMAO precursors
(t-carnitine, choline, or betaine) had an approximately 1.3 to 1.4 times higher risk for MACE compared to those with low
concentrations.

Conclusions—Elevated concentrations of TMAO and its precursors were associated with increased risks of MACE and all-cause
mortality independently of traditional risk factors. (J Am Heart Assoc. 2017;6:¢004947. DOI: 10.1161/JAHA.116.004947.)

Key Words: major adverse cardiovascular events * meta-analysis ° risk © trimethylamine N-oxide

G ut microbiota has been recently implicated as a novel
endocrine organ that plays an important role in
regulation of host cardiometabolic function through modulat-
ing blood levels of bioactive metabolites.™? Recent studies by
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Wang and Tang et al reported that circulating concentrations
of trimethylamine N-oxide (TMAQ), a metabolite derived from
the gut microbiota, were predictive of prevalent cardiovascu-
lar diseases (CVDs)' and future cardiovascular events® in
clinical cohorts. TMAO is a small organic compound, mainly
derived from choline (found in foods such as red meat, fish,
poultry, and eggs), which is metabolized to produce trimethy-
lamine (TMA) by microbiota”* and then to TMAO by the
hepatic enzyme, flavin monooxygenase 3."°

An increasing number of studies have investigated the
associations of circulating levels of TMAO and its metabolic
precursors, such as L-carnitine, choline, and betaine, with the
risk of major adverse cardiovascular events (MACE) or all-
cause death."®*¢7%% Whereas these studies largely found
that elevated blood concentrations of these TMAO-related
metabolites were associated with increased risks of the MACE
outcomes and death, inconsistent associations have also
been observed.'®?? Differences in characteristics and disease
status of participants across studies might affect TMAO
levels'*?”?8 and therefore partly explain such inconsistency.
In addition, differential adjustment for potential confounders

DOI: 10.1161/JAHA.116.004947

Journal of the American Heart Association 1


info:doi/10.1161/JAHA.116.004947
http://jaha.ahajournals.org/content/6/7/e004947/DC1/embed/inline-supplementary-material-1.pdf
http://jaha.ahajournals.org/content/6/7/e004947/DC1/embed/inline-supplementary-material-1.pdf
http://jaha.ahajournals.org/content/6/7/e004947/DC1/embed/inline-supplementary-material-1.pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

TMAO and Major Cardiovascular Events Heianza et al

would add variance to the associations. No study has
comprehensively analyzed the strength and consistency of
associations of TMAO and its precursors with the risk of
MACE.

We therefore performed a systematic review and meta-
analysis of prospective studies to quantify the association of
blood concentrations of TMAO and its precursors, such as
L-carnitine, choline, or betaine, with the risks of MACE and
death. We examined whether various clinical factors, including
traditional cardiovascular risk factors, might modify the
associations.

Methods

Data Sources and Search Strategy

We followed the standard criteria for conducting meta-
analyses of observational studies and reporting the results.?’
The protocol of the present study was registered with the
PROSPERO database: CRD42016052185. We searched MED-
LINE (PubMed) and Embase up to December 6, 2016 for
eligible studies with a search strategy that combined text
word and Medical Subject Headings identifying reports
relating blood concentrations of TMAO and the MACE. The
following terms were used for the MEDLINE search:
(trimethylamine  n-oxide [text] OR TMAO [text]) AND
(atherosclerosis [text] OR death [text] OR mortality [text] OR
stroke [text] OR heart failure [text] OR coronary [text],
cardiovascular [text] OR Cerebrovascular Disorders [Mesh]
OR Cardiovascular Diseases [Mesh]). Similar search terms
were used for the Embase search. The reference lists of
identified articles were also scanned to identify any other
relevant studies. No language restrictions were applied. For
TMAO precursors, eligible prospective studies were identified
if they reported relative risks (RRs) and 95% Cls of categories
of L-carnitine, choline, or betaine for the outcome through the
search of TMAO. We contacted authors®'®'®1%:2% to request
additional data on number of incident cases, or RRs across
categories of TMAO, L-carnitine, choline, or betaine for the
risk of MACE. The term MACE is a composite of clinical
events that usually includes endpoints reflecting both
“safety” and “effectiveness.”®® The “safety” definition
includes death, myocardial infarction (MIl), or stroke; and
the “effectiveness” definition often includes target vessel
revascularization, any repeat revascularization, or rehospital-
ization.® There is no standard definition for MACE, and the
definition varies by study, whereas most studies include Ml
and death to define MACE.> In the current study, MACE was
indicated by composites of MI, stroke, heart transplant, heart
failure (HF), other ischemic cardiovascular events, or death
(either cardiovascular or all-cause death) as presented in
Tables 1 and 2.

