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Trimethylamine N-Oxide From Gut
Microbiota in Chronic Kidney Disease
Patients: Focus on Diet

®

Cristiane Moraes, PhD,* Denis Fouque, PhD,† Ana Claudia F. Amaral, PhD,‡

and Denise Mafra, PhD*,§

Low-protein diet is the recommended nutritional intervention for nondialysis chronic kidney disease (CKD) patients because excess pro-

tein intake can damage kidney function and produce uremic toxins. Some of these toxins are generated from amino acids breakdown by

gut microbiota as p-cresyl sulfate and indoxyl sulfate that have been clearly associated with cardiovascular mortality in CKD patients.

Another uremic toxin, trimethylamine N-oxide (TMAO), a degradation product of choline and L-carnitine (which comemainly from animal

protein such as red meat and eggs) is now considered as a proatherogenic metabolite. In the present review, we will highlight the rela-

tionship between TMAO, diet and cardiovascular aspects, and the potential concerns about TMAO in nondialysis CKD patients.

� 2015 by the National Kidney Foundation, Inc. All rights reserved.
Introduction

CARDIOVASCULAR DISEASE (CVD) is a major
problem in chronic kidney disease (CKD) patients.1,2

In addition to traditional cardiovascular risk factors, the
nontraditional ones are gaining attention in scientific
community like the possible imbalance of gut microbiota.
In fact, recent studies have identified the gut microbiota
imbalance as a new factor that may contribute to
inflammation and oxidative stress leading to CVD.3,4

To date, little information is available about the imbal-
ance of gut microbiota in CKD patients. Vaziri et al.5

showed by microarray data that hemodialysis (HD) patients
presented similar mean relative richness (the number of
bacterial taxa in a sample) when compared with healthy in-
dividuals; however, there was a significant difference in the
relative abundances of bacterial groups within the
subfamilies.
In another study from our group, nondialysis patients

also presented similar average number of bands evaluated
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by denaturing gradient gel electrophoresis technique, but
data suggest possible differences in the gut microbiota be-
tween nondialysis CKD patients and healthy individuals.3

Although there are few studies on the composition of gut
microbiota in CKD patients,3,5–7 it is well known that the
uremic toxins such as p-cresyl sulfate (PCS) and indoxyl
sulfate (IS) both derived from breakdown of amino acids
by gut microbiota are accumulated in these patients.
These uremic toxins have been associated with
cardiovascular mortality8,9 and metabolic disturbances.10

More recently, trimethylamine N-oxide (TMAO), also
produced by gut microbiota, has been recognized as a proa-
therogenic metabolite.11

The high consumption of some animal protein sources,
especially red meat and eggs may contribute to high
TMAO levels because these foods contain high amount of
its precursors, choline, and L-carnitine.11–13 TMAO is
excreted in the urine via kidney and can be removed in a
HD session.13,14 However, the hypothesis is that, in
nondialysis CKD patients, TMAO levels would be
increased. This review provides an overview of the studies
focusing on diet and TMAO and future perspectives for
nutritional therapy in nondialysis CKD patients.

TMAO and the Diet
The dietary carnitine and choline (derived from lecithin-

phosphatidylcholine) when reaching the gut are metabo-
lized by microbiota and produce an intermediate
compound known as trimethylamine that is oxidized in
the liver by enzyme flavin-containing monooxygenase 3
(FMO3) in TMAO.11,13

Some varieties of normal gut bacteria, such as species of
Acinetobacter convert dietary carnitine and lecithin into
TMAO.15 Analysis of bacterial 16SRNA sequences in fecal
specimens revealed that subjects with enriched bacteria of
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the genus Prevotella, which is increased by high-fat diets,
presented higher TMAO levels than subjects with an
enrichment of the genus Bacteroides.11 In the same study,
the authors grouped volunteers by dietary status as either
vegan or vegetarian (n 5 23) or omnivore (n 5 30) and
performed a challenge that consisted of ingestion of a steak.
The authors observed that the amount of both urinary and
plasma TMAO increased in omnivore individuals, but not
in vegans or vegetarians.11

In a very elegant study, Hartiala et al.16 demonstrated in
mice and humans by comparative genome-wide association
studies that the levels of TMAO were only slightly predis-
posed by genes suggesting that the diet is an important axis
for controlling TMAO levels in humans.

