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Aims Trimethyllysine (TML) serves as a nutrient precursor of the gut microbiota-derived metabolite trimethylamine N-
oxide (TMAO) and is associated with incident cardiovascular (CV) events in stable subjects. We examined the rela-
tionship between plasma TML levels and incident CV events in patients presenting with acute coronary syndromes
(ACS).

...................................................................................................................................................................................................
Methods
and results

Plasma levels of TML were quantified in two independent cohorts using mass spectrometry, and its relationship
with CV events was investigated. In a Cleveland Cohort (N = 530), comprised of patients presenting to the emer-
gency department with chest pain and suspected ACS, TML was associated with major adverse cardiac events
(MACE, myocardial infarction, stroke, need for revascularization, or all-cause mortality) over both 30 days [3rd ter-
tile (T3), adjusted odds ratio (OR) 1.77, 95% confidence interval (CI) 1.04–3.01; P < 0.05] and 6 months (T3,
adjusted OR 1.95, 95% CI 1.15–3.32; P < 0.05) of follow-up independent of traditional CV risk factors and indices
of renal function. Elevated TML levels were also associated with incident long-term (7-year) all-cause mortality [T3,
adjusted hazard ratio (HR) 2.52, 95% CI 1.50–4.24; P < 0.001], and MACE even amongst patients persistently nega-
tive for cardiac Troponin T at presentation (e.g. 30-day MACE, T3, adjusted OR 4.49, 95% CI 2.06–9.79; P < 0.001).
Trimethyllysine in combination with TMAO showed additive significance for near- and long-term CV events, includ-
ing patients with ‘negative’ high-sensitivity Troponin T levels. In a multicentre Swiss Cohort (N = 1683) comprised
of ACS patients, similar associations between TML and incident 1-year adverse cardiac risks were observed (e.g.
mortality, adjusted T3 HR 2.74, 95% CI 1.28–5.85; P < 0.05; and MACE, adjusted T3 HR 1.55, 95% CI 1.04–2.31;
P < 0.05).

...................................................................................................................................................................................................
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Conclusion Plasma TML levels, alone and together with TMAO, are associated with both near- and long-term CV events in
patients with chest pain and ACS.
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Introduction

Each year, about 20 million patients present with acute coronary syn-
dromes (ACS) to emergency departments (EDs) in North America
and Europe.1 Current risk stratification markers for ACS identify pro-
teins released into the circulation as a result of myocardial necrosis,
and focus predominantly on ruling out near-term adverse risks, as
well as to identify those for whom more invasive diagnostic testing
and revascularization may be warranted.2–4 In contrast, traditional
cardiovascular (CV) risk factors used for long-term risk prediction
(e.g. cholesterol, triglycerides, high-sensitivity C-reactive protein)
typically are not utilized in the ACS setting because they do not pro-
vide significant prognostic value for near-term risks.5 Identification of
circulating biomarkers that provide both near- and long-term prog-
nostic value in both ACS subjects and stable subjects alike is of inter-
est, as this may help to both identify pathways relevant to
cardiovascular disease (CVD) pathogenesis, as well as improve po-
tential preventive CV risk reduction efforts.

Nearly a decade ago, employing untargeted metabolomics as a dis-
covery platform, we identified circulating analytes in plasma whose
levels are associated with incident CVD risks.6 These studies led to
the discovery of a mechanistic link between the gut microbiota-
derived metabolite trimethylamine N-oxide (TMAO) and both de-
velopment of atherosclerosis,6 and phenotypes associated with vul-
nerable plaque, including arterial endothelial cell activation,7 and
enhanced platelet reactivity and thrombosis potential.8 Following the
initial clinical studies showing circulating TMAO levels predict inci-
dent risks for major adverse cardiovascular events (MACE, myocar-
dial infarction (MI), stroke, or all-cause mortality),9 and enhanced
thrombotic event risks,8 multiple subsequent studies and meta-analy-
ses have confirmed the association between TMAO and both near-
and long-term adverse risks in multiple cohorts.10–13

In more recent untargeted metabolomics studies, we similarly
aimed to discover circulating metabolites associated with incident
MACE in stable subjects undergoing elective cardiac evaluations. The
amino acid N6, N6, N6-trimethyl-L-lysine (trimethyllysine, TML) was
identified to be reproducibly associated with CVD risks in stable sub-
jects undergoing elective diagnostic cardiac risk assessments,14 and
multiple mechanistic studies revealed TML is a relatively abundant
post-translational modification of protein lysine residues in both
plants and animals alike, and can serve as a dietary precursor for gut
microbiota-dependent generation of TMAO.14 Trimethyllysine is
also a known intermediate in carnitine biosynthesis.15,16 Few investi-
gations have examined the relationship between TML and pheno-
types relevant to CVD risks. In one small study of subjects with
evidence of carotid artery atherosclerosis, TML was associated
with increased mortality risks.17 In another study of stable patients
with coronary artery disease (CAD), TML levels were associated

with incident (�8-year follow-up) risk (20% increase) for develop-
ment of Type 2 diabetes.18 Herein, we sought to examine the rela-
tionship between systemic levels of TML and both near- and long-
term CVD and mortality risks among patients presenting to the ED
with the complaint of chest pain, and amongst patients presenting
with adjudicated ACS.

