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AbsTrACT
Objective the gut microbiota-derived metabolite, 
trimethylamine n-oxide (tMaO) plays an important 
role in cardiovascular disease (cVD). the fasting plasma 
tMaO was shown as a prognostic indicator of cVD 
incident in patients and raised the interest of intervention 
targeting gut microbiota. Here we develop a clinically 
applicable method called oral carnitine challenge test 
(Occt) for tMaO-related therapeutic drug efforts 
assessment and personalising dietary guidance.
Design a pharmacokinetic study was performed to 
verify the design of Occt protocol. the Occt was 
conducted in 23 vegetarians and 34 omnivores to 
validate gut microbiota tMaO production capacity. the 
Occt survey was integrated with gut microbiome, host 
genotypes, dietary records and serum biochemistry. a 
humanised gnotobiotic mice study was performed for 
translational validation.
results the Occt showed better efficacy than fasting 
plasma tMaO to identify tMaO producer phenotype. 
the omnivores exhibited a 10-fold higher Or to be high 
tMaO producer than vegetarians. the tMaO-associated 
taxa found by Occt in this study were consistent with 
previous animal studies. the tMaO producer phenotypes 
were also reproduced in humanised gnotobiotic mice 
model. Besides, we found the faecal CntA gene was not 
associated with tMaO production; therefore, other key 
relevant microbial genes might be involved. Finally, we 
demonstrated the urine tMaO exhibited a strong positive 
correlation with plasma tMaO (r=0.92, p<0.0001) and 
improved the feasibility of Occt.
Conclusion the Occt can be used to identify tMaO-
producer phenotype of gut microbiota and may serve as 
a personal guidance in cVD prevention and treatment.
Trial registration number nct02838732; results.

InTrODuCTIOn
The gut microbiota plays a critical role in the 
development of cardiovascular disease (CVD), 
and studies have shown that some micro-or-
ganism-derived metabolites produced in the 
intestine are involved in CVD pathogenesis.1–4 
Intestinal microbial metabolites, such as trime-
thylamine N-oxide (TMAO), short-chain fatty 

significance of this study

What is already known on this subject?
 ► The gut microbiota dependent metabolite, 
trimethylamine N-oxide (TMAO) was proved  
to contribute to the progression of  
atherosclerosis.

 ► Although the fasting plasma TMAO was 
shown as a prognostic indicator in patients 
with cardiovascular disease (CVD), it might 
underestimate the TMAO producing function of 
gut microbiota because of host’s efficient renal 
clearance of plasma TMAO.

 ► Omnivores and vegetarians have different 
functions of gut microbiota, but the function 
of TMAO production capacity has not been 
addressed clearly.

 ► The microbial Rieske-type cntA/B gene is 
reported to be in part responsible for aerobic 
carnitine metabolism to trimethylamine from 
in silico and in vitro studies but has not been 
evaluated in an in vivo human study.

What are the new findings?
 ► This is the first study designed for the clinical 
assessment of individual TMAO production 
capacity using an oral carnitine challenge 
test (OCCT) with verified challenge dose and 
sampling times.

 ► The OCCT exhibits better efficacy than  
fasting plasma TMAO in identifying TMAO- 
producer phenotype of human gut  
microbiota.

 ► Omnivores have higher risk to be TMAO 
producer than vegetarians, but some long-term 
vegetarians can still demonstrate substantial 
TMAO production from oral carnitine by their 
gut microbiota.

 ► Faecal CntA may not be a useful biomarker 
in identifying TMAO producer phenotype 
according to our in vivo human study. There 
might be other potential microbial genes 
responsible for carnitine metabolism to TMAO 
in the faeces.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2018-317155 on 30 O

ctober 2018. D
ow

nloaded from
 

http://www.bsg.org.uk/
http://gut.bmj.com/
http://crossmark.crossref.org/dialog/?doi=10.1136/gutjnl-2018-317155&domain=pdf&date_stamp=2018-010-30
NCT02838732
http://gut.bmj.com/


2 Wu W-K, et al. Gut 2018;0:1–11. doi:10.1136/gutjnl-2018-317155

Gut microbiota

acids and secondary bile acids, act as mediators in CVD-re-
lated chronic disorders such as atherosclerosis, obesity and 
type 2 diabetes.5 6 Among these gut microbiota-derived 
metabolites, TMAO is mainly produced from the metabo-
lism of dietary carnitine and choline by gut bacteria. Studies 
have identified TMAO as an essential proatherogenic and 
prothrombotic compound that drives the pathogenesis of 
CVD.7–9 

