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H I G H L I G H T S

• No effect modification by trimethylamine-N-oxide on the association between choline intake and acute myocardial infarction.

• No effect modification by trimethyllysine on the association between choline intake and acute myocardial infarction.

• No indirect effect of trimethylamine-N-oxide on the association between choline intake and acute myocardial infarction.
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A B S T R A C T

Plasma concentrations of trimethylamine N-oxide (TMAO) have been linked to cardiovascular disease (CVD) risk
and mortality. TMAO is formed through the bacterial conversion of trimethylamine which is obtained either
directly from food, generated from dietary precursors (e.g. choline) or derived from endogenous trimethyllysine
(TML) production. In a previous article, we reported an increased risk of acute myocardial infarction with
increased total choline intake in patients with stable angina pectoris. Due to the close link between TMAO, TML,
choline metabolism and possibly CVD, we investigated whether plasma TMAO and TML modified the effect of
total choline intake on acute myocardial infarction (AMI) risk in a post-hoc analysis. We found plasma TMAO
and TML do not modify the association between higher dietary choline intake and increased AMI risk.
Additionally, this association is not mediated via TMAO.

1. Introduction

Trimethylamine N-oxide (TMAO) is formed through bacterial con-
version of trimethylamine (TMA) by flavin-monooxygenases in the
liver. TMA is obtained directly from food (e.g. fish, which is also rich in
TMAO) or generated from dietary precursors such as choline, choline-
containing compounds, betaine and L-carnitine or generated from the L-
carnitine metabolite gamma-butyrobetaine (γ-BB) [1,2]. Additionally,
γ-BB can be formed endogenously from trimethyllysine (TML) then
afterwards converted to carnitine and potentially to TMA and TMAO
[3]. An overview of the pathways contributing to TMAO synthesis is
provided in Fig. 1. TMAO and its precursors are mainly found in food
items of animal origin such as fish, meat, eggs, poultry and milk [1].

In 2011, a link was reported between plasma TMAO and cardio-
vascular disease (CVD) risk [4]. Since then more evidence has accu-
mulated supporting this association [1]. In animal models, TMAO
seems to be proatherogenic [4]; in humans, increased plasma con-
centrations are associated with elevated risk of CVD and other diseases
[1,2]. However, inconsistencies remain and whether or not increased
plasma TMAO is causally related to CVD remains unclear [1,2].

We recently reported that higher dietary choline intake is associated
with increased risk of incident acute myocardial infarction (AMI) in
patients with stable angina pectoris (SAP) [5]. This increase could be
attributed only to the lipid-soluble forms PC and sphingomyelin. Ad-
ditionally, plasma TMAO was positively associated with higher dietary
choline intake, while no association between choline intake and plasma
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TML was observed. In the current post-hoc analysis, we wanted to in-
vestigate whether there was any effect modification by plasma TMAO
or TML. We based this hypothesis on i) the recently discovered link
between plasma TMAO and CVD risk and ii) recent reporting of car-
nitine synthesis from TML being an endogenous source of TMA, and
thus TMAO.

2. Methods

Information on the collection of baseline data, follow-up, and study
endpoints can be found in our original article [5].

2.1. Study cohort

In total 3090 adult patients from the Western Norway B-Vitamin
Intervention Trial (WENBIT, NCT00354081) were included. This was a
prospective, double-blind, placebo-controlled, secondary prevention
study were participants were randomized to receive total homo-
cysteine-lowering-B-vitamins. The study protocol has been described in
detail elsewhere [6]. Only patients diagnosed with SAP were included
(n = 2573). Patients with missing dietary data, including choline in-
take (n = 565), extreme energy intake (i.e.< 3000 kJ or> 15 000 kJ
for women and<3300 kJ or> 17 500 kJ for men) (n = 27),> 10 E%
from alcohol (n = 48) and missing plasma TMAO and TML data
(n = 17) were excluded, resulting in 1916 patients eligible for analyses.

The study was carried out according to the Declaration of Helsinki
and approved by the Norwegian Data Inspectorate as well as the
Regional Committee for Medical Health Research Ethics. All partici-
pants provided written informed consent.

2.2. Dietary assessment

A 169-item food frequency questionnaire (FFQ) was used to obtain
information on dietary intake. The administered FFQ was an adaptation
of an FFQ developed at the Department of Nutrition, University of Oslo
designed to obtain information on habitual food intake of the
Norwegian population over the past year. The FFQ has not been vali-
dated for choline intake and, therefore, we cannot assess how well it
captures true choline intake, which is a limitation in the current ana-
lysis.