Methods

Full descriptions of methods are provided in the Supplementary material
online.

Study populations
Two independent cohorts of patients with suspected vs. adjudicated ACS
were examined. Patients from both the Cleveland Cohort and the Swiss
ACS Cohort gave informed consent, and study protocols were approved
by respective institutional review boards. All studies were conducted
according to the declaration of Helsinki.

The Cleveland Cohort (N = 530) was a single-centre, prospective co-
hort study designed to examine cardiac Troponin T (cTnT) in the diagno-
sis of MI, as described previously,19,20 with samples reanalysed with the
newer (5th generation) high-sensitivity cTnT assay (Roche Diagnostics).
Adult patients 18 years old and above who presented with chest pain of
suspected cardiac origin to the ED within 24 h of initial onset were eli-
gible. Blood was collected at presentation (baseline), 4, 8, and 16 h later
and plasma frozen at -70�C until analysis. Of the initial 530 patients, 112
were cardiac Troponin T (cTnT)-positive (cTnT >_0.1 mg/L) at initial
evaluation period, and 418 patients were persistently negative for serial
testing of cTnT. All events were adjudicated with medical record checks.

The Swiss ACS Cohort (N = 1683) was a multicentre (Bern, Zurich,
Geneva, and Lausanne), prospective study, performed as part of the
Special Program University Medicine (SPUM-ACS) study
(ClinicalTrials.gov number: NCT01000701, https://clinicaltrials.gov/ct2/
show/NCT01000701) between December 2009 and October 2012. It
involved consecutive and prospective recruitment of subjects presenting
with adjudicated ACS, as previously described.10,21 More extensive
descriptions of the Cleveland Cohort, the Swiss ACS Cohort, their treat-
ment at presentation for suspected ACS, clinical diagnoses definitions,
and outcome adjudication methods are provided in the Supplementary
material online.

Biochemical analyses
Cardiac Troponin T (reference value <_0.1mg/L) was measured by com-
mercial ELISA on an ES300 analyzer (Enzymun Troponin T; Roche
Diagnostics, Boehringer Mannheim, Indianapolis, IN, USA).22 The lower
limit of detection (LOD) of this assay is 0.02mg/L. The Roche assay was
performed with the use of the Elecsys system (05092744190 Troponin T
hs Elecsy, Roche Diagnostics, Indianapolis, IN, USA) for cTnT (5th gener-
ation), with a LOD is 0.005mg/L, the 99th percentile 0.014mg/L, and the
10% CV is 0.013mg/L.23 Estimated glomerular filtration rate (eGFR; in
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..mL/min per 1.73 m2) was calculated for each cohort using the modifica-
tion of Diet in Renal Disease study equation.24 Trimethyllysine and
TMAO were quantified using stable isotope dilution LC/MS/MS analyses
as previously described using a Shimadzu Nexera Ultra High
Performance Liquid Chromatograph (UHPLC) system interfaced with
Shimadzu 8050 triple quadrupole mass spectrometer.14 More extensive
descriptions of analytical methods are provided in the Supplementary ma-
terial online.

Statistical analysis
The Wilcoxon–rank sum test or Student’s t-test for continuous variables
and the v2 test or Fisher’s exact test for categorical variables were used
to determine significant difference between groups. The statistical analysis
of MACE is different between the Cleveland Cohort and Swiss ACS
cohorts. For the Cleveland cohort, due to the lack of time to event infor-
mation excepting for mortality, MACE is a binary composite—‘yes’ or
‘no’ to non-fatal MI, non-fatal stroke, the need for revascularization, or
all-cause mortality. Odds ratio (OR) for binary MACE and corresponding
95% confidence interval (CI) were calculated using both univariable (un-
adjusted) and multivariable (adjusted) logistic regression models. For the
Swiss cohort, MACE is a time-to-event outcome, and is defined as time
to first occurrence of non-fatal MI, non-fatal stroke, need for revasculari-
zation, or all-cause mortality. Kaplan–Meier curves (unadjusted) along
with Cox proportional hazards regression models were used for time-to-
event analysis. Hazard ratio (HR) with 95% CI for incident MACE and all-
cause mortality were calculated for both univariable (unadjusted) and
multivariable (adjusted) Cox models. Both logistic regression models and

Cox models were adjusted for traditional cardiac risk factors including
age, sex, high-density lipoprotein cholesterol (HDL-C), low-density lipo-
protein cholesterol (LDL-C), smoking, presence or absence of diabetes
mellitus and hypertension, and indices of renal function (eGFR). Area
under the receiver operating characteristic curves (AUC) and Brier score
were calculated to evaluate the incremental ability of TML for predicting
an adverse event, and adjusted with the same covariates from the logistic
regression model (binary endpoint) or Cox model (time to event data)
(i.e. with traditional CV risk factors and eGFR).25,26 All analysis was per-
formed with R 3.5.1. (Vienna, Austria), and P-value <0.05 was considered
statistically significant.