L-carnitine is an abundant nutrient in meat products 
(especially in red meat) and functions by carrying fatty acids 
across the mitochondrial membrane for beta-oxidation.10 
However, carnitine may be metabolised by gut microbiota 
and thereby increase the risk of cardiovascular events in 
patients with coronary artery disease.11 In the intestine, gut 
microbiota convert unabsorbed carnitine into trimethyl-
amine (TMA), which is subsequently oxidised to TMAO 
by flavin monooxygenase (FMO3) in the liver.1 TMAO 
then enters circulation and is efficiently excreted by the 
kidneys.12 Prospective epidemiology studies have suggested 
a positive correlation between increased plasma TMAO 
levels and CVD progression.1 2 13 14 In a cohort (n=2595) of 
patients with coronary artery disease, high carnitine levels 
were associated with incident risks of myocardial infarc-
tion, stroke and death within 3 years, but only significantly 
in patients with concomitantly high TMAO levels.11 These 
findings may serve as a reasonable explanation for the rela-
tionship between red meat consumption and increased CVD 
risk.15 In animal studies, chronic dietary carnitine exposure 
increased the plasma level of TMAO, the trimethylamine 
(TMA) synthesis capacity of gut microbiota and the progres-
sion of atherosclerosis.11 16 The mechanism underlying the 
contribution of TMAO to atherosclerosis involves increased 
foam cell formation, decreased reverse cholesterol trans-
port, and enhanced platelet aggregation.1 11 17 The microbial 
effects of TMAO production can be reduced by broad-spec-
trum antibiotics but the issue of antibiotic resistant remains 
to be challenging.2 A recently discovered choline analogue 
named 3,3-dimethyl-1-butanol has demonstrated promising 
efficacy to inhibit microbial conversion of choline/carnitine 
into TMA.18 19 Other natural bioactive compounds such as 
resveratrol and allicin were also reported in animal study to 
reduce TMAO production.20 21

Recently, the fasting plasma TMAO was also proved as a 
prognostic marker for both short-term and long-term inci-
dent cardiovascular events among subjects with acute coronary 
syndrome or stroke.14 22 Nevertheless, there remained no clear 
cut-off value of plasma TMAO for unfavourable outcomes. In 
a dose–response meta-analysis of clinical studies, the risk of 

all-cause mortality increased by 7.6% per each 10 µM incre-
ment of plasma TMAO.23 In recent animal and human platelet 
aggregation studies, the concentration of plasma TMAO greater 
than 10–30 µM significantly enhance the thrombosis poten-
tial.17 19 24 However, the fasting plasma TMAO level in subjects 
with normal renal function seldomly exceed 10 µM for both 
healthy and diseased populations.2 25 Accordingly, a postprandial 
plasma TMAO might theoretically reflect the pathophysiological 
level of TMAO. Thus, we established an oral carnitine challenge 
test (OCCT) to simulate the postprandial plasma TMAO as well 
as functionally measure the TMAO synthesis capacity from host–
diet–microbiota interactions.

resulTs
Omnivores exhibited remarkably higher levels of plasma 
carnitine and cholesterol than did vegetarians
A comparison of demographic data and biochemical values 
revealed significant differences in several metabolic parameters, 
namely, plasma carnitine, serum total cholesterol, low-density 
lipoprotein, urea nitrogen, fasting glucose and aspartate trans-
aminase levels, between the omnivores and vegetarians (table 1). 
Of the compared parameters, carnitine and cholesterol levels 
between the omnivores and vegetarians exhibited the most signif-
icant differences (p<0.0001). However, the urine carnitine level 
between the omnivores and vegetarians did not exhibit a signif-
icant difference. In general, the urine TMAO level was remark-
ably higher than the plasma TMAO level, whereas carnitine was 
more abundant in plasma samples. This finding may indicate 
that the human body tends to preserve carnitine as a nutrient 
and excrete TMAO as waste through the urinary system.12 26 

Table 1 Characteristics of study participants

Vegetarian
(n=23)

Omnivore
(n=34) P values

Female (n (%)) 14 (65) 24 (71)

Age (years) 34.13±1.70 30.18±1.30 0.0665

BMI (kg/m2) 22.40±0.55 21.81±0.57 0.4793

Genotype FMO3-SNP (n (%))

  Glu158Lys – AAG 6 (26.1) 8 (23.5)

  Glu308Gly – GGG 6 (26.1) 8 (23.5)

Plasma

  Glucose-AC (mg/dL) 69.39±2.20 75.41±1.91 0.0459

  AST (U/L) 11.30±1.036 15.29±1.19 0.0211

  ALT (U/L) 7.22±0.94 12.91±2.38 0.0627

  BUN (mg/dL) 9.57±0.65 11.63±0.50 0.0145

  Creatinine (mg/dL) 0.55±0.03 0.60±0.02 0.2041

  T-cholesterol (mg/dL) 140.50±4.27 174.90±5.23 <0.0001

  Triglyceride (mg/dL) 89.13±11.31 88.32±10.07 0.9584

  LDL-C (mg/dL) 75.13±4.25 97.44±4.64 0.0014

  hsCRP (mg/dL) 0.06±0.01 0.18±0.09 0.2766

  TMAO (µM) 1.87±0.21 3.54±0.96 0.1618

  Carnitine (µM) 34.72±3.07 63.46±5.08 <0.0001

Urine

  TMAO (nmol/mmol Cr) 33.98±3.49 68.13±20.70 0.1843

  Carnitine (nmol/mmol Cr) 2.52±0.64 15.37±6.35 0.1035

*The p value is from the comparison between vegetarian and omnivore volunteers 
using Student’s t-test. Values are the mean±SEM.
AST, aspartate aminotransferase; ALT, alanine aminotransferase; BMI, 
body mass index; BUN, blood urea nitrogen; Cr, creatinine; FMO3, flavin 
monooxygenase; hsCRP, high-sensitivity C reactive protein; LDL-C, low-density 
lipoprotein cholesterol; TMAO, trimethylamine N-oxide.

significance of this study

How might it impact on clinical practice in the foreseeable 
future?