Study Selection, Data Extraction, and Quality
Assessment

We included studies in this meta-analysis if they satisfied the
following criteria: the study design was prospective, the
exposure of interest was blood concentrations of TMAO, the
outcome was MACE or death, and the investigators reported
RRs with 95% Cls for quantitative categories of TMAO levels.
Also, studies with available data on an RR and 95% Cls per
1 umol/L or per 1 SD log-transformed TMAO for the MACE or
death were included to perform the dose-response analysis.
We excluded reviews, editorials, comments, and nonhuman
studies. Studies of other exposures and other disease
outcomes, case-control studies, and cross-sectional studies
that examined associations of TMAO and markers of
atherosclerosis were also excluded. Two reviewers (Y.H. and
W.M.) independently extracted data on study design and
population characteristics and compared results to ensure
consistency. Inconsistencies in data were resolved by a third
reviewer (L.Q.). In detail, we extracted the following data from
each study: the first author’s last name, publication year,
country or region where the study was conducted, ethnicity,
number of participants and cases, follow-up time, mean or
median TMAO concentrations among total study participants
or among the highest category for estimating the risk, ranges
or interquartile ranges (IQRs) of TMAO, and other character-
istics of the study. The original articles used tertiles, quartiles,
or quintiles as categories for TMAO levels. We extracted
number of cases/N, exposure levels, RRs and 95% Cls for
categories of TMAO, and covariates in adjusted models.
Quality assessment was performed using to the Newcastle—
Ottawa quality assessment scale.®’ We also extracted RRs
and 95% Cls across categories of TMAO precursors
(t-carnitine, choline, or betaine) for the outcome.

Main Analysis and Secondary Analyses

We performed a main analysis to estimate a pooled RR of
MACE associated with high concentrations of TMAO in
comparison with low concentrations. Also, we calculated a
pooled RR of elevated TMAO concentrations for all-cause
mortality alone. The high TMAO group was indicated by the
highest tertile,'®%1%2%2¢ the top 2 tertiles'® (because a RR
of the top 2 tertiles vs the lowest tertile was presented in the
original study), the highest quartile,* or the highest quin-
tile.”?* Results stratified by disease status at baseline or
ethnicity were treated as 2 separate data points.””'""?? We
performed a sensitivity analysis to check whether use of the
publications from the same study group would not alter our
results. For studies reporting RRs for multiple outcomes (such

*3, 8, 10, 11, 15, 20, 21, 24, 25.
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56 5 5% 5| &3 . . .
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SESE SE58| &8 heterogeneity of the main results according to study charac-
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0B ST oozl »8 teristics such as length of follow-up, mean (median) age,
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Q S o .
% % e=2% effect model, using the method of Mantel and Haenszel when
8L 3 Lo .
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T2 Egger’s tests and visual inspection of the funnel plot if 10 or
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2o For the dose-response analysis of TMAO concentrations
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E %83 § estimated dose-response associations based on data for
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DOI: 10.1161/JAHA.116.004947 Journal of the American Heart Association 1

SISATVNV-VLIW ANV MHIIATY DILVINHLSAS



TMAO and Major Cardiovascular Events Heianza et al

and blacks; a nonlinear association of TMAO and cardiovas-
cular events was shown in blacks.?? Therefore, we only
included data in whites in our dose-response analysis.
Stratified analysis was performed using meta-regression. All
analyses were conducted with Stata software (version 14;
StataCorp LP, College Station, TX).

Results

Literature Flow

We identified 24 potentially eligible articles, including 2
cross-sectional studies and 22 prospective studies (Fig-
ure 1). We also reviewed details of the cross-sectional
studies (Tables S1 and S2), whereas these were not
included in the meta-analysis. The 22 publications were
enrolled from the United States (14 publications), Canada (1
publication), New Zealand, (1 publication), UK (1 publica-
tion), Switzerland (1 publication), Sweden (1 publication),
Austria (1 publication), and Norway (2 publications). The
mean or median value of TMAO ranged from 1.74 to
103.8 pumol/L across the 22 prospective studies listed in
Table 1. One study'* introduced a newly developed method
for the measurement of TMAO showing the lowest value of
TMAO. Of the 22 studies, 2 only investigated combinations
of TMAO and choline, betaine,’ or t-carnitine*; thus we did
not include the 2 studies*’ in the analysis for TMAO,
although these studies were eligible for the analysis of
TMAO precursors and risk of MACE. For publications from
the same study group, we treated as different data if the
number of study participants and outcome measurements
were not completely the same. An exclusion of publications
from the same group did not alter our results. Two
studies®'® included the same number of total study
participants from the same cohort so that we only used
data from the first publication.® We observed fundamentally
similar results when we used data from the other study.'
Subsequently, the remaining 19 articles published from
2013 to 2017 assessed the RRs of TMAO (either as a
categorical or continuous variable) and risk of MACE. All of
the studies included clinical cohorts, including patients at
higher cardiovascular risk, that is, enriched for baseline
heart disease,>®'#'72"  \idney disease,'®'"18-20:22:23
peripheral artery disease,?® or diabetes mellitus.”?® Of the
19 publications, a total of 16 publications, including 19 data
points, were eligible for our main analysis to calculate a
pooled RR of elevated TMAO levels as compared with low
levels®7-&10:11:13,16.18-26 Tapja 1 and Figure 1).