Results

Baseline characteristics of patients in
both Cleveland and Swiss ACS Cohorts
Baseline characteristics of both the Cleveland Cohort and the Swiss
ACS Cohort, both cumulative and stratified by tertiles of plasma
TML, are shown in Tables 1 and 2, respectively. Elevated TML levels
at presentation in each cohort were observed amongst subjects who
were older, had a history of diabetes mellitus or hypertension, and
were more likely to have lower HDL-C. The Cleveland Cohort con-
sisted of 530 sequential patients presenting to the ED with complaint
of chest pain, 88 patients (16.6%) had unstable angina (UA) and 199
patients (37.6%) had adjudicated ACS at presentation. One hundred

....................................................................................................................................................................................................................

Table 1 Baseline characteristics of patients in the Cleveland Cohort stratified according to trimethyllysine tertiles

Characteristics All patients

(N 5 530)

Tertile 1 (N 5 174)

<0.74 mM

Tertile 2 (N 5 181)

0.74–1.11 mM

Tertile 3 (N 5 175)

>1.11 mM

P-value

Age (years) 62.4 ± 13.9 59.2 ± 13.7 63.6 ± 13.1 64.5 ± 14.3 <0.001

Male (%) 57.5 46.0 64.1 62.3 0.001

C-reactive protein (mg/dL) 0.56 (0.19–1.19) 0.57 (0.16–1.13) 0.48 (0.17–1.04) 0.61 (0.24–1.37) 0.18

History of hyperlipidaemia (%) 50.0 44.0 49.1 56.6 0.063

History of diabetes (%) 27.2 19.9 27.3 34.1 0.013

History of hypertension (%) 65.6 58.2 65.3 73.0 0.016

History of revascularization (%) 33.9 22.8 35.3 42.9 0.001

History of CAD (%) 48.9 52.8 46.2 47.9 0.46

History of smoking (%) 61.1 55.3 60.7 67.1 0.089

HDL-C (mg/dL) 39.0 (32.0–47.0) 42.0 (34.8–48.0) 38.0 (32.0–48.0) 36.0 (30.0–45.0) 0.001

LDL-C (mg/dL) 104.5 (80.0–133.2) 106 (80.8–132.2) 102.0 (77.0–126.0) 108.0 (81.0–141.0) 0.25

Adjudicated ACS (%) 37.6 26.0 37.6 49.1 <0.001

TMAO (mM) 4.28 (2.55–7.91) 2.9 (1.89–4.61) 3.98 (2.53–6.87) 7.14 (4.38–13.54) <0.001

Baseline hs-TnT (mg/L) 0.018 (0.009–0.045) 0.014 (0.007–0.032) 0.017 (0.009–0.036) 0.029 (0.011–0.067) 0.002

TML (mM) 0.89 (0.68–1.33) 0.6 (0.49–0.68) 0.89 (0.81–1.00) 1.58 (1.35–2.03) <0.001

eGFR (mL/min/1.73 m2) 75.8 (54.7–91.2) 85.3 (69.6–101.3) 76.3 (61.5–89.7) 59.4 (34.6–81.2) <0.001

Baseline medications (%)

Aspirin (%) 36.5 30.4 38.4 40.5 0.14

ACE inhibitors (%) 25.4 21.5 20.7 33.7 0.01

Statin (%) 13.0 10.1 11.0 17.8 0.08

Beta-blockers (%) 23.1 18.4 23.8 27.0 0.18

Continuous data are presented as mean ± standard deviation or median (interquartile range), and categorical variables are presented as %. One-way ANOVA or Kruskal–Wallis
test were used for numeric data comparison. The v2 test was used for categorical data.

2702 X.S. Li et al.
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..and twelve patients (21.1%) were noted to be cTnT positive (cTnT
>_0.1mg/L) during the initial evaluation period (baseline, 4, 8, or 16 h
post-presentation sample) and 418 patients remained persistently
negative for cTnT testing. Furthermore, 5th generation high-
sensitivity TnT (hs-TnT) was used to re-measure samples for all
patients (N = 530) using either baseline (N = 415) or 4 h (N = 115)
samples for those without remaining baseline sample. Of these, 247
patients (N = 192/415 baseline, N = 55/115 4 h) had an hs-TnT level
below the universal 99th percentile cut-off derived from healthy
patients (hs-TnT <_0.014mg/L).27,28 Follow-up was completed for 30-
day and 6-month periods. Thirty day outcomes included MI in 115
patients, stroke in one patient, revascularization in 160 patients, all-
cause death in seven patients, and the composite MACE in 202
patients (38.1%). Cumulative outcomes at 6 months included MI in
117 patients, stroke in six patients, revascularization in 163 patients,
all-cause death in 29 patients, and the composite MACE in 220
patients (41.5%). All-cause mortality at 7 years was available in 89%
(N = 474) of the Cleveland Cohort patients. The Swiss ACS popula-
tion included 1683 patients with adjudicated ACS and onset of symp-
toms within 72 h. In the Swiss ACS Cohort, 881 patients (52.3%) had
ST-elevation myocardial infarction, 731 patients (43.4%) had non-ST-
elevation myocardial infarction, and 71 patients (4.2%) had UA at
presentation. Outcomes at 1 year included MI in 52 patients, stroke
in 21 patients, revascularization in 99 patients, all-cause death in 71
patients including cardiac death 56 patients (78.9%), and the compos-
ite MACE in 190 patients (11.3%).

