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Aims Carnitine and choline are major nutrient precursors for gut microbiota-dependent generation of the atherogenic

metabolite, trimethylamine N-oxide (TMAO). We performed randomized-controlled dietary intervention studies

to explore the impact of chronic dietary patterns on TMAO levels, metabolism and renal excretion.
...................................................................................................................................................................................................

Methods

and results

Volunteers (N=113) were enrolled in a randomized 2-arm (high- or low-saturated fat) crossover design study.

Within each arm, three 4-week isocaloric diets (with washout period between each) were evaluated (all meals pre-

pared in metabolic kitchen with 25% calories from protein) to examine the effects of red meat, white meat, or

non-meat protein on TMAO metabolism. Trimethylamine N-oxide and other trimethylamine (TMA) related metab-

olites were quantified at the end of each diet period. A random subset (N=13) of subjects also participated in

heavy isotope tracer studies. Chronic red meat, but not white meat or non-meat ingestion, increased plasma and

urine TMAO (each >two-fold; P<0.0001). Red meat ingestion also significantly reduced fractional renal excretion

of TMAO (P<0.05), but conversely, increased fractional renal excretion of carnitine, and two alternative gut

microbiota-generated metabolites of carnitine, c-butyrobetaine, and crotonobetaine (P<0.05). Oral isotope chal-

lenge revealed red meat or white meat (vs. non-meat) increased TMA and TMAO production from carnitine

(P<0.05 each) but not choline. Dietary-saturated fat failed to impact TMAO or its metabolites.
...................................................................................................................................................................................................

Conclusion Chronic dietary red meat increases systemic TMAO levels through: (i) enhanced dietary precursors; (ii) increased

microbial TMA/TMAO production from carnitine, but not choline; and (iii) reduced renal TMAO excretion.

Discontinuation of dietary red meat reduces plasma TMAO within 4weeks.
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Introduction

Trimethylamine N-oxide (TMAO) is a gut microbiota-generated me-

tabolite with mechanistic links to the pathogenesis of atherosclerotic

heart disease.1–5 Elevated plasma TMAO levels are observed in sub-

jects at risk for incident cardiovascular disease (CVD) development

and adverse CVD events including heart attack, stroke, and death.1–4

A mechanistic role for TMAO in CVD pathogenesis is supported by

* Corresponding author. Tel: þ1 216 445 9763, Fax: þ1 216 444 9404, Email: hazens@ccf.org
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numerous animal model studies showing that manipulation of TMAO