 ► The OCCT reveals the TMAO-producer phenotypes and may 
serve as a personalised dietary guidance for patients with 
CVD.

 ► The OCCT use in human study may serve as a benchmark for 
assessing therapeutic drug development efforts for the TMAO 
pathway.

 ► The OCCT can simulate a postprandial TMAO and provide a 
benchmark for future investigation of diet-induced enhanced 
thrombotic potential.
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Fasting TMAO levels in blood and urine were both higher in the 
omnivores (blood: 3.54±0.96 µM; urine: 68.13±20.70 nmol/
mmol) than in the vegetarians (blood: 1.87±0.21 µM; urine: 
33.98±3.49 nmol/mmol); however, the differences did not 
reach statistical significance (table 1).

Markedly different dietary patterns between omnivores 
and vegetarians contributed to minor difference in gut 
microbiome
Among 87 nutrient levels calculated using the food frequency 
questionnaire (FFQ), 43 differed significantly between the omni-
vores and vegetarians (p<0.05) with FDR <0.1 (online supple-
mentary table S1). The omnivores consumed more cholesterol, 
carnitine, saturated fat and animal protein than did the vegetar-
ians (figure 1A,B). Thus, the omnivores exhibited higher serum 
cholesterol, carnitine, LDL and urea nitrogen levels (table 1). 
The results of the principle component analysis of all the nutri-
ents calculated using the FFQ also showed distinct dietary 
patterns between the omnivores and vegetarians (figure 1C). 
However, gut microbiome profiles and indicators between the 
omnivores and vegetarians did not considerably differ according 
to the results of the principle coordinate analysis, alpha diversity 
and Firmicutes/Bacteroidetes (F/B) ratio (figure 1D–F), although 
moderately significant differences in minor gut microbiome 
communities (<2% species) were identified (online supple-
mentary figure S1A). The results of the linear discriminant 
analysis effect size (LEfSe) analysis revealed that Prevotellaceae 
was prevalent in the vegetarians’ gut microbiome, whereas the 

gut microbiome of the omnivores featured characteristic taxa 
of Clostridiaceae, Bacteroidales S24 and Eubacterium (online 
supplementary figure S1B). These findings are consistent with 
those of previous studies.27 28

Plasma TMAO peaked in the interval between 24 hours and 
48 hours of the OCCT
We assumed that TMAO formation in blood occurred at 
approximately 24 hours of the OCCT based on the time 
required for bowel transit, microbial catabolism and the enzy-
matic reaction of hepatic FMO3 to convert the ingested carni-
tine into plasma TMAO. We performed a pharmacokinetic 
study of the OCCT to confirm this hypothesis (figure 2). In 
the study, 13 participants received seven blood tests at indi-
cated time points after ingestion of three tablets of L-carnitine 
fumarate (General Nutrition Centers (GNC), Pennsylvania, 
USA). We verified the carnitine amount of each tablet through 
high-performance liquid chromatography (HPLC) to ensure 
that the dose of L-carnitine in each test was consistent. After 
the OCCT, plasma TMAO levels remained stable at trough 
levels for 12 hours and peaks started to present after 24 hours 
(figure 2A). The plasma carnitine level peaked at 4 hours 
after OCCT while TMA and γ-butyrobetaine in the plasma 
remained at very low concentration (online supplementary 
figure S2A,B). Among the 13 participants, 6 participated in 
an additional pharmacokinetic study 3 months later, and the 
original trends and values for each individual were reproduced 
in the results (figure 2B,C). Thus, the OCCT was simplified 

Figure 1 The divergence of dietary patterns between vegetarian and omnivore contributed no significant differences for gut microbiome 
composition and diversity. (A) Heatmap of dietary micronutrients in omnivores versus vegetarians (q value <0.1) with clustering nutrients colour 
labelled by six nutrient categories. Red=higher abundance, blue=lower abundance. (B) The carnitine and cholesterol consumption levels of vegetarians 
and omnivores exhibited highly significant differences. (C) The principle component analysis of FFQ nutrients data indicated significantly divergent 
patterns between omnivores and vegetarians (permutational multivariate analysis of variance (PERMANOVA): p<0.001). (D) Compositional 
profiling of gut microbiota in vegetarians and omnivores revealed no significant difference (PERMANOVA: p=0.3528) demonstrated by principle 
coordinate analysis calculated using Bray-Curtis distance. (E) Comparison of alpha diversity index in vegetarians versus omnivores. (F) The Firmicutes/
Bacteroidetes ratio in omnivores versus vegetarians exhibited no significant difference. Data in all bar plots are expressed as mean±SEM. All statistics 
in bar plots and box plots were analysed by Student’s t-test. FFQ, food frequency questionnaire.
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to involve three sample collection times: the baseline (fasting 
plasma TMAO), 24 hours and 48 hours (figure 2D).

OCCT effectively differentiated gut microbiota-mediated 
TMAO production capacity between the omnivore and 
vegetarian groups
Differences in fasting plasma TMAO levels between the omni-
vores and vegetarians were moderate. Therefore, the proposed 
OCCT was developed to determine individual TMAO produc-
tion capacity as mediated by gut microbiota. All the omnivore 
and vegetarian volunteers participated in a simplified OCCT 
with blood and urine collection at baseline, 24 hours and 
48 hours. In the OCCT curve, plasma TMAO levels in the omni-
vores versus vegetarians diverged at 24 hours and 48 hours, but 
fasting TMAO levels remained similar (figure 3A,B). In contrast 
to the values of fasting TMAO, those of the area under the curve 
(AUC), and the maximum values of the OCCT were significantly 
higher in the omnivores than in the vegetarians (figure 3C).