The greatest dietary sources of choline (lecithin) are
eggs, liver, beef and pork, and red meat contains a great
amount of L-carnitine that is endogenously converted
into TMAO.11,15,17

The Nutrition Board of the Institute of Medicine18 esti-
mated an adequate intake of choline to be 550 mg per day
for men and 425 mg per day for women. According to
United States Department of Agriculture database for the
choline content of common foods, the richest food in
choline is egg (yolk; �250 mg of total choline/100 g), fol-
lowed by meat and fish (�75 mg of total choline/100 g),
whole grains (,75mg of total choline/100 g), breakfast ce-
reals (�50 mg of total choline/100 g), vegetables and fruits
(�30 mg of total choline/100 g), milk (�10 mg of total
choline/100 g), and fat and oils (�5 mg of total choline/
100 g).19

L-carnitine, the second precursor of TMAO, is a nutrient
considered as a conditionally essential nutrient that trans-
ports long-chain fatty acids through the interior of mito-
chondrial membranes to produce energy.20 According to
the Annals of the New York Academy of Sciences,21 the
supplementation of L-carnitine is not necessary for adults
and healthy children because carnitine is not considered
an essential nutrient. Dietary reference intakes and recom-
mended dietary allowance for carnitine was not estab-
lished.22 In individuals with normal renal function, excess
of carnitine is excreted via kidneys.13

According to Tang et al.,13 an excessive intake of food
containing phosphatidylcholine and choline must be
avoided because thesemetabolites lead to increased produc-
tion of TMAO. In addition, a vegetarian diet or a diet with
high intake of fibers could reduce total choline intake.
However, it is important to recall that choline is a semi
essential nutrient; and therefore, food containing choline
should not be totally excluded from the diet.19

Lenz et al.23 compared metabolomics urinary profile of
British and Swedish population and showed higher uri-
nary excretion of TMAO in Swedish population due to
fish-based food, which was not seen in British population
who were asked to avoid fish intake 24 hours before
urine collection. One of the International Study of
Macro/Micronutrients and Blood Pressure study publica-
tions24 compared metabolomics profiles of different pop-
ulations (Japan, China, and North America) and the
Japanese population, regularly following a diet rich in
fish, presented higher urinary excretion of TMAO. Lloyd
et al.25 compared dietary intake of different groups of
food in a randomized trial and observed association be-
tween salmon intake and urinary TMAO excretion.
Taken together, these data would suggest that fish intake
would contribute to increased production of TMAO.
However, a study showed that TMAO was associated
with urinary nitrogen excretion for both meat and fish
intake.26 Taken together these data suggest that the
composition of the diet is of upmost importance, as it
was showed in an experimental study that a high-fat
and high-caloric diet increased serum TMAO levels.27

Bennet et al.28 examined dietary, genetic, and hormonal
factors regulating TMAO levels in mice and human. The
experimental study showed that FMO3 (FMO family
member with highest specificity activity) was reduced in
males due to downregulation by androgens as compared
with females. In humans, they also demonstrated the higher
expression of FOM3 inwomen as comparedwithmen. The
authors demonstrated that the supplementation of the con-
trol diet with choline (1%) did not affect the expression of
hepatic FMO3 in either male or female mice. Thus,
compared to a chow diet, choline supplementation in
both male and female mice increased plasma TMAO levels,
which were markedly increased in females. In addition,
TMAO-fed and choline-fed mice experienced increased
kidney injury marker.29

Koeth et al.11 performed an interesting experimental and
clinical study on TMAO and showed that the reduced
ingestion of L-carnitine and total choline by vegans and
vegetarians (humans) was associated with decreased
TMAO levels. On the other hand, gut microbiota of omni-
vores produced higher levels of TMAO because of the
increased ingestion of L-carnitine mainly from red meat.
Similar data have been previously shown by Xu et al.30 as
lactovegetarians presented decreased urinary concentration
of TMAO. Stella et al.31 reported high urinary TMAO
excretion in response to meat intake. Intake of food rich
in choline such as egg may be also implicated with higher
TMAO production. In fact, Miller et al.12 showed that
egg intake ($2 eggs/day) was associated with high levels
of plasma and urine TMAO levels.
It is important to highlight that the urinary clearance of