levels modulates atherosclerosis and related processes.1,3,6–9

Notably, a clinical prognostic value of TMAO has been supported by

multiple meta-analyses reaffirming that elevated circulating TMAO

levels are associated with both CVD and mortality risks across mul-

tiple cohorts and continents.10–12 Thus, decreasing systemic levels of

TMAO has become a rational potential therapeutic strategy for

decreasing risks for the development and progression of atheroscler-

otic heart disease.8,13–15

Trimethylamine N-oxide is generated via a metaorganismal path-

way that begins with gut microbiota-dependent formation of trime-

thylamine (TMA) from TMA containing nutrient precursors

(Figure 1A).1–3,16 Phosphatidylcholine, the major dietary source of

choline, is a major precursor for TMA generation in vegans, vegeta-

rians, and omnivores alike and is an abundant component of human

bile, and both plant and animal products. Carnitine is enriched in red

meat,3 and higher total choline content is found in beef and other

meats, liver, and egg yolks.17 Consequently, a diet enriched in meat,

particularly red meat, has higher content of both choline and carni-

tine nutrient precursors for TMA and TMAO generation.1,3 Studies

have also shown dose-dependent TMA/TMAO formation with egg

ingestion.2,18 Beyond choline and carnitine, potential nutrient precur-

sors for TMA production have been reported, including the carnitine

related metabolites c-butyrobetaine and crotonobetaine, and the

choline oxidation product betaine.1,16,19 Some of these TMA contain-

ing compounds can participate in TMA/TMAO formation in a gut

microbiota-dependent manner, and also be generated by gut micro-

biota metabolism of L-carnitine.1,3,16,19

Few studies have systematically explored the influence of chronic

dietary patterns on TMA and TMAO production, metabolism, and

renal excretion. Interestingly, in small cross-sectional observational

studies, plasma levels of TMAO were modestly increased in omni-

vores relative to vegans/vegetarians, and in recent clinical challenge

studies, TMA and TMAO generation from oral carnitine was

observed to be substantially reduced in vegans/vegetarians.3,19

Herein, we examined whether chronic (4week) ingestion of an iso-

caloric diet containing protein derived predominantly from either red

meat, white meat, or non-meat sources affects systemic levels of

TMAO, many of its nutrient precursors, and both their overall me-

tabolism and renal excretion rates in vivo.

Methods

Trial participants and study designs
Healthy adult participants (N=113, all omnivores, 44 males and 69

females, with normal renal function; age: minimum 21 years, median 45

years, and maximum 65 years; body mass index: minimum 18.2, median

25.3, and maximum 35.3) were recruited for a study initially designed to

test the effects of red meat, white meat, or non-meat protein sources on

lipoprotein particles in the context of either high- or low-saturated fat in-

take (‘Dietary Protein Sources and Atherogenic Dyslipidemia’,

ClinicalTrials.gov Identifier: NCT01427855, described elsewhere20).

Before recruitment began, an additional study was designed to be carried

out within this protocol to examine the impact of dietary protein and

saturated fat on TMAOmetabolism amongst all subjects. All study proto-

cols were approved by the Institutional Review Boards of Children’s

Hospital and Research Center of Oakland and the Cleveland Clinic. All

participants gave written informed consent.

This dietary intervention study had a randomized three-period cross-

over design. After consuming a 2-week baseline (run-in) diet designed to

reflect a typical American diet (carbohydrate 49%, protein 14%, and fat

37%; Supplementary material online, Table S1, for details regarding nutri-

ent and TMA precursor content of baseline and experimental diets), the

volunteers were assigned to three experimental diets (red meat, white

meat, or non-meat) in random order for 4 weeks, each separated by a

2–7weeks washout period, during which they were instructed to con-

sume their habitual diet (Figure 1B). All diets were isocaloric and prepared

in the metabolic kitchen of the Bionutrition Unit, University of California

San Francisco-based Clinical and Translational Science Institute. Fasting

plasma and urine samples were collected on two separate days in the last

week of each dietary intervention (Visit A and Visit B, respectively,

Figure 1B). Unless noted, results presented represent analyses of plasma

and urine recovered from Visit B (longest duration on dietary interven-

tion). Within a random subset (N=13), heavy isotope tracer studies

were performed using oral d6(N,N-dimethyl)-choline and d3(N-methyl)-

carnitine challenges during the last week of each experimental diet. A de-

scription of the isotope label challenge protocol is provided in the

Supplementary material online.

Metabolite quantification by mass

spectrometry
All plasma and urine metabolites were quantified by stable isotope dilu-

tion high-performance liquid chromatography (HPLC) with on-line tan-

dem mass spectrometry.16,19 Full descriptions of methods are provided

in the Supplementary material online.

Statistical analysis
Scatter plots are shown with group means and 95% confidence intervals.

Box–whisker plots are also shown, with boxes representing interquartile

range, line inside the box indicating median, and whiskers indicating 5th

and 95th percentile levels. Non-parametric repeated measures analysis of

variance (ANOVA) (Friedman) test, followed by post hoc Wilcoxon

matched pairs test, were used to compare analytes and fractional renal

excretion levels among different diets. The Mann–Whitney U test or t-

test was performed to compare non-paired samples. Spearman rank cor-

relations were used to test associations for non-normally distributed

data. Analyses were performed using R 3.4.1.21 A P-value of <0.05 was

considered significant.

