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a b s t r a c t

Introduction: The importance of gut microbiome in cardiovascular disease has been increasingly recog-
nized. Trimethylamine N-oxide (TMAO) is a gut microbe-derived metabolite that is associated with car-
diovascular disease, including atrial fibrillation (AF). The role of TMAO in clinical AF progression however
remains unknown.
Methods and results: In this study we measured TMAO and its precursor (betaine, choline, and L- car-
nitine) levels in 78 patients using plasma samples from patients that participated in the AF-RISK study.
56 patients suffered from paroxysmal AF and 22 had a short history of persistent AF. TMAO levels were
significantly higher in patients with persistent AF, as compared to those with paroxysmal AF (median
[IQR] 5.65 [4.7–9.6] m/z versus 4.31 [3.2–6.2] m/z, p < 0.05), while precursor levels did not differ. In uni-
variate analysis, we observed that for every unit increase in TMAO, the odds for having persistent AF
increased with 0.44 [0.14–0.73], p < 0.01. Conclusion: These results suggest that higher levels of TMAO
are associated with more progressed forms of AF. We therefore hypothesize that increased TMAO levels
may reflect disease progression in humans. Larger studies are required to validate these preliminary
findings.
Trial Registration number: Clinicaltrials.gov NCT01510210.
� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Recent studies have shown that gut microbiome has an impor-
tant role in cardiovascular diseases [1,2]. Trimethylamine N-oxide
(TMAO) is a exogenous, gut microbe-derived metabolite that has
been associated with cardiovascular diseases, such as atherosclero-
sis and progression of heart failure (HF) [3,4]. In experimental
studies, TMAO increases instability of atrial electrophysiology [5],
and increased TMAO levels are also linked to new onset of atrial
fibrillation (AF) regardless of age [6]. The role of TMAO and its pre-
cursors (betaine, choline, and L-carnitine) in clinical AF progression
however remains unknown.

2. Methods

In this study we evaluated the role of TMAO and its precursors
(betaine, choline, and L-carnitine) on clinical AF progression using
patients from Identification of a risk profile to guide atrial fibrillation
therapy (AF-RISK) study (NCT01510210). Detailed study design and
outcomes have been previously described [7]. In short, the AF-RISK
study was a multicenter, prospective, observational study, includ-
ing patients with paroxysmal AF (total AF history < 2 years, or total
AF history < 3 years in case of � 2 AF episodes of � 48 h per month
terminating spontaneously) or with a short history of persistent AF
(total AF history < 2 years, and total persistent AF duration > 7 days
and < 1 year) in whom a rhythm control strategy was preferred [7].
The AF-RISK study was performed in compliance of the Declaration
of Helsinki. The institutional review board approved study protocol
and all patients gave written informed consent. After inclusion, all
patients underwent baseline assessment including peripheral
venous blood sampling for biomarker analyses (n = 499). Blood
samples were processed and EDTA-plasma samples were stored
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at �80C. We randomly selected 78 non-fasted baseline blood sam-
ples from the total study population and used them to measure
TMAO, betaine, choline, and L-carnitine. TMAO, betaine, choline,
and L-carnitine in plasma were analyzed by ultra-high perfor-
mance liquid chromatography in combination with isotope dilu-
tion tandem mass spectrometry (UPLC-MS/MS) as described in
more detail previously [8]. Mass spectrometric detection was per-
formed on a XEVO TQ-s system (Waters). Analytes were detected
in positive mode and selected reaction monitoring mode. The
respective quantifier ion transitions were as follows: m/z
76.15 > 58.3 for TMAO, m/z 118.2 > 59.3 for betaine, m/z
104.2 > 60.3 for choline, and m/z 162.2 > 103.25 for L-carnitine.
All analytes were baseline separated from each other.

3. Statistical methods section

Continuous variables were presented as mean and standard
deviation (SD) or, if not normally distributed, as median (interquar-
tile range). Numbers were presented as counts (percentage).
Differences between groups were analysed using student-t-test if
normally distributed, or Mann-Whitney U if non-normally dis-
tributed. Linear regression was performed in a univariate manner.
A p-value < 0.05 was considered statistically significant. Statistical
analyses were performed using R package (Version 3.1.3; R Founda-
tion for Statistical Computing, Vienna, Austria) or STATA (Version
14.2; StataCorp LLC; Tx, USA).

4. Results

In this AF-RISK substudy, mean age (±SD) of the study popula-
tion was 63 ± 9 years, 77% were men, and 50% were diagnosed with