TMAO is supported by the high correlation between urine
and plasma levels. Therefore, an efficient excretion mech-
anism is needed to counteract accumulation of TMAO.13

In addition, studies have shown that the consumption of
food containing high levels of TMAO precursors (L-carni-
tine and choline) such as red meat and eggs is implicated
with atherosclerosis.11,15 Recently, TMAO has been
associated to CVD in general population.8,13
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TMAO and Cardiovascular Disease
In humans, TMAO is associated with CVD even after

adjustment for traditional cardiovascular risk factors,13,15

and studies have investigated the link between
cardiovascular aspects and TMAO (Table 1). A follow-up
study that enrolled 4,007 adults whowere undergoing elec-
tive diagnostic cardiac catheterization showed that the
TMAOplasma levels of thosewho presented cardiovascular
events during 3 years thereafter were significantly higher
when compared to those without cardiovascular events.13

Conversely, patients receiving HD presented higher levels
of TMAO when compared with controls; however, there
was no significant association concerning TMAO concen-
trations and cardiovascular death.32 Recent data29 from a
cohort of stable patients undergoing elective diagnostic
coronary evaluation showed that those with underlying
CKD Stage 31 (n5 521) presented higher levels of fasting
plasma TMAO than those with regular renal function
(n 5 3,166; P , .01).
In animal models, administration of TMAOwas strongly

correlated with plaque size.15 In patients undergoing car-
diac evaluation, high L-carnitine levels concurrently with
high TMAO levels predicted an increased risk for both
prevalent CVD and major incident cardiac events (myocar-
dial infarction, stroke, or death).11

The cardiovascular implication of TMAO seems to be
due to the downregulation of reverse cholesterol transport
(RCT). Koeth et al.11 demonstrated that dietary L-carni-
tine and choline suppressed RCT in animals with intact in-
testinal microbiota. In addition, these authors showed that
suppression of intestinal microbiota completely eliminated
choline and L-carnitine-dependent suppression of RCT.
Furthermore; a macrophage cholesterol accumulation can
be produced by TMAO in a microbiota-dependent way,
which increases the expression of CD36 and scavenger
receptor A.15,33,34

It is important to remember that intrinsically, choline
and L-carnitine are not implicatedwith negative physiolog-
ical effects, and in fact, both do present positive clinical
aspects. Carnitine possesses essential functions such as skel-
etal support and cardiac muscle function, and supplementa-
tion with carnitine may improve left ventricle ejection
fraction during heart failure.35 Furthermore, carnitine
may help to reduce mortality after acute myocardial infarc-
tion; thus, for this indication, L-carnitine supplementation
can be recommended.36 The problematic pathway is that
some gut flora metabolizes l-carnitine into TMAO. In in-
dividuals with normal renal function, excess of carnitine
is excreted via the kidneys.13 Patients on HD who received
oral L-carnitine supplementation presented higher L-
carnitine levels and substantially increased TMAO levels37

contrasting with data showing that TMAO is supposedly
removed by HD.14 Actually, it was recently shown that
patients undergoing HD and peritoneal dialysis presented
higher serum levels of TMAO than controls.32,38 Kaysen
et al.32 highlight that one explanation for no association be-
tween TMAO and cardiovascular outcomes in HD patients
is that the damage to the vascular endothelium in this pop-
ulation is in a stage where further exposure can no longer
affect outcome. Actually, both LDL and TMAO have a
slighter or no influence on outcomes in patients undergo-
ing HD, and may be the effects of these molecules are
related with the level of renal function.32,39

Although Bain et al.14 showed that TMAO was signifi-
cantly higher in HD patients and significantly decreased
after a HD session, there is a possibility for TMAO levels
to be overestimated due to methodological issues of the
assays applied in the study.
In any case, reducing the conversion of choline or

L-carnitine into TMAO could be considered as a beneficial
intervention,40 especially in nondialysis CKD patients.
Reduction of dietary L-carnitine may be easier to achieve
by simple reduction of red meat intake, already a key
recommendation for patients with CKD.