Results

A chronic diet enriched in red meat
substantially increases plasma and urine
trimethylamine N-oxide levels, and may
be reversed within 1month
The metaorganismal pathways and metabolites monitored in the pre-

sent studies are shown in Figure 1A; and overall study design of the

dietary interventions are illustrated in Figure 1B. The impact of a

chronic (4 weeks) diet in which the primary protein source was

derived from either red meat, white meat, or non-meat sources on

plasma and urine concentrations of TMAO and its various choline

and carnitine nutrient precursors and related metabolites are shown

in Figures 2 and 3. After 1 month of the red meat diet, an increase in

plasma TMAO levels was observed in the majority of subjects. On

average, plasma TMAO levels increased approximately three-fold

(P<0.0001) during the red meat diet, compared with the white meat

584 Z. Wang et al.
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or non-meat diets, with some subjects showing over a 10-fold in-

crease (Figure 2A). A similar significant increase in urine levels of

TMAO were noted following chronic ingestion of the red meat con-

taining diet (P<0.0001; Figure 3). Day-to-day variations in plasma

TMAO levels could adversely impact the ability to use TMAO as a

monitor of diet intervention. We, therefore, measured plasma

TMAO from blood collected on two separate days in the last week

of each 4-week diet intervention period (Visit A and Visit B;

Figure 1B). Notably, essentially identical results were observed when

analysing samples from different days in subjects. Specifically, in both

cases, 1 month consumption of the red meat rich isocaloric diet

led to significant and comparable increase in plasma TMAO levels

(Figure 2A; P=0.14 for comparison of Visit A vs. Visit B, yet

P<0.0001 for comparison of red meat vs. either non-meat or white

meat diets at either Visit A or Visit B). Day-to-day (Visit A vs. Visit B)

plasma TMAO levels across all diet arms were highly correlated

(r=0.75; P<0.001), showing a coefficient of variance of 0.41, higher

than that reported for total cholesterol, triglyceride, high-density

lipoprotein cholesterol, or low-density lipoprotein cholesterol.22

However, day-to-day variability in TMAO levels were greatest with

low levels of the marker (e.g. bottom two quartiles), well below clin-

ically significant cut-offs. For example, in the bottom half of the nor-

mal range (median level �3.5 lM), TMAO fluctuated substantially

(inter-day coefficient of variance 0.43), yet at higher levels (e.g. >6.2

Figure 1 Gut microbial and host pathways in trimethylamine N-oxide metabolism and study design. (A) Trimethylamine containing nutrients that

can generate trimethylamine N-oxide via an initial gut microbiota-dependent step, followed by host hepatic flavin monooxygenase conversion to gen-

erate trimethylamine N-oxide. Arrows in black represent transformations performed by the host, and arrows in red represent reactions performed

by gut microbes. (B) Overall study design. After consumption of a 2-week baseline diet, subjects were randomly assigned to either a high-fat or low-

fat arm. Subjects in each arm underwent in cross-over design three sequential 4-week isocaloric investigational diet where protein source was

derived from either red meat, white meat, or non-meat sources, with 2-week wash-out diets between each intervention dietary period, as described

under Methods section. During the 4th week of each diet challenge (typically towards end), blood was collected on two separate days (Visit A and

Visit B). Participants within each experimental diet arm were randomly assigned to either high- or low-saturated fat containing meal plans, as

described in the text.

Impact of dietary red meat, white meat, or non-meat protein on TMAO 585
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Figure 2 Differences in plasma trimethylamineN-oxide and other trimethylamine containing compounds following a 4-week exposure to different

diets. (A) Box–whisker plots of trimethylamine N-oxide, choline, betaine, carnitine, c-butyrobetaine, and crotonobetaine levels after 4week con-

sumption of the red meat, white meat, or non-meat diets. (B) Changes in plasma trimethylamine N-oxide in subjects at completion of the 4-week red

meat investigational diet period, upon switching to either the 4-week non-meat or white meat investigational diets. (C) After completion of the

2-week run-in baseline diet, subjects with the top (red) and bottom (blue) 10 percentile levels of trimethylamine N-oxide were identified, and their

trimethylamineN-oxide levels plotted following completion of the indicated 4-week interventional dietary period. Except where indicated, all metab-

olite levels were from blood drawn on Visit B.

586 Z. Wang et al.
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lM, the top quartile2,10) where TMAO shows greater association

with incident CVD events, the inter-day coefficient of variance

observed was 0.30.

