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Abstract

Background: Recent studies show a mechanistic link between gut microbiota-dependent 

formation of the atherosclerosis- and thrombosis-promoting metabolite trimethylamine N-oxide 

(TMAO) and cardiovascular disease (CVD). The clinical utility of TMAO in apparently healthy 

subjects for predicting incident CVD risks is unclear.

Methods and Results: In the EPIC-Norfolk community-based study, we examined baseline 

fasting levels of TMAO and two of its nutrient precursors, choline and betaine, in a case:control 

design study comparing apparently European healthy middle-aged participants who subsequently 

develop CVD (Cases, n=908) versus those who did not (Controls, n=1,273) over an ensuing 
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average follow-up period of 8 years. In participants who developed CVD vs controls, higher 

plasma TMAO (3.70 [IQR 2. 50–6.41]μM vs 3.25 [IQR 2.19–52,1.15]μM; p<0.001) and choline 

levels (9.09 [IQR 7.87–10.53]μM vs 8.89 [IQR 7.66–10.13]μM; p=0.001) were observed. 

Following adjustments for traditional risk factors, elevated TMAO (adjusted odds ratio (OR) 1.58 

[95% confidence interval (CI) 1.21–2.06], p<0.001) and choline levels (adjusted OR 1.31 [95%CI 

1.00–1.72], p<0.05) remained predictive of incident CVD development. The clinical prognostic 

utility of TMAO remained significant and essentially unchanged regardless of the level of cutoff 

chosen between 1.5 uM (10%ile) to 10.5 uM (90%ile).

Conclusion: In apparently healthy participants of the community-based middle-aged EPIC-

Norfolk population, elevated plasma levels of the gut microbe-dependent metabolite TMAO, and 

its nutrient precursor choline, predict incident risk for CVD development independent of 

traditional risk factors.

One-Sentence Summary

In apparently healthy people with no history of cardiovascular diseases, elevated trimethylamine 

N-oxide (TMAO) levels is associated with incident development of coronary artery disease.
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INTRODUCTION

Over the past decade, numerous studies have revealed a role of the gut microbiome in both 

cardiovascular and metabolic health, as well as disease susceptibility.1 Animal model 

mechanistic studies supported by clinical observational studies, implicate the meta-

organismal (i.e. involving both gut microbe and human host) trimethylamine N-oxide 

(TMAO) pathway as a participant in the development of both atherosclerotic heart disease 

and its adverse thrombotic events.2–8 The overall pathway begins with gut microbe 

metabolism of phosphatidylcholine or L-carnitine, nutrients commonly found in a Western 

diet, and the generation of trimethylamine (TMA), a noxious smelling waste product of gut 

microbial metabolism. Following absorption into the portal circulation, TMA is rapidly 

metabolized in the liver to produce TMAO, which is eventually eliminated by excretion into 

urine via the kidneys. Meanwhile, other related metabolites such as choline and betaine were 

also identified as being closely associated with TMAO in an iterative series of case-control 

discovery cohorts.5

The contributory role of the TMAO pathway in the development of coronary artery disease 

(CAD) in the general population, particularly amongst people who are apparently healthy, 

has not been established. Herein, we investigate the prognostic value of baseline TMAO 

levels and the propensity for incident coronary artery disease (CAD) events in apparently 

healthy middle-aged people from the general population.

Tang et al. Page 2

Am Heart J. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



METHODS

Study population.

We performed a nested case-control study among participants of the EPIC (European 

Prospective Investigation Into Cancer and Nutrition)-Norfolk prospective population study, a 

community-based cohort.9 EPIC is a collaboration of population cohorts in 10 European 

countries, designed to assess the determinants of cancer and other diseases. The EPIC-

Norfolk cohort, which is part of the EPIC study, has been described in detail previously. In 

brief, between 1993 and 1997, investigators recruited 25,663 apparently healthy men and 

women between 40 and 79 years old, all residents of Norfolk, United Kingdom, and 

performed a baseline survey.

Sample acquisition.

Non-fasting blood samples were obtained by venipuncture into plain and citrate bottles. 

Blood samples for assay were processed at the Department of Clinical Biochemistry, 

University of Cambridge, and stored at −80°C.

Study endpoints.