Low-Protein Diet for Nondialysis CKDPatients
and TMAO
High protein intake can lead to glomerular hyperfiltra-

tion, proteinuria, glomerular sclerosis, and loss of kidney
function.41,42 In contrast, low-protein diet (LPD) became
widespread to improve metabolic alterations and possibly
delay the progression of CKD by improving lipid profile,
reducing the loss of remaining nephrons, controlling insu-
lin resistance, oxidative stress, and proteinuria, controlling
hyperparathyroidism, and decreasing albuminuria, the gen-
eration of nitrogenous wastes and inorganic ions and
uremic symptoms.43 LPD is considered an important nutri-
tional intervention as several worldwide studies have
reported many beneficial results for nondialysis CKD pa-
tients. In fact, a Cochrane systematic review demonstrated
that the nutritional intervention with LPD extends renal
survival in nondiabetic CKD patients.44 Collectively with
the LPD treatment, the source of protein intake is an aspect
that should be reconsidered for CKD patients because
studies have shown that the high intake from animal protein
is related with albuminuria and the progression of
CKD.45,46

Guidelines about nutrition and CKD recommend the
adherence of an LPD (0.6 g/kg/day) for nondialysis
CKD patients from stage 3 to 5 (glomerular filtration rate
, 60 mL/min/1.73 m2). In addition, it is suggested that
patients with less reduced levels of glomerular filtration
rate, e.g., 50 mL/min/1.73 m2, a planed low protein diet
can delay the progression of renal failure.47,48

The control of the amount of protein intake is not only
useful to limit uremia but also helps controlling CVD.1

The cardiovascular mortality in CKD patients is much
higher when compared with general population.2 Another



Table 1. Trimethylamine N-Oxide Levels and Its Relationship With Diet and Cardiovascular Disease

Authors Study Results Technique to detect TMAO

Kaysen

et al. (2015)

TMAO levels of patients (n 5 235)

receiving HD

TMAO levels of CKD patients were

higher than controls/No correlation
of TMAO with cardiovascular

outcomes

Liquid chromatography and online

tandem mass spectrometry

Tang

et al. (2015)

5-year follow-up, CKD patients

(n 5 521) and controls (n 5 3,166)/
experimental study

CKD patients presented higher TMAO

levels; mice fed with choline or
TMAO presented progressive renal

tubule interstitial fibrosis and

dysfunction

Stable isotope dilution assay and high-

performance liquid chromatography
with online electrospray ionization

tandem mass spectrometry

Gao

et al. (2014)

Experimental/randomized; 24 male

C57BL/6 mice received diet rich in

TMAO

[ HOMA-IR and proinflammatory

cytokine

LC/MS/MS

Miller et al.
(2014)

RCT—n 5 6 eggs (yolk) challenges $2 eggs [ TMAO levels LC/MS/MS

Koeth et al.

(2013)

L-carnitine plasma levels and CVD risk

in 2,595 individuals

[ TMAO levels and carnitine levels

associated with incident

cardiovascular event risk

LC/MS/MS

Tang et al.

(2013)

Prospective study on 4,007 patients [ TMAO levels predicted an increased

CVD risk

Stable isotope dilution assay and high-

performance liquid chromatography

with online electrospray ionization
tandem mass spectrometry

Wang et al.

(2011)

Dietary choline or TMAO

supplementation in mice

[ Atherosclerosis plaque size LC/MS

Bennet et al.
(2013)

Experimental (mice), choline-enriched
diet versus chow diet

Choline supplementation resulted in
[plasma TMAO levels

Stable isotope dilution HPLC with
online electrospray ionization

tandem mass spectrometry

Koeth et al.

(2013)

L-carnitine challenge (n5 5 omnivores

and n 5 5 vegans)

TMAO production was higher in

omnivore subjects

LC/MS/MS

Tang et al.