Interestingly, very modest but statistically significant reductions

were noted in plasma betaine and urine choline concentrations fol-

lowing chronic consumption of the red meat diet compared with the

non-meat or white meat diets (Figures 2A and 3). Two additional car-

nitine related metabolites generated by gut microbiota, c-butyrobe-

taine, and crotonobetaine,16,19 both showed significant increases in

both plasma (P<0.0001 and P=0.004, respectively) and urine

(P<0.0001 each) concentrations following 4weeks of the red meat

diet, though the relative magnitude of the increase was smaller than

that for TMAO (Figures 2A and 3). In analyses examining the relation-

ship between plasma and urine levels of TMAO, plasma TMAO levels

were highly correlated with concurrently collected spot urine

TMAO concentration (r=0.41, P<0.0001; N=113) or urine

TMAO/creatinine (r=0.55, P<0.0001; N=113), and 24h urine

TMAO collections (r=0.74, P<0.001;N=13).

When the impact of order of the diets was examined on plasma

and urine levels, no statistically significant difference in the observed

effects of diet on the monitored metabolites was observed. Thus, fol-

lowing a participant’s completion of the red meat diet, TMAO levels

were at their highest (compared with other diet arms). Moreover,

when subjects discontinued the red meat diet and moved to either

the white meat or non-meat diet, a marked reduction in fasting

plasma TMAO level was observed (Figure 2B). Plasma levels of each

of the monitored metabolites following 4weeks of low- vs. high-satu-

rated fat diets failed to show any significant differences (Figure 4A).

Thus, increased level of dietary-saturated fat had no effect on plasma

concentrations of TMAO. Similarly, no changes in plasma concentra-

tions of other TMA containing compounds (choline, carnitine, c-

butyrobetaine, and crotonobetaine; all P>0.05, Figure 4B and D–F)

Figure 3 Differences in urine trimethylamine N-oxide and other trimethylamine containing compounds following a 4-week exposure to different

diets.
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.were noted with high- vs. low-saturated fat except for a modest re-

duction in betaine levels with increased saturated fat (P<0.05;

Figure 4C). Consequently, for all remaining study results, data shown

are only for the primary randomization among red meat, white meat,

and non-meat diet interventions.

It was interesting to note that following the initial 2 weeks defined

run-in (baseline) diet, if a subject had a higher TMAO level at baseline,

their TMAO level tended to be higher following other diet arms

(compared with those with low TMAO at baseline, Figure 2C). In add-

ition, subjects with high TMAO levels following the baseline diet

Figure 4 Impact of high-saturated fat on plasma trimethylamine N-oxide and other trimethylamine-related metabolites. Comparison of plasma

levels of the indicated metabolites in subjects on the low-saturated fat vs. high-saturated fat diet arms, stratified by dietary protein source (A-F).

Values reported for base-line diet are those for participants later randomized to low vs. high saturated fat in their first intervention (protein source)

diet. P-values were calculated by unpaired t-test.

588 Z. Wang et al.
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were also more susceptible to larger elevations in TMAOduring con-

sumption of the red meat containing diet (Figure 2C). Also evident in

Figure 2C is that some subjects had higher TMAO level on the base-

line run-in diet compared with the non-meat diet. Interestingly,

examination of the carnitine content of the diets (Supplementary ma-

terial online, Table S1) reveals the baseline diet had 2� the carnitine

level (56mg) of the non-meat (high-saturated fat) diet (22mg). In

additional analyses, we examined the relationships between plasma

levels of TMAO and the various precursor nutrients and related

metabolites amongst all 113 subjects. Similar relationships were

observed for the correlations amongst the choline and carnitine

derived metabolites within each of the diet interventions (see

Supplementary material online, Table S2). Notably, plasma levels of

TMAO were most strongly correlated to choline and carnitine (and

choline and carnitine with one another), particularly following

4weeks of the red meat and white meat diets.