All individuals have been flagged for death certification at the U.K. Office of National 

Statistics, with vital status ascertained for the entire cohort. Participants admitted to hospital 

were identified using unique National Health Service number by data linkage with the East 

Norfolk Health Authority database, which identifies all hospital contacts throughout 

England and Wales for Norfolk residents. Participants were identified as having CAD during 

follow-up if they had a hospital admission and/or died with CAD as underlying cause. CAD 

was defined as code 410 to 414 according to the International Classification of Diseases-9th 

revision. We report results with follow-up to November 2003, an average of 8 years. The 

study was approved by the Norwich District Health Authority Ethics Committee, and all 

participants gave informed consent. We considered only individuals who did not report a 

history of heart attack or stroke at the baseline clinic visit. Cases were 908 individuals in 

whom fatal or nonfatal CAD developed during follow-up. Controls (n=1273) remained free 

of CAD during follow-up. Control participants were individually matched to each case 

subject by gender, age (within 5 years), general practice site of enrollment, and date of visit 

(within 3 months).

TMAO, choline and betaine measurements.

Plasma samples that has never been utilized before were thawed and re-aliquoted following 

case/control identification in 2003 (average during from collection to aliquoting was 8 

years). Aliquots remained frozen until measurements in 2014. Quantification of fasting 

plasma TMAO, choline, and betaine levels was performed utilizing stable isotope dilution 

liquid chromatography with on-line tandem mass spectrometry (LC/MS/MS) as previously 

described.5, 10 Specifically, TMAO, choline, and betaine were quantified with the use of a 

stable-isotope-dilution assay and high-performance liquid chromatography with online 

electrospray ionization tandem mass spectrometry on Shimadzu 8050 triple quadrupole mass 

spectrometer with ultra-high-performance liquid chromatography interface.5, 10
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Statistical analysis.

The Student’s t-test or Wilcoxon rank sum test for continuous variables and chi-square test 

for categorical variables were used to examine the difference between the groups. Odds ratio 

(OR) and 95% confidence intervals (95%CI) for CAD were calculated using logistic 

regression models. Levels of TMAO were then adjusted for traditional cardiac risk factors in 

a multivariable model including age, gender, systolic blood pressure, low-density lipoprotein 

cholesterol, high-density lipoprotein cholesterol, and history of diabetes mellitus. Additional 

adjustment with creatinine was performed. Because of the nonlinearity of the TMAO-CHD 

relationship, a restricted cubic spline was used in logistic regression models. P values < 0.05 

were considered statistically significant. All statistical analyses were performed using R 

version 9.2 (Vienna, Austria).

RESULTS

Table 1 illustrates the baseline characteristics of our study population that are age- and sex-

matched. In general, cases have greater burden of traditional risk factors. Plasma TMAO 

(3.70 [IQR 2.50–6.41] μM vs 3.25 [IQR 2.19–5.15] μM; p<0.001) and choline levels (9.09 

[IQR 7.87–10.53] μM vs 8.89 [IQR 7.66–10.13] μM; p=0.001) were higher in cases vs 

controls. In contrast, plasma betaine levels were similar between cases and controls 

(30.8[IQR 25.0–37.3] μM vs 31.2[IQR 25.6–37.2] μM; p=0.66).

Table 2 illustrates the odds ratios and 95% confidence intervals (CI) for future CAD events 

stratified according to increasing quartile (Q) of TMAO, choline, and betaine levels. 

Elevated baseline TMAO levels (Q4 vs Q1, unadjusted odds ratio 1.86 (95%CI 1.46–2.37); 

p<0.001) and choline levels (Q4 vs Q1, unadjusted odds ratio 1.51(95% CI 1.18–1.92); 

p<0.001) were observed to confer increased likelihood of development of CAD over the 

ensuing follow-up period (average of 8 years). Following adjustments for traditional risk 

factors, elevated plasma levels of TMAO (adjusted odds ratio 1.58 (95%CI 1.21–2.06); 

p<0.001) and choline (adjusted odds ratio 1.31(95%CI 1.00–1.72); p<0.05) remained 

predictive of CAD development. In contrast, betaine did not confer any prognostic value, 

both in unadjusted and adjusted analyses (Table 2).