(2013)

Phosphatidylcholine challenge

randomized (n 5 40) healthy

volunteers; 6 volunteers were given
antibiotics for a week and retested

[ TMAO after challenge; TMAO levels

reduced after antibiotics and

reappeared after withdrawal of
antibiotics

Stable isotope dilution assay and high-

performance liquid chromatography

with online electrospray ionization
tandem mass spectrometry

Li et al. (2012) Experimental (Macaca mulatta), high-

fat and high-cholesterol diet

[ Serum TMAO 1H NMR spectroscopy

Rasmussen
et al. (2012)

Randomized (n 5 77); overweight,
nondiabetic subjects; 8-week low-

calorie diet and after randomly

assigned to a high or low protein diet

for 6 months

TMAO was correlated to urinary
nitrogen

A tendency toward an increased

urinary TMAO with the high protein

diet

1H NMR spectroscopy

Lloyd et al.

(2011)25
Randomized (n5 24); 4 test foods: oily

fish, cruciferous vegetable; berry

fruit or a whole-grain wheat cereal

with semi skimmed milk

A combination of trimethylamine N-

oxide and 1-methylhistidine was

associated with oily fish intake

Gas chromatography–mass

spectrometry and flow injection

electrospray mass spectrometry

Xu et al.

(2010)29
Metabolic urinary profiles from 4

groups: lactovegetarian and

omnivorous

Y Urinary concentrations of creatinine,

taurine, and TMAO were in

lactovegetarians

1H NMR spectroscopy

Dumas

et al. (2006)

INTERMAP study: urine metabolite

profiles of different populations: Aito

Town, Japan (n 5 259); Chicago,

Illinois (n5 315); andGuangxi, China
(n 5 278)

[ Urinary TMAO levels were

particularly dominant in Aito Town

population, consistent with the high

dietary intake of fish

1H NMR spectroscopy

Stella et al.

(2006)

Randomized (n 5 12, healthy male)

Intervention with washout; 3 diets:

vegetarian, low meat, and high meat

[ Urinary levels of TMAO in high meat

intervention

1H NMR spectroscopy

Lenz et al.

(2004)

Assessment of urinary TMAO of 2

populations: Swedish and British

subjects (male and female)

Fish diet of Swedish subjects could be

related with the higher excretion of

urinary TMAO

1H NMR spectroscopy

CKD, chronic kidney disease; CVD, cardiovascular disease; 1H NMR, proton nuclear magnetic resonance; HD, hemodialysis; HOMA-IR,
homeostatic model assessment-insulin resistance; HPLC, high performance liquid chromatrography; INTERMAP, The International Study of

Macro/Micronutrients and Blood Pressure; LC/MS, liquid chromatography with online mass spectrometry; LC/MS/MS; liquid chromatography

with tandem mass spectrometry; RCT, randomized control trial; TMAO, trimethylamine N-oxide.
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Figure 1. Atherosclerosis process by increased levels of trimethylamine n-oxide from gut microbiota in chronic kidney disease
patients.
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important aspect regarding CVD is that the traditional risk
factors such as dyslipidemia, diabetes, and hypertension do
not completely elucidate the increased risk for CVD among
kidney disease patients.49 Nontraditional cardiovascular
risk factors include decreased hemoglobin levels and high
concentrations of proinflammatory and prothrombotic fac-
tors such as C-reactive protein, fibrinogen, interleukin-6,
factor VIII, and high levels of lipoprotein (a; Lp[a]).50

More recently, novel nontraditional cardiovascular risk fac-
tors such as uremic toxins, that is, PCS and IS have emerged
because of the retention of these toxins while the loss of
kidney function progresses.9

A high protein intake leads to increased levels of uremic
toxins, which contributes to dysregulation of saccharolytic
bacteria and increased amount of proteolytic bacteria.
Consequently, the protein metabolism stimulates genera-
tion of uremic toxins such as PCS, IS, and TMAO.13,51

Both uremic toxins (PCS and IS) derive from colonic
bacterial fermentation of dietary protein,52 and the dimin-
ished protein absorption by the small intestine further
decreased clearance by the kidneys and lead to PCS and
IS accumulation in CKD patients. The higher levels of
PCS and IS are known to contribute to the progression
of CKD and complications of CVD,5,53 and a study with
healthy individuals showed that vegetarian diet is
associated with reduced production of PCS and IS.54