Chronic dietary exposure to red meat
diet differentially impacts fractional renal
excretion of trimethylamine N-oxide vs.
carnitine and its metabolites
The kidney is an important organ to maintain homoeostasis of plasma

metabolites,23 yet little is known about factors impacting renal excre-

tion of TMAO or its related metabolites. We, therefore, examined

the impact of diet on fractional renal excretion of TMAO and each of

the other choline and carnitine-related metabolites monitored. The

fractional excretion of a compound is simply a measure of the renal

clearance of that compound divided by the glomerular filtration rate

(i.e. the ‘fraction’ excreted), and was calculated using metabolite con-

centrations recovered from paired plasma and urine samples col-

lected at the same time, as described under Methods section. First,

compared to the other metabolites, the fractional excretion of

TMAO was found to be both higher, and to demonstrate a remark-

ably broader range of values extending from nearly zero to over

700%, with a sizable proportion of subjects (almost half) showing

>100%, particularly following the white meat and non-meat diet

interventions. Thus, within a cohort of healthy volunteer subjects

with normal renal function, the fractional renal clearance of TMAO

demonstrates a surprisingly broad dynamic range. Perhaps even

more surprising, the distinct chronic dietary exposures differentially

impacted fractional renal excretion of the various metabolites.

Following chronic ingestion of the red meat diet, the fractional excre-

tion rate of TMAO was significantly (P<0.05) reduced compared

with white meat or non-meat diets (Figure 5A). In contrast, the frac-

tional renal excretion of carnitine, c-butyrobetaine, and crotonobe-

taine increased significantly (P<0.0001, P<0.0001, and P=0.0007,

respectively) on the red meat diet in comparison to the non-meat

diet (Figure 5D–F). In contrast, no significant change in renal clearance

of choline and only modest changes with betaine were observed

among the three diets (Figure 5C). Lastly, in contrast to TMAO, the

fractional renal excretion of choline, betaine, carnitine, and c-butyro-

betaine were significantly less than 100%, indicating that after filtering

through the kidneys, most of these metabolites are reabsorbed, but

less so following chronic dietary red meat exposure (Figure 5B–E).

The reduction in the fractional excretion rate of TMAO

(Figure 5A) observed following a month of the red meat diet suggests

that the kidney becomes less efficient at eliminating TMAO relative

to creatinine, yet in contrast, the increase in fractional excretion

observed for carnitine, c-butyrobetaine, and crotonobetaine, indi-

cates red meat diet has a divergent effect—enhancement in their effi-

ciency of renal excretion (Figure 5A). We are unaware of other

examples of such diet-induced changes in renal excretion. We also

noted that following the red meat diet, subjects showed a modest

but significant (P=0.006; Supplementary material online, Table S3) in-

crease in serum creatinine (still within the normal range), while urine

creatinine concentrations were increased (within normal range).

While we could not find any recommended dietary restrictions be-

fore measurement of fractional renal excretion, we thought it rea-

sonable to confirm our results using a method independent of

creatinine. To do so, we sought to identify alternative analytes in

plasma that serve as robust measures of renal function, which we

could then utilize (paired plasma and urine analyses) in place of cre-

atinine in the fractional renal excretion calculations (Methods sec-

tion). In a recent untargeted metabolomics study examining nearly

500 analytes to identify those that most closely correlate with renal

function, C-mannosyl tryptophan and pseudouridine were identified

as excellent renal functional surrogates.24 Further, we too had per-

formed unpublished untargeted metabolomics analyses and identified

symmetric dimethylarginine (SDMA) as being highly correlated with

renal function (r>0.80; P<0.0001) in both men and women alike

(data not shown), and alternative published studies have similarly sug-

gested SDMA serves as an excellent endogenous marker of renal

function.25 We, therefore, developed stable isotope dilution liquid

chromatography (LC)/mass spectrometry (MS)/MS methods for

quantification of these three surrogate indicators of renal function,

and then quantified their concentrations within the same paired

plasma and urine samples used for the creatinine-based fractional ex-

cretion measurements. Results from these analyses are shown in

Figure 5G–I and Supplementary material online, Tables S3–S5.