To further explore if there is a specific cut-off value for TMAO level that may be of 

particular clinical prognostic utility, we explored the likelihood of future CAD by different 

cut-off values, ranging between approximately the 10th and 90th percentile cutoff levels 

within the EPIC-Norfolk population. Remarkably, we observed largely consistent odds ratios 

across the range of TMAO cut-off values (1.5–10.5 μM, Figure 1). We observed a dose-

dependent increased in CAD risk with increase in circulating TMAO levels by cubic spline 

analysis (Figure 2). In contrast, the prognostic value of choline within the population was 

less consistent, especially at lower concentration cutoff values, and betaine demonstrated no 

cutoff level that revealed clinical prognostic utility (Figure 1). Specifically, 496 out of 2,181 

(23%) participants had TMAO levels ≥6 μM (close to the 4th quartile of the originally 

published CAD cohort of 6.2 μM as previously described4), and it is associated with a 1.27 

relative risk compared to those with TMAO < 6 μM.
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DISCUSSION

The key finding from our study is that in a Europe-based nested case-control comparison in 

the EPIC-Norfolk community-based population study, plasma TMAO levels are higher in 

those who subsequently developed CVD versus those who did not. Plasma TMAO levels 

were found to provide incremental and independent risk prediction of future development of 

CVD beyond traditional risk factors. Moreover, in parallel with previous observations from 

secondary prevention cohorts,4, 11, 12 plasma TMAO levels above 6 μM identify a subset of 

patients who are vulnerable in developing incident CAD, and should warrant more globally 

aggressive risk factor modification.

Through both animal model studies and clinical association studies examining patient 

populations, TMAO has been broadly implicated in participating in the progression of 

atherosclerosis and thrombosis risk,2–8 as well as both adverse ventricular remodeling and 

heart failure risks,13–15 and chronic kidney disease progression and adverse CVD outcomes 

risks.16–19 While there have also been smaller (n<400) cohorts in which systematic TMAO 

levels did not track with carotid atherosclerosis,20 or with either history of myocardial 

infarction or incidence of cardiovascular events over 8 years,21 several recent large meta-

analyses of up to 17 clinical studies involving 26,167 subjects and CVD risks confirmed an 

association of cardiovascular mortality and adverse CVD event risk with heightened TMAO 

levels.11, 12, 22 Moreover, the association of TMAO levels and heightened CVD and 

mortality risks were observed across multiple geographic regions, including Europe, Asia, 

North and South America. However, despite the wealth of studies focused on TMAO and 

cardiometabolic diseases risks, it is notable that virtually all clinical association studies for 

TMAO have focused on those who have prevalent disease (especially CAD). Three prior 

studies have examined TMAO levels in a primary prevention cohort – one in a subset of 

patients in the Coronary Artery Risk Development in Young Adults Study (CARDIA) 

showed TMAO was not associated with measures of coronary artery calcification as 

surrogates of atherosclerosis among healthy early-middle-aged adults;23 while another 

Canadian multiethnic population showed a significant, graded association with prevalent 

cardiovascular disease.24 Neither of these studies have prospectively examined the 

development of future CAD events. Recently, a nested case-control study from China 

identified 86 new diagnosis of CVD over 4.83 years of follow-up. These investigators 

observed higher TMAO levels in patients with incident CVD cases compared to those 

without incident CVD, similar to our observations albeit a much smaller cohort.25 Like prior 

studies, the prognostic value of TMAO, while partially attenuated following adjustments for 

renal function, remained statistically significant. Thus, accumulation of the atherogenic gut 

microbial metabolite TMAO in patients with renal insufficiency, a vulnerable population 

with known heightened cardiovascular risks, may in part be explained by TMAO.

Insights from the community-based EPIC-Norfolk study provide not only confirmed the 

prognostic value of TMAO in the general population, but allowed us to construct a more 

reliable normal range that is clinically relevant. As shown in Figures 1 and 2, there exists a 

“dose-dependent” relationship between TMAO levels and incident CAD risk. For example, 

regardless of the level of cutoff chosen between the 10th and 90th percentile of the cohort, 

those with TMAO levels above the cutoff have approximately 1.6-fold increased risk for 
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development of incident CAD versus those whose levels are below that cutoff (Figure 1). 