Trimethyllysine association with major
adverse cardiac events and long-term
mortality in the Cleveland Cohort
We first examined the relationship between the levels of TML and in-
cident CV events and long-term mortality within the Cleveland
Cohort. Individuals with higher plasma TML levels at presentation
were more likely to experience MACE over the initial 30-day and 6-
month periods following enrolment (P < 0.0001 each; Figure 1A).
Over 7-year follow-up, 136 deaths occurred in the study cohort.
Trimethyllysine levels were also higher in individuals who died in the
ensuing long-term (7-year) period (P < 0.0001; Figure 1A). Kaplan–
Meier survival estimates showed enhanced mortality with increasing
TML (log rank P < 0.0001; Figure 1B). Elevated TML levels were also
associated with significant increased odds for MACE at 30 days (3rd
vs. 1st TML tertile: OR 2.61, 95% CI 1.67–4.08; P < 0.001) and
6 months of follow-up (3rd vs. 1st TML tertile: OR 2.81, 95% CI
1.81–4.38; P < 0.001) (Figure 1C); and TML was also associated with
increased risk of 7-year mortality (3rd vs. 1st TML tertile: HR 4.55,
95% CI 2.84–7.30; P < 0.001) (Figure 1C). Following multivariable lo-
gistic regression or Cox models adjusting for traditional risk factors
(age, sex, smoking, hypertension and diabetes mellitus, LDL-C, and
HDL-C) and indices of renal function, elevated (3rd vs. 1st tertile)
plasma TML remained independently associated with MACE over
the ensuing 30-day (OR 1.77, 95% CI 1.04–3.01; P < 0.05) and 6-
month (OR 1.95, 95% CI 1.15–3.32; P < 0.05) periods, as well as
increased risk of all-cause mortality over the ensuing 7-year period

....................................................................................................................................................................................................................

Table 2 Baseline characteristics of patients in Swiss ACS Cohort stratified according to trimethyllysine tertiles

Characteristics All patients

(N 5 1683)

Tertile 1 (N 5 556)

<0.56 mM

Tertile 2 (N 5 567)

0.56–0.73 mM

Tertile 3 (N 5 560)

>0.73 mM

P-value

Age (years) 63.9 ± 12.4 61.5 ± 11.6 62.4 ± 12.3 68.0 ± 12.4 <0.001

Male (%) 77.8 65.3 83.4 84.5 <0.001

C-reactive protein (mg/dL) 2.8 (1.1–8.0) 2.5 (1.08–6.03) 2.4 (1.08–6.93) 3.6 (1.4–12.5) <0.001

History of hyperlipidaemia (%) 62.6 62.9 59.6 65.4 0.14

History of diabetes (%) 17.5 13.8 15.3 23.2 <0.001

History of hypertension (%) 59.3 52.7 56.3 68.9 <0.001

History of revascularization (%) 17.4 14.7 15.2 22.3 0.001

History of CAD (%) 36.8 37.2 37.6 35.6 0.77

History of smoking (%) 67.8 69.1 69.3 65.0 0.22

HDL-C (mg/dL) 43.3 (36.3–53.4) 46.4 (37.9–55.7) 43.3 (35.6–53.0) 42.2 (35.6–51.0) <0.001

LDL-C (mg/dL) 118.7 (90.1–148.5) 125.3 (94.7–154.7) 121.4 (95.9–150.8) 108.7 (80.8–136.9) <0.001

TMAO (mM) 2.87 (1.94–4.85) 2.29 (1.59–3.26) 2.60 (1.90–3.94) 4.35 (2.82–7.17) <0.001

Hs-TnT (mg/L) 0.20 (0.06–0.71) 0.18 (0.05–0.54) 0.20 (0.06–0.7) 0.24 (0.06–0.93) 0.005

TML (mM) 0.64 (0.52–0.81) 0.48 (0.42–0.52) 0.64 (0.60–0.69) 0.90 (0.81–1.09) <0.001

eGFR (mL/min/1.73 m2) 100.2 (74.2–126.9) 112.7 (90.3–137.9) 103.8 (83.7–129.1) 77.4 (54.5–105.9) <0.001

Baseline medications (%)

Aspirin (%) 33.3 26.8 30.9 42.4 <0.001

ACE inhibitors (%) 18.3 16.1 14.8 24.0 <0.001

Statin (%) 31.4 28.4 30.0 35.8 0.02

Beta-blockers (%) 26.3 21.4 23.9 33.8 <0.001

Continuous data are presented as mean ± standard deviation or median (interquartile range), and categorical variables are presented as %. One-way ANOVA or Kruskal–Wallis
test were used for numeric data comparison. The v2 test was used for categorical data.

Prognostic value of TML in ACS 2703
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(HR 2.52, 95% CI 1.50–4.24; P < 0.001) (Figure 1C). The inclusion of
TML as a covariate did not result in a significant improvement in risk
estimation to the fully adjusted model for MACE at 30 days as moni-
tored by either AUC or Brier score. Similar results were observed
for MACE at 6 months and 7-year all-cause mortality (Supplementary
material online, Table S1).