The RRs for MACE according to TMAO levels in their
original studies are summarized in Table 2. Among the
prospective studies, 5 studies'®'>'"?%2% did not find a

significantly elevated RR in the highest category of TMAO
levels as compared with the lowest category, in either
unadjusted or multivariate-adjusted models among total
participants. One study showed a significant association of
high TMAO levels and elevated risk of outcomes in whites but
not in blacks.?? Also, another 3 studies did not show a
significantly elevated RR when TMAO was analyzed as a
continuous variable in model.'®'*"” In most original studies,
RRs were carefully adjusted with various traditional cardio-
vascular risk factors as shown in Table 2. Of the total 22
publications, multivariate-adjusted RRs were available for 21
(95%) publications; of the 19 data points used for the main
analysis, 79% (n=15) were multivariate-adjusted data.

TMAO Levels With the Risk of MACE and All-
Cause Mortality

Our meta-analysis of elevated TMAO levels and the risk of
MACE enrolled 19 256 participants and 3315 incident cases
from the 19 data points. The pooled RR of elevated TMAO
levels for the development of MACE as compared to low
TMAO levels using the fixed-effect model was 1.62 (95% ClI,
1.45, 1.80; P<0.001; Pheterogeneity=0.-2; 1?=23.5%; Figure 2A).
The pooled RR using the random-effect model was 1.62 (95%
Cl, 1.43 1.85). The Begg and Egger regression tests showed
no substantial publication bias (P>0.1 for both tests). Of the
19 data points, the study in blacks by Shafi et al’? affected
the heterogeneity; removal of the data in blacks?? resulted in
a pooled RR of 1.70 (95% CI, 1.52, 1.91; P<0.001;
Preterogeneity=0.9; 1?=0%; fixed-effect model; Figure S1A). In
results of a sensitivity analysis omitting 1 study at a time and
calculating the pooled RRs for the remainder of 18 studies
(the data in blacks were not included), the pooled RRs ranged
from 1.65 (95% Cl, 1.47, 1.86) to 1.75 (95% Cl, 1.55, 1.98),
and no other study was identified as an influential outlier
across the 18 studies (Ppeterogeneity Fanged 0.8-0.9; 12 was
consistently 0%). When we performed an analysis further
omitting data from the same group, the pooled RR of high
TMAQO levels for the development of MACE was 1.73 (95% ClI,
1.50, 2.00; Prheterogeneity=0-3; 17=15.4%). Of the 18 data points,
4 were unadjusted and 14 were multivariate adjusted in the
original studies; when we only included multivariate-adjusted
data, the pooled RR was 1.68 (95% Cl, 1.49, 1.89; P<0.001;
Pheterogeneity=0.7; 1?=0%). Because we primarily used RRs for
the cardiovascular outcomes when there were multiple
outcomes presented,””'%?%2% we also performed a sensitivity
analysis for the 18 data when we replaced RRs for all-cause
mortality in these publications”'%?%2%; the pooled RR was
1.69 (95% Cl, 1.52, 1.89; P<0.001; Preterogeneity=0-6; 12=0%).
In results of further sensitivity analysis removing 12 studies
that included RRs for any death or all-cause mortality, a
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Records identified through Additional records identified
c searching PubMed through searching Embase
2 (n = 261) (n=372)
S
b=
—
c
]
'2 Y 4
Records after duplicates removed
—

(n = 490)

Excluded on title and abstract

W l

review (n =422)

concentrations and risk of MACE
(n = 16; 19 data points)

oo Full-text articles assessed for
‘' eligibility
3 (n=68)
S
(7] Excluded (n = 44):
.| Case-control studies (n=2)
Did not measure outcome(s) of
—
v interest (n = 8)
Reviews or comentaries (n = 34)
— Studies included in review
(n=24)
S
= . | Excluded: Cross-sectional
o - ; -
i) studies (n = 2)
E \ 4
Prospective cohort studies
_J included in review Excluded: Studies only exmined
(n=22) combinations of TMAO and
—— choline, betaine, or L-carnitine
(n=2);
»| A study with the same number
5 of participants from the same
3 cohort (n=1)
o
=
A4 A
— Main analysis of elevated TMAO Dose-response analysis of TMAQO

concentrations and risk of MACE
(n=13)

Figure 1. Selection of studies for meta-analysis. MACE indicates major adverse cardiovascular events; TMAOQ, trimethylamine N-oxide.

pooled RR of elevated levels of TMAO for MACE (MACE: CVD
events, admission for HF, cardiovascular death/hospitaliza-
tion, ischemic cardiovascular events, cardiac death, or MACE)
was 1.66 (95% Cl, 1.35, 2.05; Preterogencity= 0-6; 1°=0%).