HF with preserved ejection fraction or HF with reduced ejection
fraction. TMAO levels were measured in a total of 78 patients in
this randomly selected subgroup, 56 patients suffered from parox-
ysmal AF and 22 had a short history of persistent AF (Fig. 1).
Patients with persistent AF had higher CHA2DS2-VASc scores
(paroxysmal AF, median (IQR): 1 (0–2) versus persistent AF: 3
(1–4), p < 0.001), and more often had a history of hypertension
(paroxysmal AF, n (%): 7 (13%) versus persistent AF: 10 (45%),
p < 0.01), HF (paroxysmal AF: 8 (14%) versus persistent AF: 10
(45%), p < 0.05) and coronary artery disease (paroxysmal AF: 2
(4%) versus persistent AF: 7 (32%), p < 0.001). Patients with persis-
tent AF more often used beta-blockers (n (%): 20 (91%) versus
paroxysmal AF: 34 (61%) p < 0.05); digoxin (n (%): 6 (27%) versus
paroxysmal AF: 3 (5%), p < 0.05); ACE-inhibitors (n (%): 12 (55%)
versus paroxysmal AF: 12 (21%), p < 0.05); diuretics (n (%): 15
(68%) versus paroxysmal AF: 4 (7%), p < 0.05); new oral anticoagu-
lants (n (%): 21 (95%) versus paroxysmal AF: 30 (54%) p < 0.001 and
statins (n (%): 9 (41%) versus paroxysmal AF: 10 (10%), p < 0.05). No
differences were seen in class I and III anti-arrhythmic use or abla-
tion treatment between the persistent AF and paroxysmal AF
patients. All other baseline characteristics and drugs were compa-
rable between two groups. TMAO levels were significantly lower in
those with paroxysmal AF, as compared to those with persistent AF
(median [IQR] 4.31 [3.2–6.2] m/z versus 5.65 [4.7–9.6], p < 0.05
(Fig. 1). Precursor levels were similar in both paroxysmal and per-
sistent AF: median [IQR] betaine 45.5 [37.3–56.1] versus 52.2
[40.2–67.7], p = ns; choline 12.9 [10.7–16.2] m/z versus 14.0
[12.1–16.4], p = ns; L-carnitine 43.2 [35.2–49.1] versus 47.2
[34.3–56.2], p = ns, respectively (Fig. 1). For every unit increase
in TMAO, the odds for having persistent AF increased with 0.44
[0.14–0.73], p < 0.01 (Fig. 1). The increased use of statins was not

Fig. 1. Schematic overview of AF burden in patients from AF-RISK with baseline characteristics of all participants including plasma TMAO levels (m/z), plasma betaine levels
(m/z), plasma choline levels (m/z) and plasma L- carnitine levels (m/z), including an overview of the association between AF progression and the association with plasma
TMAO levels (m/z). BMI = body mass index; IQR = interquartile range; eGFR = estimated glomerular filtration rate (mL/min/1.73 m2); CAD = coronary artery disease;
HC = hypercholesterolemia; DM II = diabetes mellitus type II; TMAO = Trimethylamine N-oxide.
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associated with a difference in levels of TMAO, betaine, choline or
L-carnitine (p = ns for all) (Fig. 2).

5. Discussion

In this small explorative and hypothesis-generating study, we
observed that in the AF-RISK study TMAO levels were higher in
those with persistent AF as compared to patients with paroxysmal
AF. However, this was not the case for its precursor levels. This sug-
gest that an association between TMAO levels and AF-progression
may exist, and that future, larger and adequately powered studies
are required to evaluate this hypothesis. Of note, TMAO levels were
already shown to improve risk net classification for new-onset AF,
regardless of traditional AF risk factors or dietary choline intake
[6]. They may furthermore reflect increased electrophysiological
atrial instability and enhanced atrial inflammation, as TMAO injec-
tions into 4 major atrial ganglionated plexi in experimental studies
enhanced electrophysiological atrial instability and, when using a
model of rapid atrial pacing, induced increased acute electrical
remodeling including upregulation of inflammatory cytokines that
belong to the p65 NF-jB signaling pathway [5]. Larger studies will
be essential to validate and bolster our preliminary findings if
TMAO levels may also reflect AF progression.

6. Study limitations

In this study, patients with higher TMAO levels more often
reported use of a statin. Although it is not entirely clear how statins
influence gut microbioma, a very recent study demonstrated that
treatment with rosuvastatin inhibited TMAO-precursor metaboli-
sation, especially in those patients with a more favorable response
to rosuvastatin treatment. These results suggest that although
statins may not alter gut microbioma composition, they may
influence gut microbioma function, especially in those patients
with a favorable treatment response [9]. We, however, were not
able to establish an association between statin use and levels of
TMAO or its precursors. The association between TMAO levels
and more progressed forms of AF may therefore not be straightfor-
ward, especially not in those patients who also suffer from HF, and
larger studies will be needed to evaluate if TMAO levels have pre-
dictive value in AF progression and AF management.

This study is a cross-sectional study and results are thus
descriptive and do not reflect causality of TMAO and AF progres-
sion. Furthermore, TMAO levels were analyzed in non-fasted blood
samples and diet of each patient was unknown. The sample size of

this study was very small, and therefore study observations are
explorative and hypothesis-generating and cannot be used to draw
robust conclusions. Additionally, because of the limited sample-
size more elaborate and extensive statistical testing (such as mul-
tivariate regression analyses or propensity score matching) are not
feasible. Of note, AF-RISK was designed to evaluate AF-progression
in patients with AF and did not include a participants without AF;
we could therefore not compare TMAO levels in patients with and
without AF.

7. Conclusion

In conclusion, in this small explorative and hypothesis-
generating study we show that increasing TMAO levels are associ-
ated with more progressed forms of AF, while this is not the case
for its precursor levels betaine, choline and L-carnitine. We
hypothesize that increased TMAO levels may reflect AF disease
progression in humans. Larger studies are essential to validate
and bolster our findings, especially since the association between
TMAO levels and AF progression may not be straightforward as it
may be influenced by other factors such as statin use.
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