Omnivores were more likely to be high TMAO producers than 
the vegetarians
To define the functional phenotype of gut microbiota for TMAO 
production, we plotted the AUC values from the OCCT results 

for all the 57 participants and grouped the values into quartiles. 
The 14 participants with Q1-level AUC values were labelled 
as low TMAO producers, and the 14 participants in Q4 were 
labelled as high TMAO producers (figure 3D). The participants 
with levels in between Q1 and Q4 were labelled as interme-
diate producers. Among the omnivore participants, 35.3% were 
grouped as high TMAO producers and 14.7% were grouped as 
low TMAO producers. By contrast, only 8.7% of the vegetarians 
were grouped as high TMAO producers and 39.1% were grouped 
as low TMAO producers (figure 3E). With regard to TMAO 
production phenotypes defined by the OCCT, the participants in 
the omnivore group exhibited a 10-fold OR (OR: 10.8, 95% CI 
1.69 to 68.94) of being a high TMAO producer compared with 
the vegetarian group (figure 3F). However, despite long-term 
adherence to a strict vegetarian diet (>10 years), some vegetar-
ians exhibited considerable TMAO production when high doses 
of carnitine were consumed.

Gut microbiome profiles become distinctive after functional 
phenotyping of TMAO production capacity
In this study, the functional phenotypes of the high TMAO 
producers (n=14) and low TMAO producers (n=14) iden-
tified using the OCCT corresponded with distinctive OCCT 

Figure 2 Pharmacokinetic study of oral carnitine challenge test (OCCT). (A) Thirteen volunteers were recruited for a pharmacokinetic (PK) study of 
the OCCT. Each participant received three tablets of GNC L-carnitine (approximately 1200 mg L-carnitine) and blood drawings at 4th hour, 8th hour, 
12th hour, 24th hour, 36th hour and 48th hour. (B) The bar plots of AUC in OCCT for different volunteers and the same volunteer with different PK 
studies (six volunteers received the second PK study 3 months later). (C) Normalised dissimilarity of AUC of different pharmacokinetic studies in the 
same and different individuals (defined as |AUC1−AUC2|/[AUC1+AUC2]) AUC1: AUCs of 1st PK study; AUC2: AUCs of second PK study. These data 
suggested the trend of TMAO production capacity is reproducible in the same individual periodically. (D) Validation and simplification of sample 
collection time points for the OCCT according to the results of pharmacokinetic studies. AUC, area under the curve; CCT, carnitine challenge test; 
TMAO, trimethylamine N-oxide.
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curves and significantly different AUC and TMAOmax values 
(figure 4A–C). However, the difference in fasting plasma 
TMAO levels between the high and low TMAO producers 
remained moderate (figure 4B). This finding further suggested 
that a challenge test, rather than a single blood test, should be 
considered in clinical assessments to determine the functional 
phenotype of TMAO-producing gut microbiota. In addition, 
the compositional patterns of gut microbiome in the high versus 
low TMAO producers were distinctive, as demonstrated by the 
heatmap and principle coordinate analysis (figure 4D,G). Other 
common gut microbiome functional indicators, including F/B 
ratio, Shannon index and Chao1 index, also indicated signif-
icant differences between the high and low TMAO producers 
(figure 4E,F). The higher alpha diversity of the high TMAO 
producers suggested higher compositional complexity of the gut 
microbiome for acquiring TMA synthesis functions. The higher 
F/B ratio in the high TMAO producers corresponded to the 
findings of high-risk patients with CVD in previous studies.9 29 
Furthermore, the results of the LEfSe analysis regarding the 
characteristic bacterial taxa between the high and low TMAO 
producers were similar to the results of previous mouse experi-
ments (figure 4H).11 16

TMAO-producing phenotypes determined using the OCCT 
were reproduced in the humanised gnotobiotic mice model
The TMAO-producing functional phenotypes determined using the 
OCCT were based on complex diet–gut microbiota–host interac-
tions. Therefore, we used a humanised gnotobiotic mouse model 
to reconstruct these complex interactions in vivo. Fecal microbiota 
transplantation (FMT) was performed on germ-free mice by using 
faeces from a high TMAO producer and a low TMAO producer 
from our study cohort. In the animal model, diet and host factors 
were well controlled. We divided eight 9-week-old male germ-free 
mice into two groups (n=4 in each group) and performed FMT 
with gastric gavage in the mice of each group using faecal samples 
from two human donors (a high TMAO producer and a low 
TMAO producer). All the mice received a carnitine-supplemented 
diet for 5 weeks after which they underwent d9-carnitine oral chal-
lenge tests. The results demonstrated that the transplantation of gut 
microbiota transmitted the human host’s TMAO-producing pheno-
types to the mouse hosts (figure 4I).