For calculating the risk for only all-cause mortality, 15
data from 12 articles”®'%1H1819.21-26  \ware  available,
including 2498 deaths among 11 676 participants. Overall,
elevated concentrations of TMAO were significantly
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A
Studyname

%
ES(95%Cl)  Weight

Tang WH, et al. (2013) Death, Ml/stroke [Ref. 3]

Lever M, et al. (2014) Admission for HF, Non-DM [7]

Lever M, et al. (2014) All CVD events, DM [7]

Tang WH, et al. (2014) All-cause mortality [8]

Kaysen GA, et al. (2015) Cardiovascular death/hospitalization [10]
Troseid M, et al. (2015) All-cause mortality/heart transplantation [13]
Tang WH, et al. (2015) All-cause mortality, CKD [11]

Tang WH, et al. (2015) All-cause mortality, NonCKD [11]

Suzuki T, et al. (2016) Death/rehospitalisation for HF [16]
Missailidis C, et al. (2016) All-cause mortality [18]

Stubbs JR, et al. (2016) All-cause mortality [19]

Kim RB, et al. (2016) Ischemic cardiovascular events [20]
Senthong V, et al. (2016) All-cause mortality [21]

Shafi T, et al. (2017) Cardiac death, White [22]

Shafi T, et al. (2017) Cardiac death, Black [22]
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Tang WH, et al. (2015) All-cause mortality, NonCKD [11]
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Overall (l-squared = 45.9%, p = 0.027)

NOTE: Weights are from random effects analysis

147(102,212) 954
432(1.32,1417) 199
1.95(0.01,4.17) 410
171(1.12,262) 833
150(1.03,218) 935
0.89(0.66,120) 11.00
125(048,327) 285
190(1.10,329) 6.36
159(103,245) 822
1.85(1.21,283) 834
163(1.36,1.95)  100.00

1 15 2 25

RR (95% CI)

Figure 2. Pooled relative risks of high trimethylamine N-oxide (TMAO) levels for the risk of major adverse clinical events/death (A) and
all-cause mortality (B). Dashed lines represent the overall effect, and gray boxes represent weight. ES indicates effect size; RR, relative risk.

associated with an increased risk of all-cause mortality removal of the data in blacks, there was no heterogeneity
(pooled RR, 1.63; 95% Cl, 1.36, 1.95; Ppcterogeneity=0.027; across the studies (pooled RR, 1.72; 95% CI, 1.50, 1.97;
12=45.9% using random-effect model; Figure 2B). Again, after Preterogeneity=0.7; 12=0%; Figure S1B).
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Table 3. RRs of High TMAO for Major Cardiovascular Events According to Study Characteristics

N of Total Studies P for

Characteristics [Adjusted data] RR (95% CI) Interaction

Age, y
<65 98] 1.59 (1.34, 1.90) 0.3
>65 9 [6] 1.82 (1.53, 2.16)

Body mass index
<27.0 kg/m? 5[3] 1.91 (1.42, 2.58) 0.2
>27.0 kg/m? 7 [5] 1.51 (1.22, 1.87)

Smoking habit, yes
<30% 4 [3] 2.12 (1.58, 2.84) 0.1
>30% 7 [6] 1.61 (1.34, 1.94)

TMAO levels at baseline (average TMAQ)
(@) <5.0 pumol/L (4.0 pmol/L) 7 [6] 1.62 (1.37, 1.92) 0.4
>5.0 pmol/L (25.4 pumol/L) 11 [8] 1.79 (1.51, 2.14)
(b) <8.0 umol/L (5.3 umol/L) 13 9] 1.75 (1.53, 2.00) 0.3
>8.0 umol/L (47.7 pmol/L) 5 [5] 1.51 (1.13, 2.02)

Kidney function
High (€GFR >60 mL/min per 1.73 m?) 10 [7] 1.67 (1.43, 1.94) 06
Low (eGFR <60 mL/min per 1.73 m?) 8 [7] 1.77 (1.45, 2.17)

Controlling for eGFR or other renal function markers, or albuminuria in models
No 5[] 1.74 (1.26, 2.38) 0.9
Yes 13 [13] 1.70 (1.49, 1.94)

Controlling for serum cholesterol levels or use of cholesterol lowering medications in models
No 9 [5] 1.92 (1.57, 2.34) 0.1
Yes 919 1.58 (1.36, 1.85)

Controlling for hs-CRP or CRP in models
No 9 [9] 1.78 (1.49, 2.14) 0.5
Yes 9 [9] 1.64 (1.39, 1.94)

Controlling for blood pressure measurements, hypertension, or use of antihypertensive medications in models
No 8 [4] 1.83 (1.44, 2.32) 0.5
Yes 10 [10] 1.66 (1.44, 1.92)

Prevalence of diabetes mellitus
<40% 8 [6] 1.73 (1.47, 2.04) 0.8
>40% 10 [8] 1.68 (1.40, 2.01)

Prevalence of individuals with cardiovascular disease histories at baseline
<40% 6 [4] 1.61 (1.22, 2.13) 0.7
>40% 9[9] 1.72 (1.48, 1.99)

Follow-up time
<5 years 10 [7] 1.69 (1.44, 1.98) 0.9
>5 years 8 [7] 1.73 (1.43, 2.09)

CRP indicates C-reactive protein; eGFR, estimated glomerular filtration rate. RR, relative risks; TMAO, trimethylamine N-oxide.
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Stratified Analyses