The present studies significantly add to the growing data linking the TMAO pathway to 

heightened CVD risk. In combination with the wealth of other studies on TMAO, they also 

have important potential clinical implications. Foremost, the present studies suggest that 

maintaining lower TMAO levels, even amongst apparently healthy middle-aged participants, 

may help to reduce incident risk for development of CVD (Table 2). Toward that end, several 

studies have indicated potential TMAO lowering strategies. For example, dietary efforts 

aimed at reducing red meat and dietary ingestion of the TMAO precursors 

phosphatidylcholine, and carnitine, such as with a Mediterranean diet, have been associated 

with lower TMAO levels,26, 27 even though some recent studies have challenged these 

findings by observing no significant associations between changes in TMAO levels (but 

improvements in choline levels) with adherence to Mediterranean diet or lifestyle 

modifications.28, 29 A recent study from the Women’s Health Initiative further demonstrated 

that long-term increases in TMAO were associated with higher coronary artery disease risk. 

Further, participants adherent to healthy dietary patterns demonstrated lower increase in 

TMAO and reduced CVD risk.30 Furthermore, in a small recent clinical intervention study, 

low dose aspirin both reduced the heightened platelet responsiveness associated with TMAO 

exposure, and resulted in a modest reduction in TMAO levels.7 Clearly, many factors may 

affect TMAO levels, and we caution the reliance of a single timepoint measurement to 

determine risk profiles. Nevertheless the notion that one can identify a cohort of individuals 

at increased CVD risk due to elevated TMAO, and then potentially impact that risk profile 

through reduction in TMAO, such as via changes in dietary habits and other potential 

interventions, warrants further exploration. It is worth noting that non-lethal small molecule 

inhibitors of microbial choline TMA lyase activity, the presumed major pathway responsible 

for TMAO generation, have shown efficacy in inhibiting arterial foam cell formation and 

atherosclerosis progression rate in the apolipoprotein E−/− mouse mode.31 More recently, a 

family of non-lethal mechanism based suicide substrate inhibitors was shown to serve as a 

new family of drugs capable of reducing TMAO-dependent platelet responsiveness and 

thrombosis potential in murine models of arterial injury and thrombus generation.32 In the 

context of the present studies, since TMAO levels were associated with a dose-dependent 

risk for incident CAD development in apparently healthy middle aged participants, it 

remains to be seen whether interventions that reduce TMAO levels will reduce CAD risks, 

or attenuate thrombosis risks in participants at increased risks for thrombotic events.

There are several limitations of this study that are noted. First, only a single timepoint 

measurement of TMAO was assessed for risk prediction. Nevertheless, for any given 

biomarker, the ability to stratify risk at one time point should be similar as it moves to 

another time point. While there is clear biological variability within individuals as in any 

known metabolite (e.g. glucose, cholesterol), our previous study in apparently healthy 

individuals demonstrated that there was heterogeneity across individuals that can be 

amplified when measuring them in response to different dietary protein intakes. None-the-

less, these prior studies also showed consecutive day sampling of circulating TMAO was 

relatively consistent.27 In addition, while we were able to quantify the atherogenic 

metabolites previous reported from mechanistic studies, circulating TMA was not 

investigated since TMA has a high vapor pressure and is well known to be unstable over 
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long periods of storage, even under optimal conditions without specific preparations. As a 

nested case-control design that leveraged sample availability in the selection of cases and 

controls, this violates the randomness required for selection, and would have led to biased 

analyses if using traditional weighted Cox regression analytical methods.

CONCLUSION

In the EPIC-Norfolk community-based study of apparently healthy people with no history of 

CVD, elevated TMAO levels are associated with incident development of CAD. Further 

investigations into potentially beneficial approaches to attenuate TMAO levels are 

warranted.
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Figure 1. 
Odds Ratio (OR) for Future Coronary Artery Disease Across the Range of Cut-off Values (in 

deciles, with 218 cases per decile increment) of 1) Trimethylamine N-oxide (TMAO); 2) 

choline; and 3) betaine.
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Figure 2. 
Predicted Risk of Coronary Artery Disease (CAD) across Fasting Plasma Levels of 

Trimethylamine N-oxide (TMAO)
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Take Home Figure. 
Unadjusted and Adjusted Odds Ratio (OR) for Future Coronary Artery Disease (CAD) 

Across Quartiles of Trimethylamine N-oxide (TMAO). Model 1 adjusted for age, sex, 

systolic blood pressure, LDL cholesterol, HDL cholesterol, smoking, and diabetes mellitus. 