Previously found microbial enzyme system cntA/b gene may 
be an insufficient marker for in vivo human TMAO production
For the process of TMAO production in the human body, the 
key step is the conversion of carnitine into TMA from gut 

Figure 3 Omnivores and vegetarians exhibited different levels of ability to transform L-carnitine into TMAO in the body. (A) An oral carnitine 
challenge test (OCCT) was administered to 23 vegetarians and 34 omnivores, and plasma TMAO levels were measured at indicated times after the 
OCCT. The differences in plasma TMAO levels between the vegetarians and omnivores appeared at 24 hours and 48 hours compared with baseline. 
Data are expressed as mean±SEM; *p<0.05. (B) No significant difference of fasting plasma TMAO levels was noted between the vegetarian and 
omnivore groups. (C) The AUC values and maximum values of the carnitine challenge test for the omnivores were both significantly higher than for 
the vegetarians. (D) The population was grouped into four quartiles according to the AUC values of the OCCT. The Q4 population was defined as 
high TMAO producers, the Q1 as low producers and Q2–Q3 as intermediate producers. (E) A percentage of 35.3 of the omnivores were grouped as 
high TMAO producers compared with 8.7% of the vegetarians. A percentage of 14.7 of the omnivores were grouped as low producers compared 
with 39.1% of the vegetarians. (F) Among the high producers, 12/14 (86%) were omnivores, whereas among the low producers, 5/14 (36%) were 
omnivores. The ORs of omnivores versus vegetarians as being high TMAO producers is 10.8 (95% CI 1.69 to 68.94). Data in all bar plots are expressed 
as mean±SEM. Plasma TMAO levels at indicated times in OCCT and plasma fasting TMAO data were analysed by Student’s t-test. AUC of TMAO and 
TMAOMAX in OCCT were analysed by Mann-Whitney U test. AUC, area under the curve; TMAO, trimethylamine N-oxide.
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Figure 4 The functional phenotypes grouped by oral carnitine challenge test (OCCT) were significantly associated with the differences of gut 
microbiome composition, diversity, features and functions. (A) The high TMAO producers and low producers corresponded with distinct curves for 
the OCCT. Data are expressed as mean±SEM. (B) The difference in plasma fasting TMAO levels between the high producers and low producers was 
moderately significant. (C) The differences in AUC values and maximum OCCT values were highly distinct. (D) Heatmap demonstration of hierarchical 
clustering correlating levels of bacterial taxa significantly differentiated (p<0.01) between the high and low TMAO producers. The heatmap displayed 
relatively higher taxa in Firmicutes phylum (pink) in high TMAO producers compared with low producers, and opposite results were indicated for the 
Bacteroidetes phylum (yellowish). (E) The Firmicutes/Bacteroidetes ratio between low producers versus high producers was significantly different. 
(F) The alpha diversity of Shannon index and Chao1 index between the high TMAO producers and low producers was also significantly different. 
(G) Principle coordinate analysis of the gut microbiome profiles of the TMAO high producers versus low producers indicated a significant difference. 
(H) The characteristic phylogenetic taxa in the TMAO high producers versus low producers ranked by the LDA score exhibited similarities to taxa 
(marked in the red frame) detected in previous well-controlled mouse studies.11 16 (I) Eight 9-week-old male germ-free mice (n=4 in each group) 
received faecal microbiota transplantation from a high-TMAO-producer or low-TMAO-producer donor as a humanised gnotobiotic mice model. The 
mice were placed with carnitine supplement diet (1.3% in water) and received a d9-carnitine challenge test through oral gavage. The phenotypes of 
TMAO-producing ability of donors were significantly reproduced in the mice. Data are expressed as mean±SEM. Plasma TMAO levels at indicated 
times in OCCT, plasma fasting TMAO, Firmicutes/Bacteroidetes ratio, Shannon and Chao1 index, plasma d9-TMAO and d9-TMA data were analysed by 
Student’s t-test. AUC of TMAO and TMAOMAX in OCCT were analysed by Mann-Whitney U test; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. AUC, 
area under the curve; LDA, linear discriminant analysis; TMAO, trimethylamine N-oxide. 
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microbiota metabolism in the intestine. It was reported in an in 
vitro experiment that a Rieske-type oxygenase/reductase micro-
bial enzymatic system gene, cntA/B, was capable of converting 
carnitine into TMA.30 In another study, a degenerate primer 
was designed in attempt to measure TMA-producing capacity 
by quantifying cntA in the faecal microbiome community.31 We 
used this published method to measure the abundance of cntA in 
faecal DNA samples and compare the faecal cntA abundances to 
the TMAO values obtained from the same participants. Results 
indicated that faecal cntA amounts correlated poorly with 
numerous TMAO-relevant values determined using the OCCT 
(figure 5A–C). We further evaluated the correlation between 
the relative abundances of previously reported cntA-containing 
bacterial taxa (ie, Escherichia coli, Klebsiella spp and Citro-
bacter spp)30 31 and TMAO values, but no significantly positive 
correlation was revealed (online supplementary figure S3A–C). 
In addition, considering the difference in TMAO-producing 
ability between the omnivores and vegetarians, we compared 
the calculated carnitine intake amounts with the TMAO AUC 
values, and the correlation remained non-significant (figure 5D). 
Furthermore, we assessed the effect of host genetic factors on 
the TMAO concentration; two commonly occurring single-nu-
cleotide polymorphisms of FMO3 (Glu158Lys and Glu308Glu) 
were examined among the participants in this study,32 33 and no 
significant differences in TMAO values between the mutant and 
wild-type participants were identified (figure 5E,F). Finally, we 

compared the demographic, biochemical and dietary data of 
the high and low TMAO producers and found no significantly 
different markers (table 2 and online supplementary figure S4). 
Collectively, these findings suggested that current microbial and 
host genetic biomarkers, dietary data and other features may not 
reflect the complex metabolic pathway of the interaction among 
diet, microbial community and the host for TMAO formation.