We then investigated potential sources of heterogeneity in
stratified analyses using the metaregression analysis based on
the 18 data (4 were unadjusted and 14 were multivariate
adjusted) that were used for the main analysis without the data
in blacks (Table 3). In the stratified analysis using a cut-off
value of median/mean TMAO value of 5.0 umol/L (lower 39%
of the total 18 studies), there was no heterogeneity between
<5.0 or 25.0 umol/L of TMAO concentrations at baseline. In
addition, there were 5 studies with extremely high mean/
median TMAO values (>20 pmol/L). We also performed a
stratified analysis using a cut-off value of 8.0 umol/L. We
observed similarly increased risks of MACE regardless of
studies with <8.0 (range, 3.0—7.9) or >8.0 (range, 20.41-98.4)
pmol/L mean/median TMAO levels. Again, there was no
heterogeneity between low or high TMAO concentrations at
baseline. The association between elevated TMAO levels and
the risk of MACE was consistently observed across strata of
age, BMI at baseline, smoking, degree of kidney function,
prevalence of CVD or diabetes mellitus at a baseline exam-
ination, the follow-up duration, and whether kidney function
markers, lipids, blood pressure, or C-reactive protein (CRP)
levels were controlled for in models. Associations appeared to
be stronger among studies with participants who had generally
lower BMI, or lower prevalence of smoking, although such
differences did not attain statistical significance.

Dose-Response Analysis

We further investigated whether there was a dose-response
relationship between TMAO concentrations and the risk for
MACE (Table 4). The pooled unadjusted RR was 1.05 (95% Cl,
1.03, 1.07) per 1-umol/L increment in TMAO concentrations.
Although the RR was attenuated, it was significantly elevated
with a pooled adjusted RR of 1.02 (1.01, 1.03) using data in
multivariate-adjusted models. One study'* introduced a newly
developed method for the measurement of TMAO, and their
IORs of TMAO were lower than other studies, so that we

calculated a RR without data from the study. Results of the
analysis showed a similar pooled adjusted RR per 1-pmol/L
increment in TMAO of 1.02 (1.01, 1.04). We also analyzed the
dose-response relationship on log-transformed TMAO levels;
and the pooled RR per 1-SD increment of log-transformed
TMAO was 1.43 (95% Cl, 1.34, 1.52) in the unadjusted model or
1.21 (95% Cl, 1.14, 1.29) in the adjusted model, respectively.

Associations of TMAO Precursors With the Risk of
MACE

Finally, we conducted analyses on the associations between
circulating levels of TMAO precursors and the risk and MACE
using data from 6 publications®”?"'®182¢ (Figure 3). For the
association between elevated L-carnitine or choline concen-
trations and the risk of MACE, the summary RR was 1.26 (95%
Cl, 1.10, 1.44; Phererogeneiy=0.9; 1°=0%; Figure 3A). For the
association of elevated betaine concentrations with the risk of
MACE, the pooled RR was 1.43 (95% CI, 1.19, 1.73;
Preterogeneity=0-4; 17=6.4%; Figure 3B).

Discussion

Our meta-analysis of data from prospective studies provides
quantitative pooled estimates of the associations of circulating
TMAQO level with the incidence of MACE and all-cause death. As
compared to participants with low TMAO levels, those with high
levels had a 62% increased risk for the development of MACE
and a 63% increased risk for all-cause death. In addition,
elevated concentrations of TMAO were associated with 1.7-fold
increased risks for MACE and all-cause mortality compared with
low TMAO levels when we estimated the RRs without using data
in blacks. The associations did not significantly differ according
to the past histories of CVD, prevalence of diabetes mellitus,
kidney dysfunction, follow-up duration, or TMAO levels at
baseline. However, no prospective cohort studies were avail-
able in the population at general risk. In addition, we found that
the association between blood TMAO levels and development of
MACE was dose dependent. Moreover, our quantitative

Table 4. Pooled RRs Per 1 pmol/L or 1 SD Log-Transformed Increment of TMAO for Major Adverse Cardiovascular Events

Heterogeneity
Variables N Study ID (Reference) RR (95% ClI) 12 P Value
1 pmol/L increment of TMAO, unadjusted 9 11,13,19,20,22,24-26 1.05 (1.03, 1.07) 95.0% <0.001
1 pmol/L increment of TMAO, adjusted 9 11,14,19,20,22,24-26 1.02 (1.01, 1.03) 81.7% <0.001
1 umol/L increment of TMAO, adjusted* 8 11,19,20,22,24-26 1.02 (1.01, 1.04) 83.9% <0.001
1 SD increment of log-transformed TMAO, unadjusted 5 12,16,17,20,25 1.43 (1.34, 1.52) 22.7% 0.3
1 SD increment of log-transformed TMAO, adjusted 6 8,12,16,17,20,25 1.21 (1.14, 1.29) 0% 0.8

*Without a study of reference.'* RR indicates relative risks; TMAO, trimethylamine N-oxide.
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A

Sources

%

ES(95%Cl)  Weight

Koeth RA, et al. (2013), L-carnitine [Ref. 4]
Wang Z, et al. (2014), Choline [9]

Troseid M, et al. (2015), Choline [13]

1.21 (1.01, 1.45) 56.72

1.34 (1.03, 1.74) 26.98

*
2

1.35 (0.65, 2.80) 3.48

Missailidis C, et al. (2016), Choline [18]
Tang WH, et al. (2017), Choline [26]

Overall (l-squared = 0.0%, p = 0.909)