We also explored sex-specific association of TML levels with
MACE at 30 days and 6 months (male, N = 305; female N = 225), and
all-cause mortality at 7 years (male, N = 278; female, N = 196).
Elevated TML levels (Tertile 3 vs. Tertile 1) were associated with
increased odds of MACE at 30 days and 6 months and increased risk
of 7-year all-cause mortality in males and females alike. Moreover,
the association remained significant for females independent of trad-
itional risk factors and indices of renal function (Supplementary ma-
terial online, Figure S1) for both MACE (6 months) and mortality
(7 years). Similar sub-cohort analyses showed elevated TML levels
were associated with MACE and 7-year all-cause mortality amongst
patients with vs. without history of CAD (Supplementary material
online, Figure S1).

Association of trimethyllysine levels with
adverse clinical outcomes in patients
persistently negative for Troponin Tat
presentation with chest pain
We next examined whether trimethyllysine levels may provide clinic-
al utility among patients without evidence of myocardial necrosis (i.e.
remain negative for Troponin T throughout the monitoring period of
baseline, 4, 8, and 16 h after admission). Of the patients that remained
persistently negative for Troponin T (cTnT <0.1mg/L) during the ini-
tial evaluation period (N = 418), TML was higher among those who
subsequently experienced a MACE compared to those who did not
over the ensuing 30 days {median [interquartile range (IQR)] 1.10mM
(0.85–1.60) vs. 0.83mM (0.65–1.18); P < 0.0001} and 6 months [me-
dian (IQR) 1.07mM (0.85–1.59) vs. 0.82mM (0.64–1.17); P < 0.0001].
Amongst patients initially negative for Troponin T, the frequency of
experiencing a MACE over the ensuing 30 days and 6 months
increased with increasing TML tertiles [e.g. 8.9% and 11.1% in tertile
(T) 1 (<0.72mM), 22.5% and 28.2% in T2 (0.73–1.08mM), and 32.6%

A

C

B

Figure 1 Systemic levels of trimethyllysine are associated with incident cardiovascular events in the Cleveland Cohort. (A) Box–Whisker plots of
trimethyllysine levels among patients presenting with chest pain indicating the relationship of trimethyllysine with (yes) and without (no) incident
major adverse cardiac events (myocardial infarction, stroke, the need for revascularization, or all-cause mortality) and mortality over follow-up peri-
ods. (B) Kaplan–Meier plot depicting 7-year risk for all-cause mortality stratified by the tertiles of trimethyllysine levels. (C) Forest plots illustrating the
odds of major adverse cardiac events at 30 days and 6 months and the risk of all-cause mortality by 7 years according to the tertiles of trimethyllysine
levels. Symbols represent odds ratios or hazard ratios, and the 5–95% confidence interval is indicated by line length. Odds ratios were calculated using
multivariable logistic regression modelling and hazard ratios by Cox modelling using adjustments for age, sex, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, smoking, history of diabetes mellitus and hypertension, and indices of renal function (estimated glomerular filtra-
tion rate).

2704 X.S. Li et al.

https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz259#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz259#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz259#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz259#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz259#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz259#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz259#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz259#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz259#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

and 37.6% in T3 (>_1.09mM), (P < 0.05 for trend)]. Trimethyllysine
levels in relation to MACE among patients persistently negative for
cTnT testing are shown in Figure 2. As compared to patients in the
first tertile of TML levels, patients in the highest tertile (T3) revealed
a significantly increased (4.96-fold) odds of MACE at 30 days (OR
4.96, 95% CI 2.49–9.89; P < 0.001). Among patients persistently nega-
tive for cTnT, plasma TML levels remained significantly associated
with MACE at both 30 days (T3 OR 4.49, 95% CI 2.06–9.79;
P < 0.001) and 6 months (T3 OR 4.41, 95% CI 2.11–9.23; P < 0.001),
even following adjustments for traditional risk factors and indices of
renal function (P < 0.001 each, Figure 2). The Brier scores are relative-
ly low, which correspond to greater prediction importance; however,
the inclusion of TML as a covariate did not indicate a significant im-
provement in risk estimation over traditional CV risk factors and indi-
ces of renal function in either Brier score or AUC for MACE at
30 days and 6 months (Supplementary material online, Table S1).