urine sampling provides an alternative and convenient 
method for the OCCT
While the microbial enzyme system cntA genetic marker failed 
to correlate TMAO formation, the OCCT remains the stan-
dard for measuring TMAO production capacity in human body. 
However, plasma TMAO levels usually peak after 24 hours of 
the OCCT, and the required serial blood sampling may present 
challenges for clinical practice and patient compliance. Thus, we 
compared 171 paired blood and urine samples collected at the 
same times. The samples exhibited a strong significant correla-
tion of TMAO concentrations. Moreover, the AUC values of 
57 paired blood and urine samples from the participants who 
underwent the OCCT were compared and exhibited a highly 
significant correlation (figure 6A). These results suggested that 
urine collection may provide a substitute for blood collection in 
the OCCT, which may increase the feasibility of this assessment 
method for clinical practice.

Figure 5 Carnitine intake amount, faecal CntA abundances and host FMO3 genotypes correlated unfavourably with TMAO-producing ability in 
the human body. (A) The CntA abundances (% of community) exhibited a poor correlation to fasting plasma TMAO, (B and C) AUC and maximum 
values of plasma TMAO of OCCT. (D) Carnitine intake amount also poorly correlated with the AUC of plasma TMAO. (E and F) Two common host flavin 
mono-oxygenase (FMO) single-nucleotide polymorphism, FMO3/Lys158 and FMO3/Gly308 mutant alleles, were detected in the study population, 
and no difference of TMAO production was exhibited between mutant and wild genotypes. Data in bar plots are expressed as mean±SEM. Pearson’s 
correlation was used to calculate association between two variables. Student’s t-test was used for two-group comparison. AUC, area under the curve; 
OOCT, oral carnitine challenge test; TMAO, trimethylamine N-oxide.
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DIsCussIOn
We developed a method to determine the functional status of 
the human gut microbiota, with regard to its TMAO produc-
tion capacity. The OCCT in this study successfully distinguish 
between the omnivores and vegetarians according to their 
TMAO-producing ability. Using this approach, we characterise 
the gut microbiome of high and low TMAO producers as well as 
reproduce the TMAO producing phenotypes in germ-free mice 
by faecal microbiota transplantation. We also demonstrated the 
urine TMAO as an alternative biomarker for plasma TMAO that 
may facilitate the transition to clinical practice.

The OCCT may be used to identify individual TMAO-pro-
ducing capacity from gut microbiota and thereby serve as a guid-
ance of intervention to reduce TMAO production in the human 
body. For example, a low-carnitine diet may be suggested to high 
TMAO producers as a dietary instruction for patients with CVD. 
Antibiotics might be an option to reduce TMAO production by 
inhibiting TMAO-relevant gut bacteria but may be discouraged 
due to potential side effects and treatment failure caused by 
antibiotic resistance. Moreover, the OCCT can simulate a post-
prandial TMAO and reveal pathophysiological levels of plasma 
TMAO in subjects. In a recent pioneer study conducted by Zhu et 
al,24 18 healthy volunteers receiving continuous choline supple-
mentation for 1 month significantly increased the fasting plasma 
TMAO level as well as enhanced platelet hyper-responsiveness. 
Therefore, the OCCT may also be used in revealing the diet-in-
duced TMAO and assessing the correlated thrombosis potential. 
Finally, since the OCCT could indicate the TMAO producer 
phenotype, it might serve as a benchmark for further TMAO-rel-
evant microbial biomarker investigation and validation.

In previous studies, the fasting plasma TMAO level was 
proved to be a prognostic indicator of major adverse cardiac 

event for patients with CVD.2 11 From literature review, there 
seems a significant overlap of median/IQR of fasting plasma 
TMAO between patients with CVD and healthy subjects.2 25 The 
fasting plasma TMAO levels are usually low and exhibit right-
ward-skewed distributions among both healthy and diseased 
populations.2 14 25 The phenomenon may be explained by the 
fluctuated feature of plasma TMAO caused by efficient urinary 
excretion and dietary influence.12 26 It also suggests the fasting 
plasma TMAO may not able to reveal higher and potential 
pathological value of a postprandial plasma TMAO. In recent 
studies by Zhu et al, the concentration of plasma TMAO would 
be at least 10–30 µM to enhance thrombosis potential and arte-
rial occlusion.17 19 24 Therefore, the TMAO values acquired from 
OCCT might be helpful in revealing the pathophysiological levels 
of plasma TMAO from regular diet–microbiota interactions.