0.98 (0.45, 2.13) 3.09

1.38 (0.89, 2.13) 9.74

1.26 (1.10, 1.44) 100.00

1 I 1

Wang Z, et al. (2014) [9]
Troseid M, et al. (2015) [13]

5 1 15 2 25
RR (95% Cl)
%
B
Sources ES (95% Cl) Weight
Lever M, et al. (2014) [7] - 2.80 (1.41,5.55) 7.69

1.33(1.03,1.72)  53.57

Missailidis C, et al. (2016) [18]

& 1.48 (0.76,2.89) 8.07
1
1
1

Tang WH, et al. (2017) [26]

Overall (I-squared =6.4%, p =0.370)

1.13 (0.45,2.84) 4.24
1.41(0.97,2.04)  26.41

1.43(1.19,1.73)  100.00

RR (95% C)

1.6 2 25

Figure 3. Pooled relative risks of elevated concentrations of -carnitine or choline (A) and betaine (B) for major adverse cardiovascular events/
death. Dashed lines represent the overall effect, and gray boxes represent weight. ES indicates effect size; RR, relative risk.

estimates for the precursors of TMAO and the risk of MACE/
death revealed that individuals with elevated concentrations of
L-carnitine, choline, or betaine had approximately of 1.3 to 1.4
times higher risk for MACE compared to those with low
concentrations. Our results indicated that the relations of
elevated TMAO and its precursors with MACE and all-cause
death were independent of conventional risk factors, such as
kidney dysfunction, diabetes mellitus, and obesity.

Strengths and Limitations

Our study has several strengths. The included original studies
were all prospective and therefore our analysis minimized the
likelihood of reverse causation. We carefully assessed the
influence of several potential confounders and traditional risk

factors for CVDs. In addition, our sensitivity analyses
indicated that the results were not affected by varying
definitions of outcomes or elevated TMAO levels. Several
limitations warrant consideration. First, no data were available
among general populations for our analysis. The included
studies have been conducted in clinical cohorts including
patients with pre-existing cardiovascular risk, and thus we
cannot determine whether results will be similar in lower-risk
populations. Second, the definition of elevated TMAO levels
was difference across individual studies. Third, similar to other
observational studies, we could not exclude the possibility of
residual confounding attributed to unmeasured factors.
Fourth, the gut microbiota are affected by environmental
factors®”*® such as dietary intakes,**' which may, in turn,
influence blood levels of TMAO and its precursors.* However,
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detailed assessment of dietary intakes was not available in all
the included studies; this limited our abilities to investigate
the potential roles of dietary factors in the associations of gut
microbiota metabolites and the outcomes. Fifth, most of the
study participants were from Europe and the United States
and included mainly (approximately of 65-90% of total study
participants) whites,'%'%?%2% 5o that our results might not be
applicable to other race/ethnic groups such as Asians and
Africans. Furthermore, TMAO levels were measured at 1 time
point, which might not capture the long-term levels of gut
microbiota metabolites. Finally, further studies, especially
clinical trials to lower TMAO levels, are warranted to inform
causality.

Association Between Our Results and Other
Studies

The associations of TMAO and the risk of CVDs have been
reviewed previously**™*°; however, these studies did not aim
to perform a meta-analysis to quantify the risks of TMAO and
its precursors for MACE. We observed the highly consistent
positive associations between TMAO levels and the outcomes
across studies, even among studies with low (<5.0 pmol/L)
concentrations of TMAO at baseline, particularly after exclud-
ing the data among blacks. As previously reported that the
associations of TMAO and risk of cardiovascular events in
hemodialysis patients differed by race,?? the inclusion of data
in black hemodialysis patients influenced the heterogeneity of
results in our study. It has also been reported that morality
risk may differ between black and white dialysis patients.*®
Nonetheless, median values of TMAO concentrations in
healthy individuals were reported as ranges of 3 to 6 umol/
L% and the study by Shafi et al?? consisted of
hemodialysis patients with the substantially high mean vale
of TMAO (101.9 pumol/L among total participants). It may not
be generalizable to other groups of blacks from the general
population, and further studies are warranted on the ethnic
difference in the associations of TMAO and the risk of MACE.

Several studies'®'""%?8 specifically considered the role of
kidney dysfunction in the associations between TMAO and the
risk of clinical adverse outcomes. The burden of CVD is high
among patients with chronic kidney disease (CKD) or end-
stage renal disease,*” and the circulating TMAO is predom-
inantly excreted by the kidneys.*? Nonetheless, we did not
observe a statistically significant difference in the associa-
tions according to kidney dysfunction. Emerging evidence has
shown associations of gut microbiota with obesity.**>" We
found a stronger association in the subgroup with lower BMI
and speculated that populations with lower BMI were less
likely to be affected by diseases and might have less
confounding factors, and effects of dietary differences
influencing TMAO levels might be more apparent in the

low-BMI group. However, the difference between low- and
high-BMI groups was not statistically significant. Whether
overweight or obesity accounted for the association of TMAO
with the risk of MACE should be further investigated.