2.3. Biochemical analyses

Plasma TMAO and TML were measured using liquid chromato-
graphy-tandem mass spectrometry at Bevital AS (www.bevital.no).

2.4. Statistical analyses

Effect modification by TMAO or TML (continuous scale) was

investigated by adding interaction product terms to a Cox regression
model which estimated the association between total choline intake and
risk of AMI. The model was adjusted for energy intake, age, sex, and
smoking. Subgroup analyses were performed, stratifying for the original
B vitamin intervention.

Mediation analyses quantify the proportion of an exposure-outcome
association working via a mediator (a variable on the causal path be-
tween exposure and outcome) [7]. In this study, we applied a mediation
analysis on the effect of dietary choline on AMI risk, considering TMAO
as a mediator.

Statistical analyses were performed using R version 3.6.1 (The R
Foundation for Statistical Computing, Vienna, Austria), the packages
within the tidyverse and the survival and medflex package for survival
and mediation analyses respectively. The mediation analyses were
based on logistic regression analyses because survival models are cur-
rently not implemented in medflex. The estimates are expected to be
similar, however, less powerful [7].

3. Results

The mean total energy-adjusted dietary choline intake was 287 mg/
d. Detailed results are available in our original article [5]. Relevant
baseline characteristics of the study population included in the current
post-hoc analysis are provided in Supplementary Table 1. We pre-
viously reported a 10% increased risk of AMI per increment of 50 mg/d
in energy-adjusted total choline intake during a median follow-up time
(25th, 75th percentile) of 7.5 (6.3, 8.8) years [5]. We did not observe
any effect modification according to baseline plasma TMAO and TML
concentrations (Fig. 2). The interaction coefficient was 0.002 (standard
error = 0.004, p = 0.567) for TMAO and −0.06 (standard
error = −0.08, p = 0.417) for TML. Stratifying the analyses for the
original B-vitamin intervention yielded generally identical results as in
the full population (data not shown).

AMI indicates acute myocardial infarction; TMAO, trimethylamine
N-oxide; TML, trimethyllysine.

Results from the mediation analyses show no indication that the
choline effect was mediated via plasma TMAO (Table 1).

4. Discussion

In this population, no interaction effect was found between dietary
choline and plasma TMAO or plasma TML regarding AMI risk. Further,
we did not observe any indication of the choline effect being mediated
through plasma TMAO.

Several observational and experimental studies suggested a positive
correlation between plasma TMAO and CVD risk and mortality [1].
However, a clear mechanistic link has yet to be proven. Additionally, a
recent study [8] failed to reproduce the results from the original paper
[4] where TMAO increased atherosclerotic lesion size in mice. Hence,

Fig. 1. A general overview of various pathways
contributing to trimethylamine N-oxide (TMAO)
synthesis. Trimethylamine (TMA) is formed in the
intestinal lumen from metabolization of dietary
precursors by gut microbiota. Additionally, γ-butyr-
obetaine (γ -BB) is formed by metabolization of
dietary L-carnitine. Both TMA and TMAO can be
directly obtained from seafood. After absorption in
the liver, TMA is converted to TMAO by flavin
monooxygenases (FMOs). Additionally, TMA can be
formed endogenously via the formation of γ-BB from
trimethyllysine (TML).
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the causal relation between plasma TMAO and CVD remains a point of
discussion [1,2].

The results of our analyses indicate that the mechanism through
which dietary choline is associated with increased AMI risk does not
involve TMAO or TML. The hepatic choline metabolism suggests a
possible interaction between endogenous choline synthesis and intake
from the diet [9]. A choline-deficient diet increases the endogenous
synthesis and distribution of choline from other tissues to the liver and
the brain [10]. Whether the opposite takes place in the case of a choline
excess, to the best of our knowledge, remains unclear. We can therefore
only speculate that the balance between dietary choline and en-
dogenous synthesis could be involved in the association between
dietary choline and increased AMI risk. Additionally, extensive en-
terohepatic choline traffic further complicates the determination of the
fate of the choline forms after absorption [10]. Thus far, the major part
of research on choline and human health has focused on total choline
intake [9]. More research is needed on absorption, digestion and me-
tabolism of all choline forms to investigate possible mechanisms by
which their intake could increase CVD risk.

5. Conclusion

Plasma TMAO and plasma TML levels do not modify the association
between higher dietary choline intake and increased AMI risk.
Additionally, this association is not mediated via TMAO.
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