Recently, Koeth et al recruited five omnivores and five 
vegetarians to receive a carnitine challenge test of 250 mg 
of isotope-labelled d3-methyl-carnitine, and the vegetarians 
exhibited almost no TMAO production as compared with the 
omnivores.11 However, we noticed that some vegetarians and 
even vegans were still capable of producing TMAO from their 
gut microbiota when administrating carnitine. Some of the 
TMAO producer vegetarians are lacto-ovo-vegetarians and may 
be exposed to small amount of carnitine from their diet, but 
the dietary carnitine intake among vegetarians calculated by 
FFQ is not correlated to the TMAO production in OCCT. We 
assumed that the bacteria capable of carnitine metabolism may 
still be able to thrive by nutrients other than carnitine in the 
gut, although the carnitine intake may provide additional carbon 
source to these bacteria and promote the growth. However, 
this assumption remains to be investigated by further studies. A 
previous animal study conducted showed that γ-butyrobetaine is 
a proatherosclerotic intermediate in gut microbial metabolism 
of carnitine to TMAO.16 Nevertheless, the levels of γ-butyrobe-
taine in our human plasma samples are quite low and had no 
obvious peak values. We speculated the bacteria responsible for 
converting carnitine to γ-butyrobetaine may not be functionally 
predominant in the human gut, but this should be confirmed 
in future study. Furthermore, although previous research had 
already used isotope-labelled carnitine for a carnitine challenge 
test,11 the relatively low challenge dose of isotope-labelled carni-
tine may not reflect the pathophysiological status of diet–micro-
biota interactions. The accessibility and representativeness of an 
isotope-labelled compound for a challenge test may also be a 
barrier for clinical practice. Collectively, the OCCT in this study 
using regular carnitine with designed dosage and sampling times 
may have advantages to step forward into clinical setting.

A novel microbial Rieske-type oxygenase/reductase gene, the 
cntA/B, was found being able to convert carnitine into TMA.30 
The gene was reported to exist among only few species including 
E. coli, Klebsiella spp and Citrobacter spp and so on.30 31 
However, both cntA gene quantification and related bacterial 
species abundance in our faecal samples showed no significant 
correlation to the TMAO values from OCCT. Therefore, there 
might exist other key player bacteria and genes contributing to 
transformation of carnitine into TMA in the colon (an obligatory 
anaerobic environment) since the cntA/B is an oxygen-depen-
dent enzymatic reaction system. However, with regard to the 
error rate by using a degenerate primer for qPCR and the rela-
tively low taxonomic resolution of 16S amplicon sequencing, 
further metagenome wide study may be required to address the 
issue more clearly.

This study has some limitations. First, although choline and 
carnitine are both materials from which gut microbiota produce 

Table 2 Characteristics of high and low TMAO producers

low producer
(n=14)

High producer
(n=14) P values

Female (n (%)) 9 (64) 11 (78)

Age (years) 30.86±7.84 32.64±8.33 0.5644

BMI (kg/m2) 22.49±3.58 21.02±3.25 0.2653

Genotype FMO3-SNP (n (%))

  Glu158Lys – AAG 2 (14.3) 4 (28.6)

  Glu308Gly – GGG 2 (14.3) 2 (14.3)

Plasma

  Glucose-AC (mg/dL) 71.14±9.54 71.21±10.05 0.9848

  AST (U/L) 12.64±5.40 14.50±7.71 0.4672

  ALT (U/L) 8.93±6.89 14.43±20.14 0.3426

  BUN (mg/dL) 10.32±3.76 11.22±1.70 0.4223

  Creatinine (mg/dL) 0.55±0.17 0.57±0.09 0.6746

  T-cholesterol (mg/dL) 159.07±29.13 169.43±30.15 0.3638

  Triglyceride (mg/dL) 73.43±39.96 99.93±84.73 0.2996

  LDL-C (mg/dL) 92.93±27.84 91.64±14.43 0.8792

  hsCRP (mg/dL) 0.05±0.04 0.08±0.09 0.2924

  TMAO (µM) 1.49±0.54 5.62±8.27 0.0737

  Carnitine (µM) 46.53±29.31 58.64±28.42 0.2774

Urine

  TMAO (nmol/mmol Cr) 30.42±15.62 125.02±175.14 0.0546

  Carnitine (nmol/mmol Cr) 6.02±8.32 15.26±46.00 0.4665

*The p value is from the comparison between the high and low producers using Student’s 
t-test. Values are the mean±SEM.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass 
index; BUN, blood urea nitrogen; Cr, creatinine; FMO3, flavin monooxygenase; hsCRP, 
high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; TMAO, 
trimethylamine N-oxide.
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TMA, we only used carnitine as the challenge material in this 
study. We chose to develop the OCCT because, in normal human 
population, we have natural cohort of high carnitine and low 
carnitine consuming groups (ie, omnivores and vegetarians); 
thus, we can use this test to investigate if people consuming 
higher carnitine from their diet have higher capability of 
converting carnitine into TMA through their gut microbiota.

In contrast, it is difficult to find a cohort with subjects divided 
into high and low choline diets since the choline is widely 
distributed in many food categories, including eggs, soybeans, 
meat, fish, some fruits and vegetables.19 Therefore, our study 
could only successfully prove that people with higher carnitine 
consumption in the diet generally had higher TMAO produc-
tion capacity from gut microbiota carnitine metabolism. Besides, 
the carnitine metabolising bacteria (eg, cntA/B containing 
bacteria such as E. coli, Klebsiella spp, Citrobacter spp and so 
on) are different from that responsible for choline utilisation 
(eg, cutC/D containing Desulfovibrio alaskensis, Proteus mira-
bilis and so on).30 31 34 Therefore, the capacity of TMAO produc-
tion from carnitine and choline metabolism by gut flora may 
be more appropriate to discuss separately. Second, in our study, 
we noticed that the peak of TMAO in plasma occurred after 
48 hours of the OCCT in some cases and that could skew the 
AUC of the OCCT curves. In addition, only two samples were 

taken between 12 hours and 48 hours after OCCT and the low 
resolution of sampling in the 12–48 span may lead to a missed 
peak value in OCCT. Adding a sample timing of 72 hours would 
be helpful but may still be less than optimal.