Notably, in contrast to creatinine, none of the surrogate indicators of

renal function showed significant changes in plasma or urine levels

based on diet, and all were highly correlated with creatinine

(Supplementary material online, Tables S3 and S4). Remarkably, frac-

tional excretion calculations for TMAO using each of the three alter-

native renal function metabolite surrogates (C-mannosyl tryptophan,

pseudouridine, and SDMA) showed similar results to that observed

using creatinine (i.e. red meat diet-induced significant reduction in

fractional excretion rate of TMAO, yet conversely, significant

increases in the fractional excretion rates for carnitine, c-butyrobe-

taine, and crotonobetaine; Figure 5D–F and Supplementary material

online, Table S5).

Isotope tracer studies reveal enhanced
microbial production of trimethylamine
and trimethylamine N-oxide from
carnitine but not choline in subjects
following a chronic red meat rich diet
In additional studies, we examined 24 h production levels of TMA

and TMAO by the nutrient precursors, choline, and carnitine, in a

random subset of consented subjects (N=13) following chronic diet-

ary exposure to each diet arm. During the last week of each experi-

mental diet, subjects ingested synthetic d6-choline and d3-carnitine in

Impact of dietary red meat, white meat, or non-meat protein on TMAO 589
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Figure 5 Impact of diet on fractional renal excretion of trimethylamine N-oxide and both choline and carnitine related metabolites (N=113 sub-

jects) based on paired plasma and urine levels of concurrently measured creatinine (A–F). Fractional renal excretion was also calculated by replacing

plasma and urine creatinine concentrations with paired plasma and urine concentrations of alternative metabolites (concurrently measured in the

same samples) whose concentrations are highly correlated with measures of renal function (C-mannosyl-tryptophan, pseudouridine, or symmetric

dimethylarginine) (G–I). Fractional renal excretion of the indicated metabolites were determined following 4-weeks of the indicated diet. SDMA,

symmetric dimethylarginine.
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capsule form, and both d6- (derived from choline; Figure 6A–D) and

d3- (derived from carnitine; Figure 7A–E) labelled isotopologues of

TMA, TMAO, and the appropriate choline and carnitine derived

metabolites were examined. Remarkably, 24 h urine choline-derived

d6-TMA and d6-TMAO showed no significant differences within sub-

jects following the month long exposures to each of the distinct diets

(Figure 6A and B). Similarly, 24 h urinary total d6-choline and d6-

betaine recovered following each diet intervention showed no signifi-

cant differences, except for a modest decrease following 4weeks of

white meat diet vs. red meat (Figure 6C and D). In contrast, chronic

exposure to the different diets substantially affected 24h production

of the d3-carnitine—derived metabolites (Figure 7A–E). For example,

the 24h urine d3-TMA and d3-TMAO recovered following ingestion

of d3-carnitine was significantly (several-fold) higher in subjects fol-

lowing either the red meat or white meat diets compared to the

non-meat diet (Figure 7A and B). Similarly, the 24 h urine d3-carnitine,

d3-c-butyrobetaine, and d3-crotonobetaine were all significantly

increased in subjects following the red meat diet (Figure 7C–E).

Discussion

A major component of preventive efforts for CVD risk reduction,

both at the population and individual targeted level, is the adoption of

healthy lifestyles, including dietary recommendations.26 Based upon

the many epidemiological and nutrition studies suggesting a positive

association between red meat ingestion and CVD risks,27–33 most

dietary recommendations advise limiting red meat ingestion.26

However, some recent meta-analyses suggest the association be-

tween red meat ingestion and adverse changes to traditional CVD

Figure 6 Urine analyses (24 h) following ingestion of d6-choline isotope tracer. During the last week of each interventional dietary period (red

meat, white meat, or non-meat), subjects (N=13) underwent an oral d6-choline challenge and 24h urine output of the indicated d6-labelled metabo-

lites (A-D) was collected and analyzed as described (Methods section).
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risk factors is not as strong,28 despite the relatively consistent associ-