Additionally, we found that the pooled risk of elevated
TMAO was stronger than those of its precursors, including
betaine and choline or -carnitine, for the risk of MACE or
all-cause mortality. In our analyses, the associations of these
correlated gut microbiota metabolites could not be mutually
adjusted; therefore, we could not determine whether the
TMAO or its precursors were independently associated with
the outcomes. A study* showed that plasma L-carnitine
concentrations predicted MACE independent of traditional
cardiovascular risk factors, but the significant association
disappeared after adjustment for plasma TMAO concentra-
tion. In addition, it was noted that elevated concentrations
of -carnitine were only predictive of MACE risk among
individuals with higher TMAO levels.* In another study, it
was found that only TMAO predicted the risk of MACE when
choline, betaine, and TMAO were simultaneously included in
the multivariate-adjusted model, and choline and betaine
predicted risk of MACE only among participants with an
above median value of TMAO (>3.7 umol/L) concentra-
tions.”

Potential Mechanisms

In our recent study, we found that high intake of phos-
phatidylcholine, which could lead to a higher production of
TMAO, was significantly associated with an increased risk of
all-cause and CVD-specific mortality.°? Dietary choline and
L-carnitine are metabolized by intestinal bacteria to produce
TMA, which is, in turn, absorbed into the bloodstream and
oxidized to TMAO by enzyme flavin monooxygenase 3 in the
liver."** Koeth et al showed that dietary supplementation of
mice with choline or L-carnitine® increased TMAO levels and
enhanced the development of atherosclerosis." Flavin
monooxygenase 3 is reported to be a key integrator of
hepatic cholesterol and lipid metabolism and inflammation.>3
TMAO was found to modulate cholesterol and sterol
metabolism that would, at least partly, contribute to the
increasing risk of CVDs.* Higher TMAO levels were associated
with the presence of increased atherosclerotic burden and
complexity among patients with coronary artery disease
(CAD).>* A recent study has shown that TMAO directly
interacts with platelets altering calcium signaling, fostering
platelet hyper-reactivity and a prothrombotic phenotype
in vivo.'® Similar, TMAO acutely induces aortic endothelial
cell inflammatory gene profile, suggesting another potential
pathway by which TMAO contributes to CVD.>° Betaine is a
metabolite of choline,”*® and dietary betaine administration
induced production of TMAO in animals.’ L-carnitine in red
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meat can also be transformed to gamma-butyrobetaine by gut
bacteria before being converted to TMA and TMAO.%°
Whether betaine, choline, or L-carnitine have independent
effects on MACE and all-cause mortality and whether other
mechanisms are involved need further investigation.

Conclusion

Our meta-analysis of published prospective studies indicates
that higher circulating levels of gut microbiota metabolites,
including TMAO and its precursors, are associated with an
increased risk of MACE, regardless of conventional risk
factors. Further studies are needed to investigate these
associations in general-risk populations, as well as the
causality of the associations.
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Table S1: Characteristics of the identified studies of trimethylamine N-oxide (TMAO) levels and the prevalent cardiovascular diseases (cross-sectional

studies)
Age TMAQ, mean Men, Total
Source Country  Study Population ge, or median, ' Outcomes assessed Events, N
mean, y uM % N
1 Coronary artery 0
Wang Z, et al. (2011) U GeneBank 63.9 NA 49.3 1020 disease (CAD) As%,41.0
Peripheral artery 0
disease (PAD) ASY, 24.5
Cardiovascular disease
(CVD) as indicated by  As%, 65.4
either CAD or PAD
Myocardial infarction
(MI) NA
BioBank 64.5 NA 48.3 856 CAD As%, 43.7
PAD As%, 21.5
CVD as indicated by 0
either CAD or PAD /%, 652
Ml NA
Study of Health Assessment and
Mente A, etal. (2015 Canada 1S 1N Ethnic Groups [SHARE] 55 5 4 ggq 649 271  CVD 99

and SHARE and Aboriginal
Peoples [SHARE-AP]




Table S2: Relative risks (RRs) of major cardiovascular events according to trimethylamine N-oxide (TMAO) levels in cross-sectional studies

Source Outcome Comparison Model Relative risk (95% CI)  Adjustment for Covariates
Age, sex, smoking, diabetes, medication use,
Wang Z’l et al. (2011) C_oronary artery Highest quartile vs. lowest Multivariate  2.59 (1.88, 3.55) hypertension, lipids, C-reactive protein (CRP),
GeneBank disease (CAD) . S
and estimated creatinine clearance
P.e ripheral artery Same as the above Multivariate  3.43 (2.26, 5.21) Same as the above
disease (PAD)
CAD + PAD Same as the above Multivariate  4.03 (2.54, 6.40) Same as the above
Cardiovascular L
disease (CVD) Same as the above Multivariate  2.54 (1.86, 3.47) Same as the above
Myocqrdlal Same as the above Multivariate  1.47 (0.90, 2.40) Same as the above
infarction (MI)
\é\ﬁ%%nkzl’ et al. (2011) CAD Highest quartile vs. lowest Multivariate  3.08 (1.94, 4.88) Same as the above
PAD Same as the above Multivariate  3.75 (2.00, 7.03) Same as the above
CAD + PAD Same as the above Multivariate  4.00 (2.04, 7.82) Same as the above
CVvD Same as the above Multivariate  3.08 (1.96, 4.86) Same as the above
MI Same as the above Multivariate 2.11 (1.33, 3.34) Same as the above
M 2 Highest quintile (>2.5 pM)
ente A, et al. (2015) CvD vs. lowest Crude 3.28 (1.37,7.87) Crude
Multivariate  3.17 (1.05, 9.51) Age, sex, t_)ody mass index (BMI), smoking
and energy intake
Age, sex, BMI, smoking, energy intake,
Multivariate  9.33 (1.88, 46.37) diabetes, meat intake, fish intake, and dietary