In summary, we presented a clinically oriented OCCT that can 
be used to determine the proatherosclerotic TMAO-producing 
capacity of complex diet–host–microbial interactions. To the 
best of our knowledge, the proposed methods represent the most 
comprehensive design thus far for the assessment of TMAO-pro-
ducing capacity of gut microbiota in a human study. In the era 
of precision medicine, the OCCT may serve as a personalised 
dietary guidance for patients with CVD, an assessment tool for 
the therapeutic efforts of new drug development, a standard 
method for diet-induced thrombosis risk survey as well as a 
potential benchmark to investigate TMAO-relevant biomarkers 
in the faeces (figure 6B).

MATerIAls AnD MeTHODs
Omnivore and vegetarian study populations
Flyers advertising the study were distributed, and 57 healthy 
volunteers (23 vegetarians and vegans and 34 omnivores) were 
recruited. In this study, participants who self-reported not having 
eaten any meat or seafood products for prior 2 years or longer 

Figure 6 Urine TMAO levels exhibited strong correlation with plasma TMAO levels and may serve a substitute specimen for an oral carnitine 
challenge test (OOCT). (A) The logarithmic TMAO values of 171 plasma samples strongly correlated with the corresponding TMAO values of urine 
samples from the same subject and sampling times. The logarithmic AUC values of plasma TMAO in 57 participants strongly correlated with the AUC 
values of urine TMAO in the same OCCT. (B) The OCCT may reflect the results from crosstalk between diet, gut microbiota and the host and could 
be used to measure TMAO-producing ability individually. The OCCT may serve as a personalised dietary guidance or a diet-induced thrombotic risk 
surveillance. It could also be used to assess therapeutic efficacy of new drug development or may be served as a benchmark for investigation of 
TMAO-relevant biomarkers in the faeces. Pearson’s correlation was used to calculate association between two variables. AUC, area under the curve; 
TMAO, trimethylamine N-oxide.
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were defined as vegetarians. All participants were screened using 
a health history questionnaire. Inclusion criteria were as follows: 
(1) age ≥20 years and (2) no exposure to antibiotics, probiotics 
or carnitine supplements within the previous month. Participants 
were excluded from the study if they reported recent gastroin-
testinal discomfort (such as abdominal pain or diarrhoea) or a 
history of chronic diseases including myasthenia gravis, diabetes 
mellitus, chronic renal disease, hyperparathyroidism, epilepsy 
and severe anaemia. Each participant completed a FFQ for 
dietary assessment and signed a waiver of informed consent 
provided by the Institutional Review Board of National Taiwan 
University Hospital. This study was funded by the Ministry of 
Science and Technology.

Dietary assessments
The participants’ diets were assessed using a semiquantitative 
FFQ. The FFQ used in this study was validated in a previous 
study; the questionnaire exhibited reliability and validity for 
identifying major nutrients in the diets of Taiwanese vegetarians 
and omnivores.35 In this study, the nutrient analysis programme 
used to calculate the results of the FFQ was based on Taiwan’s 
Food Composition Database. Carnitine intake was calculated on 
the basis of values published previously.36 The intake of nutrients 
and food groups were standardised to z-scores by using linear 
regression adjusted for total calorie intake with residual values 
centred.

Oral carnitine challenge test
All the participants fasted overnight (>8 hours) before the 
OCCT. Fasting blood and spot urine samples were collected as 
baseline, and three tablets of L-carnitine fumarate (GNC) were 
then administered orally to the participants. Subsequently, the 
participants underwent time-series blood drawings with concur-
rent spot urine collections at 24 hours and 48 hours after the oral 
carnitine challenge. The participants were requested to provide 
urine samples within 2 hours of blood sample collections. All 
the participants were asked to avoid red meat, seafood and any 
medication during the period of the carnitine challenge test. The 
plasma and urine samples were aliquoted after centrifugation at 
3000 rpm and stored in a freezer at −20°C. Ten carnitine tablets 
(GNC) were examined through HPLC to verify the amount 
of L-carnitine used in the OCCT. The mean dose of carnitine 
fumarate in each tablet was 693.5 (SD±63.2) mg (≈ 400 mg 
L-carnitine/tablet).

Pharmacokinetic study of plasma TMAO by oral 
administration of carnitine
Thirteen independent volunteers were recruited for a pharma-
cokinetic study of the OCCT. After the oral carnitine challenge, 
blood samples were collected at 4, 8, 12, 24, 36 and 48 hours. 
Six of the volunteers agreed to participate in the same pharma-
cokinetic test again 3 months later. All the volunteers signed 
informed consent waivers provided by the Institutional Review 
Board of National Taiwan University Hospital.

statistical analysis
Two-tailed Student’s t-test or a Wilcoxon non-parametric test 
were used to compare group means as considered appropriate. 
The OR of omnivores versus vegetarians as being high TMAO 
producers and corresponding 95% CI were calculated using 
logistic regression model. The Pearson’s correlation was used to 
calculate association between two variables. All statistics were 
analysed using R software V.3.4.1 or GraphPad Prism (V.7).

Other methods are described in online supplementary 
document.
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