ation with hard endpoints like heart attack, stroke, mortality, and

CVD development.29–33 Such findings arguably suggest that factors al-

ternative to traditional CVD risk factors exist to help explain the as-

sociation observed between red meat ingestion and heightened CVD

risks. One potential candidate for this is the metaorganismal TMAO

pathway.1,14,15 Despite the many striking associations between ele-

vated TMAO levels and incident CVD risks,1–4,10–12 and the numer-

ous animal model studies supporting a mechanistic contribution of

TMAO to adverse CVD-related phenotypes,1,3–9,13 the direct contri-

bution of TMAO to CVD pathogenesis in humans is unclear, and the

impact of dietary interventions on TMAO have not been extensively

investigated. The present study demonstrates several important

points regarding chronic dietary patterns with respect to protein

source, and their impact on TMAO levels and its associated metaor-

ganismal metabolism. Foremost is the unambiguous demonstration

that a diet in which the major protein source is derived from red

meat, compared with either white meat or non-meat sources (keep-

ing total calories constant), results in substantial increases in fasting

plasma and urine TMAO levels (Take home figure). Moreover, adher-

ence to a red meat diet raises systemic TMAO levels by three differ-

ent mechanisms: (i) enhanced nutrient density of dietary TMA

precursors; (ii) increased microbial TMA/TMAO production from

carnitine, but not choline; and (iii) reduced renal TMAO excretion.

Interestingly, discontinuation of dietary red meat reduced plasma

TMAO within 4weeks. Also notable was that the kidneys appear to

dynamically regulate fractional excretion of TMAO over a remark-

ably broad range amongst subjects with normal renal function,

Figure 7 Urine analyses (24 h) following ingestion of d3-carnitine isotope tracer. During the last week of each interventional dietary period

(red meat, white meat, or non-meat), subjects (N=13) underwent an oral d3-carnitine challenge and 24h urine output of the indicated d3-labelled

metabolites (A-E) was collected and analyzed as described (Methods section).
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suggesting a potential functional role. It was somewhat unanticipated

that there was no increase in the conversion of isotope labelled cho-

line into TMA and TMAO in subjects following chronic exposure to

the red meat diet. While the total choline content of the red meat

diet provided approximately 15% and 28% more compared with the

average daily total choline content of the white meat and non-meat

diets, respectively (Supplementary material online, Table S1), this in-

crease was substantially less than the 3.8-fold and 7.9-fold higher car-

nitine content present in the red meat diet compared with the white

meat and non-meat diets, respectively (Supplementary material on-

line, Table S1).

Perhaps the most surprising finding of the present studies was the

observation that the fractional renal excretion of TMAO and the car-

nitine family of nutrient precursors and metabolites (carnitine,

c-butyrobetaine, and crotonobetaine) were all dynamically (and dif-

ferentially) regulated by the preceding dietary exposure. These find-

ings appear to be robust, as they were observed using multiple

different indices of renal function beyond creatinine (C-mannosyl

tryptophan, pseudouridine, and SDMA). Thus, after 1 month of the

red meat diet, fractional renal excretion of TMAO was significantly

reduced, which would contribute to the observed rise in plasma

TMAO levels. In contrast, carnitine and both of the other carnitine

derived gut microbial metabolites, c-butyrobetaine and crotonobe-

taine, all showed marked (2–5 fold) elevation in fractional renal ex-

cretion following the red meat diet. The mechanism(s) contributing

to the observed altered fractional renal excretion of these metabo-

lites is unknown. Indeed, it is unclear what metabolites and host

receptors/sensor(s) contribute to the observed changes in fractional

renal excretion based upon dietary protein source. One can specu-

late that dynamic regulation of TMAO excretion, for example, might

be linked to renal tissue oncotic pressure and osmoregulation, given

that TMAO has been shown to play a role in osmoregulation in some

animal species.34

The present studies have clear potential clinical relevance.