Value of simultaneous trimethyllysine
and trimethylamine N-oxide analyses for
incident cardiovascular events, the
Cleveland Cohort
Isotope tracer studies reveal dietary TML can serve as a TMAO-
producing nutrient precursor via gut microbiota, and in clinical
studies, combining TML with TMAO provides long-term prognostic
value among stable subjects undergoing cardiac evaluations.14 We,
therefore, hypothesized that concurrent assessment of TML and
TMAO could enhance risk stratification among patients presenting
with suspected ACS. Among subjects in the Cleveland Cohort at
initial presentation (baseline), Spearman’s correlation analyses
showed a significant association between plasma TML and TMAO
levels (r = 0.50, P < 0.0001; Figure 3A). Kaplan–Meier survival plots
stratifying TML and TMAO into low vs. high levels (below vs.
above median value) shows that elevated TML and TMAO levels
were each associated with a graded increase (log rank P < 0.001) in
incident mortality risk, with highest cumulative mortality rate noted
among those with both high TML and TMAO levels (Figure 3B).
When TMAO levels were included in the Cox regression models,
elevated levels of both TML and TMAO retained significant prog-
nostic value even after adjustments for multiple risk factors and in-
dices of renal function (Figure 3B). To further examine both the
independence and potential additive significance of TML and
TMAO, we stratified the whole cohort into tertile groups of both
TML and TMAO. Patients having the lowest tertile of both TML
and TMAO levels (reference group) experienced an absolute an-
nual mortality rate of only 1.4%/year. In contrast, patients with
combined highest tertiles of TML and TMAO levels experienced
an 8.6%/year annual event rate, and a significant 8.52-fold relative
risk of incident mortality in 7 years (unadjusted HR 8.52, 95% CI
4.04–17.98; P < 0.001) (Figure 3C, Supplementary material online,
Table S2). Moreover, even among patients with low TMAO levels
(T1) at presentation, increasing levels of TML were associated with
significant increase in mortality risk (3.76-fold risk when TML is the
highest tertile yet TMAO remains low; P < 0.05) (Figure 3C,
Supplementary material online, Table S2). Similarly, among patients
with the low TML levels, increasing TMAO levels dose-
dependently were associated with increased mortality risk [e.g.

4.59-fold risk when TMAO is high (T3) yet TML is low (T1);
P < 0.01. Figure 3C, Supplementary material online, Table S2].

High-sensitivity troponin assays are enabling earlier diagnosis of MI
and when negative, help identify subjects at reduced risk over the
ensuing 30 days.27,29–31 We, therefore, explored the potential clinical
value of TML and TMAO levels for incident CV events in patients
who were below the 99th percentile cut-off on the 5th generation
(Roche) high-sensitivity Troponin T testing at baseline and 4 h
(<_0.014mg/L, threshold used globally,27,28 and lower than the
0.019mg/L cut-off the 99th percentile in the USA31). Subjects were
again stratified based on tertiles of both TML and TMAO levels.
Among these 247 patients (hs-cTnT <_0.014mg/L), the overall MACE
rate over the ensuing 6-month period was 21.9% (n = 54/247).
Elevated TML and TMAO levels remained significantly associated
with increased CV events (T3/T3, TML/TMAO vs. T1/T1, TML/
TMAO, unadjusted OR 4.41, 95% CI 1.34–14.56; P < 0.05) (Figure 3D,
Supplementary material online, Table S3), and TML provided prog-
nostic value in combination with TMAO for MACE odds, even in
patients with ‘negative’ hs-TnT levels (i.e. <99th % cut-off on Roche
5th generation assay).

Elevated plasma trimethyllysine levels
are associated with incident
cardiovascular events in an independent
cohort of acute coronary syndrome
patients: the multicentre Swiss ACS
Cohort
We next examined the clinical prognostic value of TML in an inde-
pendent cohort, the multicentre Swiss ACS Cohort, a prospective
study of 1683 patients with adjudicated ACS and 1-year longitudinal

Figure 2 Association of plasma trimethyllysine levels with inci-
dent major adverse cardiac events for patients persistently negative
for Troponin T. Forest plots indicating the odds of major adverse
cardiac events at 30 days and 6 months according to trimethyllysine
levels ranked by tertiles among patients persistently negative for
Troponin T test (cTnT <0.1mg/L) in the Cleveland Cohort.
Symbols represent odds ratios and the 5–95% confidence interval is
indicated by line length. Odds ratios were calculated using multivari-
able logistic regression modelling using adjustments for age, sex,
high-density lipoprotein cholesterol, low-density lipoprotein choles-
terol, smoking, history of diabetes mellitus hypertension, and indices
of renal function (estimated glomerular filtration rate).
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follow-up.10,21 Trimethyllysine levels were higher among patients
who experienced a MACE (MI, stroke, need for revascularization, or
all-cause mortality) in the 1-year follow-up period compared to those
who did not experience MACE (median 0.72 vs. 0.64 lM, P < 0.001;
Figure 4A). Trimethyllysine levels were also higher among subjects
who died within 1 year after presentation compared with those
who did not (median 0.94 vs. 0.64 lM, P < 0.0001; Figure 4A).
Kaplan–Meier survival plots illustrate the dose-dependent association
observed between increasing TML and reduced freedom from

MACE (log rank P < 0.001; Figure 4B). Within the multisite Swiss ACS
Cohort, the 1-year risk of incident MACE or mortality increased in
consecutive TML tertiles, with individuals in the top tertile (relative
to bottom tertile) showing a 1.90-fold risk of MACE (HR 1.90, 95%
CI 1.34–2.70; P < 0.001) and a 5.23-fold risk of all-cause mortality
(HR 5.23, 95% CI 2.56–10.67; P < 0.001; Figure 4C). After adjustment
for traditional risk factors and indices of renal function, elevated TML
levels were independently associated with 1-year MACE (HR 1.55,
95% CI 1.04–2.31; P < 0.05) and mortality (HR 2.74, 95% CI