cholesterol




Figure S1: Pooled relative risks of high trimethylamine N-oxide (TMAO) levels for the risk of major adverse clinical

events/death (A) and all-cause mortality (B) using 18 data points.

3-18

A %
Studyname ES (95% Cl) Weight
Tang WH, et al. (2013) Death, Mistroke (SRef. 3) — 1.43(1.05,1.94) 1350
Lever M, et al. (2014) Admission for HF, Non-DM (4) —a— 1.90(1.08, 3.34) 4.00
Lever M, et al. (2014) All CVD events, DM (4) —5—-0—— 2.00(1.11,3.62) 362
Tang WH, et al. (2014) All-cause mortality (5) —T— 1.85(1.14,3.00) 5.44
Kaysen GA, et al. (2015) Cardiovascular death/hospitalization (6) L g 'l 0.92(0.40,2.11) 1.85
Troseid M, et al. (2015) All-cause mortality/heart transplantation (7) “—-‘0-—- 1.76(0.93,3.33) 3.13
Tang WH, et al. (2015) All-cause mortality, CKD (8) —‘l-o— 193(1.13,3.29) 4.46
Tang WH, et al. (2015) All-cause mortality, NonCKD (8) ——— 1.47 (1.02,2.12) 9.51
Suzuki T, et al. (2016) Death/rehospitalisation for HF (9) —:—0— 2.12(1.54,2.92) 12.30
Missailidis C, et al. (2016) All-cause mortality (10) 'l & 4.32(1.32,14.17)0.90
Stubbs JR, et al. (2016) All-cause mortality (11) 4T 1.95(0.91, 4.17) 2.20
Kim RB, et al. (2016) Ischemic cardiovascular events (12) ———0—%— 1.37(0.91,2.06) 7.62
Senthong V, et al. (2016) All-cause mortality (13) —_— 1.71(1.12,2.62) 6.96
Shafi T, et al. (2017) Cardiac death, White (14) —_— 1.78(1.12,2.82) 5.97
Robinson-Cohen C, et al. (2016) All-cause mortality (15) & : 1.25(0.48,3.27) 1.38
Ottiger M, et al. (2016) All-cause mortality (16) 1.90(1.10,3.29) 4.22
Senthong V, et al (2016) All-cause mortality (17) — 1.59(1.03,2.45) 6.78
Tang WH et al. (2017) MACE (18) —— 1.94(1.23,3.05) 6.17
Overall (I-squared = 0.0%, p = 0.851) 0 1.70(1.52,1.91) 100.00

r
I
H
T
1 15 2 25
RR (95% CI)
B %
Studyname ES (95% Cl) Weight
1
Lever M, et al. (2014) All-cause mortality, Non-DM (4) —E—-O*— 2.70(1.56,4.68) 6.19
Lever M, et al. (2014) All-cause mortality, DM (4) : * 270(106,6.86) 215
Tang WH, et al. (2014) All-cause mortality (5) ——0—— 1.85(1.14,3.00) 7.98
Kaysen GA, et al. (2015) All-cause mortality (6) —-ﬁ—i 1.14(0.67,1.93) 668
Tang WH, et al. (2015) All-cause mortality, CKD (8) -—I—O—— 193(1.13,329) 654
Tang WH, et al. (2015) All-cause mortality, NonCKD (8) —— 147(1.02,212) 1396
Missailidis C, et al. (2016) All-cause mortality (10) : & 4.32(1.32,1417) 1.32
Stubbs JR, et al. (2016) All-cause mortality (11) —-—i—f— 1.95(0.91,4.17) 322
Senthong V, et al. (2016) All-cause mortality (13) —_— 1.71(1.12,262) 1022
Shafi T, et al. (2017) All-cause mortality, White (14) —— 1.50(1.03,2.18) 13.29
Robinson-Cohen C, et al. (2016) All-cause mortality (15) & : 1.25(0.48,3.27) 202
Ottiger M, et al. (2016) All-cause mortality (16) —0— 1.90(1.10,3.29) 6.19
Senthong V, et al (2016) All-cause mortality (17) — 1.59(1.03,2.45) 995
Tang WH et al. (2017) All-cause mortality (18) —_— 1.85(1.21,2.83) 1027
Overall (l-squared = 0.0%, p = 0.653) @ 1.72(1.50,1.97)  100.00
1
1
.
T

Dashed lines represent the overall effect, and gray boxes

CKD, chronic kidney disease; HF, heart failure.

1

15 2 25

RR (95% CI)

represent weight. SRef, Supplemental references; DM, diabetes;
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