Numerous studies have revealed a dose-dependent relationship be-

tween circulating levels of TMAO and incident adverse CVD risks, as

reviewed in several recent meta-analyses.10–12 In one meta-analysis

involving >25 000 subjects cumulatively with a mean follow-up dur-

ation amongst all studies examined of 4.3± 1.5 years, the relative risk

for all-cause mortality was calculated to increase by 7.6% per each

10lmol/L increment of TMAO.10–12 In the present study, subjects

experienced on average an absolute change in median TMAO level

of 5.9 lM and 5.7 lM during the red meat diet arm (compared with

non-meat and white meat diets, respectively), corresponding to ap-

proximately two portions of red meat per day. According to the

meta-analysis [and assuming changes observed following 1 month of

diet can be extended to the mean length of follow-up (4.3 year) in

the meta-analysis], the increases in plasma TMAO observed with the

red meat diet would correspond to an approximate 4.5% increase in

relative risk of mortality compared with the non-meat diet, and a

4.3% difference in mortality compared with white meat diet. Further,

use of TMAO levels from the independent alternative blood draw in

the last week of diet intervention for each subject gave comparable

results, with projected red meat diet associated increases in relative

risk for all-cause mortality of 4.6% or 4.7%, compared with non-meat

or white meat diets, respectively. Moreover, recent human

Take home figure Summary scheme: effect of a redmeat containing diet on the metaorganismal trimethylamine N-oxide pathway.
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observational and interventional studies show that TMAO levels can

increase substantially (>10lM) with chronic supplementation.4,5

Further, TMAO has been shown to directly interact with platelets

(human and murine), increasing their responsiveness, and promoting

a prothrombotic phenotype.4,5 Such observations may account for

the heightened risk for thrombotic events like heart attack and stroke

observed amongst subjects with elevated TMAO levels.4,10–12 The

present studies thus suggest that a diet rich in red meat would be

associated with heightened TMAO levels, and potential heightened

thrombotic event risk. Indeed, numerous epidemiological studies

show a dose-dependent heightened risk of thrombotic events, CVD,

and mortality risks with red meat consumption.29–33 However, the

contribution of TMAO to heightened cardiovascular risks from a

chronic diet rich in red meat is unclear. Importantly, the present stud-

ies reveal that switching from a diet rich in red meat to either a white

meat or non-meat protein source (yet maintaining same calories, and

proportion of protein in the diet) can substantially reduce TMAO

levels within several weeks. To our knowledge, the present studies

are the first to directly explore the relationship of dietary protein

source to plasma TMAO levels with defined isocaloric randomized

diets, and the time needed to reduce TMAO levels with dietary

changes. They thus reveal that beyond quantity, the quality of diet

composition (with respect to protein source, but not saturated fat

content) impacts overall TMAOmetabolism and excretion.

Few studies have examined the influence of controlled diets on

TMAO levels. Reduced urine TMAO levels were recently reported

in an observational study among subjects following a Mediterranean

diet in a post hoc cross-sectional analysis comparing omnivores vs.

vegetarians or vegans35; moreover, a trend towards reduced urinary

TMAO levels was observed among subjects with increased reported

compliance with the Mediterranean diet (based on the PREDIMED

trial compliance tool).35 The Mediterranean diet in the PREDIMED

trial, which showed a 30% reduction in CVD risk, was characterized

by avoidance of redmeat as a protein source.36,37 The present results

add substantially to our understanding of diet and TMAO metabol-

ism, and raise intriguing questions about the selection of dietary pro-

tein source in subjects at heightened CVD risks with increased

TMAO levels. For example, elevated TMAO levels are frequently

observed in patients with impaired renal function in whom increased

incidence of CVD is not accounted for by traditional risk factors.

Given the growing body of evidence suggesting a mechanistic link be-

tween TMAO and CVD pathogenesis, there is substantial interest in

development of TMAO reducing therapeutic interventions. The pre-

sent studies begin to provide some evidence-based results regarding

dietary manipulations that can effectively reduce TMA/TMAO levels.

Limitations
There are several limitations to this study. Blood collection time after

meal was not controlled, which may lead to fluctuation of plasmame-

tabolite levels. Only two visits of blood and urine for each diet arm

were collected, which may not reflect the total intra-individual vari-

ability in subjects. Fractional excretion calculations utilized creatinine

plasma and urine concentrations, which varied based on diet, though

we also quantified three separate alternative metabolites identified to

serve as surrogate markers of renal function, and observed qualita-

tively comparable results.

Supplementary material

Supplementary material is available at European Heart Journal online.
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