A B

C D

Figure 3 Plasma trimethyllysine in relation to both incident cardiovascular events and trimethylamine N-oxide in the Cleveland Cohort. (A)
Correlation between plasma levels of trimethyllysine and trimethylamine N-oxide in the entire Cleveland Cohort. (B) Kaplan–Meier plot illustrating
the relationship between plasma trimethyllysine and risk of incident 7-year risk for mortality according to trimethyllysine and trimethylamine N-oxide
levels where each marker is categorized above vs. below the median level in the cohort, median plasma concentration of trimethyllysine (0.89mM)
and trimethylamine N-oxide (4.28mM) within the cohort was used to stratify patients as ‘high’ (>_median) or ‘low’ (<median) values, also shown are
hazard ratio (95% confidence interval) for the indicated trimethyllysine and trimethylamine N-oxide grouping using either an unadjusted model, or
following adjustments for traditional cardiovascular risk factors (age, sex, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol,
smoking, diabetes mellitus, and hypertension) and indices of renal function (estimated glomerular filtration rate). (C) Plot of unadjusted hazard ratio
for incident 7-year mortality risk stratified by tertiles (low, intermediate, and high) of trimethylamine N-oxide (cut-off values 3.0 and 6.29mM) and tri-
methyllysine (cut-off values of 0.7 and 1.09mM). *P < 0.05, **P < 0.01, ***P < 0.001 relative to low/low TMAO/TML group. (D) Plot of unadjusted
odds ratio for 6-month major adverse cardiac events stratified by the tertiles which indicated low, intermediate and high levels of trimethylamine N-
oxide (cut-off values 2.7 and 4.61mM) and trimethyllysine (cut-off values of 0.7 and 0.99mM) among patients who were below the 99th percentile
cut-off on hs-cTnT (N = 247). *P < 0.05, **P < 0.01 relative to low/low TMAO/TML group.
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..1.28–5.85; P < 0.01) risks (Figure 4C). The inclusion of TML as a cova-
riate showed a trend towards an improved risk estimation in the fully
adjusted model for predicting incident 1-year MACE, albeit not at a
statistically significant level [AUC 0.78 (0.72–0.84) (with TML) vs.
0.76 (0.71–0.82) (without TML), P = 0.084]. Addition of TML to the
fully adjusted model for predicting 1-year all-cause mortality did not
show significant improvement in AUC. The Brier scores are very
low, which indicate close to prefect prediction, and the inclusion of
TML did not indicate a significant improvement in risk estimation of
MACE and all-cause mortality by Brier score (Supplementary mater-
ial online, Table S1). We also calculated cumulative risk with death
not associated with MACE as a competing risk and comparison was
made by Fine–Gray test.32 For this analysis, MACE was redefined as
time to first occurrence of non-fatal MI, non-fatal stroke, need for
revascularization, or CVD mortality. Essentially similar results were
observed, with 3rd tertile TML levels significantly associated with cu-
mulative incidence of MACE (HR 1.77, 95% CI 1.24–2.55; P = 0.002).
Following adjustments with a fully loaded model (traditional risk

factors and indices of renal function), a trend was observed that failed
to reach significance (adjusted HR 1.44, 95% CI 0.96–2.16; P = 0.081).

Similar to results observed with the Cleveland Cohort, a significant
positive association was observed between plasma TML and TMAO
levels in the multicentre Swiss ACS Cohort (Spearman r = 0.42,
P < 0.001, N = 1683; Figure 5A). Moreover, in Kaplan–Meier plots
stratifying both TML and TMAO levels above vs. below median TML
and TMAO levels, the highest cumulative MACE rate was observed
in patients with high levels of both TML and TMAO, and lowest cu-
mulative event rate in subjects possessing both low TML and TMAO
levels. In Cox survival analyses including both TMAO and multivariate
risk factor adjustment for traditional risks factors and indices of renal
function, an elevated TML level was associated with a 2.1-fold risk for
MACE (1 year) among those with concurrently high TMAO level
(adjusted HR 2.10, 95% CI 1.41–3.12; P < 0.001; Figure 5B).
Trimethyllysine and TMAO also showed prognostic value
when ranked as tertiles (Figure 5C, Supplementary material online,
Table S4).

A

C

B

Figure 4 Association of systemic levels of trimethyllysine with incident cardiovascular events in the multicentre Swiss ACS Cohort. (A) Box–
Whisker plots of trimethyllysine levels among acute coronary syndrome patients depicting the relation of trimethyllysine with (yes) and without (no)
incident major adverse cardiac events and mortality in 1 year. (B) Kaplan–Meier plots illustrating 1-year major adverse cardiac events risk stratified by
the tertiles of trimethyllysine levels. (C) Forest plots indicating the risks of incident major adverse cardiac events and mortality according to the tertiles
of trimethyllysine levels in 1 year. Symbols represent hazard ratios and the 5–95% confidence interval is indicated by line length. Hazard ratios by Cox
modelling using adjustments for age, sex, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, smoking, history of diabetes melli-
tus and hypertension, and indices of renal function (estimated glomerular filtration rate).
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Discussion