Model 2 adjusted for Model 1 plus log(creatinine).
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Table 1.

Baseline characteristics

Characteristic All (n=2,181) Control (n=1,273) Case (n=908) p

Age (years) 65 ± 8 65 ± 8 66 ± 8 0.002

Male (%) 65 65 65 0.969

Diabetes (%) 3.7 1.6 6.5 <0.001

Smoking (%) 63.0 58.7 69.2 <0.001

LDL-C (mmol/L) 4.0 (3.4–4.8) 4.0 (3.3–4.7) 4.2 (3.6–4.9) <0.001

HDL-C (mmol/L) 1.3 (1.0–1.5) 1.3 (1.1–1.6) 1.2 (1.0–1.5) <0.001

Triglycerides (mmol/L) 1.8 (1.3–2.5) 1.6 (1.2–2.3) 1.9 (1.4–2.7) <0.001

TMAO (μM) 3.4 (2.3–5.7) 3.3 (2.2–5.2) 3.7 (2.5–6.4) <0.001

Choline (μM) 9.0 (7.7–10.3) 8.9 (7.7–10.1) 9.1 (7.9–10.5) 0.001

Betaine (μM) 31.0 (25.3–37.2) 31.2 (25.6–37.2) 30.8 (25–37.3) 0.659

Expressed in mean ± standard deviation or median (interquartile range) Abbreviation: LDL-C, low-density lipoprotein cholesterol; HDL-C, high-
density lipoprotein cholesterol.
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Table 2.

Odds Ratio for Future Coronary Artery Disease Events by TMAO, Choline, or Betaine Quartiles

TMAO

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Range (μM) <2.32 2.32–3.42 3.43–5.66 ≥5.67

Event rate n/N (%) 188/545(34.5) 228/545(41.8) 222/545(40.7) 270/546(49.5)

Unadjusted OR (95%CI) 1 1.37(1.07–1.75)* 1.31(1.02–1.67)* 1.86 (1.46–2.37)***

Adjusted OR Model 1 (95%CI) 1 1.31(1.01–1.70)* 1.16 (0.89–1.52) 1.58 (1.21–2.06)***

Adjusted Model 2 (95%CI) 1 1.24 (0.95–1.62) 1.06 (0.81–1.40) 1.41(1.07–1.85)*

Choline

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Range (μM) <7.73 7.73–9.00 9.01–10.30 ≥10.31

Event rate n/N (%) 205/545(37.6) 227/545(41.7) 216/545(39.6) 260/546(47.6)

Unadjusted OR (95%CI) 1 1.18 (0.93–1.51) 1.09 (0.85–1.39) 1.51 (1.18–1.92)***

Adjusted OR Model 1 (95%CI) 1 1.14 (0.88–1.48) 1.02 (0.78–1.33) 1.31 (1.00–1.72)*

Adjusted OR Model 2 (95%CI) 1 1.06 (0.81–1.39) 0.91 (0.69–1.19) 1.1 (0.83–1.47)

Betaine

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Range (μM) <25.34 25.34–31.04 31.05–37.23 ≥37.24

Event rate n/N (%) 237/545(43.5) 225/545(41.3) 217/545(39.8) 229/546(41.9)

Unadjusted OR (95%CI) 1 0.91 (0.72–1.16) 0.86 (0.68–1.09) 0.94 (0.74–1.19)

Adjusted OR Model 1 (95%CI) 1 0.86 (0.66–1.12) 0.81 (0.62–1.07) 1.03 (0.79–1.36)

Adjusted OR Model 2 (95%CI) 1 0.83 (0.63–1.08) 0.77 (0.59–1.01) 0.95 (0.72–1.26)

Abbreviations: OR=odds ratio; TMAO=Trimethylamine N-oxide.

Adjusted model 1 includes age, sex, systolic blood pressure, LDL cholesterol, HDL cholesterol, smoking, and diabetes mellitus.

Adjusted model 2 includes age, sex, systolic blood pressure, LDL cholesterol, HDL cholesterol, smoking, diabetes mellitus, and log(creatinine).

*
p<0.05;

**
p<0.01,

***
p<0.001
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