Patients with ACS experience a wide range of adverse cardiac events.
Risk stratification, based on clinical characteristics is challenging, yet
risk evaluation is needed to guide and optimize triage, management
decisions and preventive efforts.33,34 We report that, in patients who
are presenting with either suspected or adjudicated ACS, TML is in-
dependently and additively (with TMAO, traditional risk factors and
indices of renal function) associated with adverse outcomes in
patients at risk for either near- or long-term CV events (Take home
figure). Plasma TML levels were also associated with MACE even in
patients who were consistently negative for Troponin T. Moreover,
amongst patients presenting with chest pain and yet were initially
‘negative’ with hs-TnT levels (i.e. <99% cut-off on Roche 5th gener-
ation assay), elevated TML levels (both alone and in combination with
TMAO) were associated with near-term adverse outcomes. The pre-
sent results suggest that rapid quantification of TML and TMAO at
presentation may provide added value for identifying patients at risk
for either near-term or long-term adverse events. Thus, TML may
help to identify those who might benefit from early intervention, and
escalation in preventive risk reducing efforts who might not otherwise
be recognized using traditional electrocardiographic or laboratory
diagnostic testing.

The mechanism through which elevated TML levels are associated
with incident CVD risks remains unclear. Trimethyllysine is a precursor
of gut microbiota-dependent TMAO14; however, unlike other
TMAO-producing dietary sources such as choline and carnitine, whose
prognostic value is attenuated upon addition of TMAO to multivari-
able regression models,35,36 the addition of TMAO to models failed to
significantly attenuate the potential clinical utility of TML in two
cohorts examined. Similar results were recently observed with stable
subjects and long-term MACE risks.14 This result suggests that the as-
sociation between TML and CV risks is independent of TMAO.
Trimethyllysine originates in the human body from both endogenous
and exogenous sources. Dietary sources of TML are easily absorbable
from both plant and animal based foods including vegetables, seafood,
and meat, where protein-bound TML is widely present.14,37–40

Trimethyllysine is also generated endogenously as part of post-
translational modification of proteins, and has classically been studied
in the context of histone modification during chromatin remodelling
and regulation of gene expression, processes widely observed in both
Animalia and Plantae kingdoms.41–46 Methylation of protein lysine resi-
dues is also recognized to occur beyond nuclear protein targets,
including cytosolic and secreted proteins.37,44–48 In addition, the free
amino acid TML is an intermediate in carnitine biosynthesis.16

Whether any of these processes account for the significant association
observed between circulating TML levels and adverse CV events
remains unclear. The present studies further confirm that untargeted
metabolomics, the discovery platform that identified the link between
TML and MACE, is a powerful approach for identifying novel pathways
reproducibly associated with CV events. Further studies are warranted
to explore the underlying mechanisms accounting for the strong asso-
ciation between circulating TML levels and subsequent MACE.

Limitations
The present studies monitored TML levels at a single time point and
did not examine changes in TML over time. Moreover, samples

Figure 5 Relationship between plasma trimethyllysine and both
incident cardiovascular events and trimethylamine N-oxide in Swiss
ACS cohort. (A) Correlation between plasma levels of trimethylly-
sine and trimethylamine N-oxide in the entire Swiss ACS Cohort
(N = 1683). (B) Kaplan–Meier estimates indicating the relationship
between plasma trimethyllysine and incident 1-year major adverse
cardiac events according to trimethyllysine and trimethylamine N-
oxide levels where each marker is categorized above vs. below indi-
cated cut-off in the cohort, cut-off plasma concentration of trime-
thyllysine (0.88mM) and trimethylamine N-oxide (4.27mM) within
the cohort was used to stratify patients as ‘high’(>_cut-off) or ‘low’(-
cut-off) values, also shown are hazard ratio (95% confidence inter-
val) for the indicated trimethyllysine and trimethylamine N-oxide
grouping using either an unadjusted model, or following adjustments
for traditional cardiovascular risk factors (age, sex, high-density lipo-
protein cholesterol, low-density lipoprotein cholesterol, smoking,
diabetes mellitus, and hypertension) and indices of renal function
(estimated glomerular filtration rate). (C) Plot of hazard ratio for in-
cident 1-year major adverse cardiac events risk stratified by indi-
cated low, intermediate, and high levels of trimethylamine N-oxide
(cut-off values 2.2 and 4.27mM) and trimethyllysine (cut-off values
of 0.56 and 0.88mM). *P < 0.05, **P < 0.01, ***P < 0.001 relative to
low/low TMAO/TML group.
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analysed were not collected under fasting conditions, and concentra-
tion of TML may dependent on diet. Cause of death was not available
for the Cleveland cohort, so all-cause death was used as the mortality
endpoint. As with all associative studies, some uncontrolled con-
founding effect may not have been taken into account. Nevertheless,
the association between TML and ACS was reproducible in both the
US (single-site) and Swiss (multi-site) cohorts.

Conclusions

In summary, plasma levels of TML, both alone and in combination
with TMAO provide independent and reproducible clinical value for
incident MACE and mortality amongst patients presenting with chest
pain and ACS.

Supplementary material

Supplementary material is available at European Heart Journal online.
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