Taken together, PCS, IS, and TMAO are all produced
by gut microbiota from ingestion of protein food sources.
However, to the best of our knowledge, there is no
study that investigated the relationship of food intake and
TMAO in nondialysis CKD patients. A recent published
review concluded that avoiding some amino acids through
an LPD could contribute to reduce the production of ure-
mic toxins in nondialysis CKD patients. Dietary sources of
these compounds are present mainly in animal protein
foods such as eggs, dairy products, and red meat, which
in a gut-microbiota dependent way would increase the pro-
duction of uremic toxins.4

Currently, there is no study investigating the effects of a
diet designed to control the protein intake quantitatively
and qualitatively and to measure its effects on urinary and
plasma levels of TMAO. Because TMAO is a uremic toxin
that requires renal function integrity to be eliminated,13 a
treatment for nondialysis CKD patients that limit the con-
sumption of food rich in TMAO and its precursors appears
relevant to reduce uremic complications and cardiovascular
risk. A possible way to reduce TMAO levels in nondialysis
CKD patients is first to control the consumption of L-
carnitine that can be achieved by a diet low in red meat11

and second to reduce choline through a diet low in red
meat and egg.12,19

Practical Application
Future perspectives regarding the LPD for nondialysis

CKD patients should be reconsidered focusing on theman-
agement of the intake of animal protein sources, and studies
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should be performed to measure the effects of such strate-
gies and uremic toxins from the gut microbiota (Fig. 1).

Acknowledgments
The authors declare that they have no relevant financial interests.

The authors would like to acknowledge CNPq (National Counsel of

Technological and Scientific Development) and FAPERJ (Foundation

Carlos Chagas Filho of Support of Research of the Rio de Janeiro State)

and the Higher Education Personnel Improvement Coordination/

French Evaluation Committee for University Cooperation with Brazil.
References
1. AparicioM, Bellizzi V, Chauveau P, et al. Keto acid therapy in predialysis

chronic kidney disease patients: final consensus. J Ren Nutr. 2012;22

(2 suppl):S22-S24.

2. Tonelli M, Muntner P, Lloyd A, et al. Risk of coronary events in people

with chronic kidney disease compared with those with diabetes: a population-

level cohort study. Lancet. 2012;380:807-814.

3. Barros AF, Borges NA, Carvalho Denis, et al. Is there interaction be-

tween gut microbial profile and cardiovascular risk in chronic kidney disease

patients on conservative treatment? Future Microbiol. 2015;10:517-526.

4. Mafra D, Lobo JC, Barros AF, Koppe L, Vaziri ND, Fouque D. Role of

altered intestinal microbiota in systemic inflammation and cardiovascular dis-

ease in chronic kidney disease. Future Microbiol. 2014;9:399-410.

5. Vaziri ND,Wong J, Pahl M, et al. Chronic kidney disease alters intestinal

microbial flora. Kidney Int. 2013;83:308-315.

6. Wang F, Jiang H, Shi K, Ren Y, Zhang P, Cheng S. Gut bacterial trans-

location is associated with microinflammation in end-stage renal disease pa-

tients. Nephrology (Carlton). 2012;17:733-738.

7. Wong J, Piceno YM, Desantis TZ, Pahl M, Andersen GL, Vaziri ND.

Expansion of urease- and uricase-containing, indole- and p-cresol-forming

and contraction of short-chain fatty acid-producing intestinal microbiota in

ESRD. Am J Nephrol. 2014;39:230-237.

8. Wu I-W, Hsu K-H, Lee C-C, et al. p-Cresyl sulphate and indoxyl sul-

phate predict progression of chronic kidney disease. Nephrol Dial Transplant.

2011;26:938-947.

9. Meijers BKI, Bammens B, De Moor B, Verbeke K, Vanrenterghem Y,

Evenepoel P. Free p-cresol is associated with cardiovascular disease in hemo-

dialysis patients. Kidney Int. 2008;73:1174-1180.

10. Koppe L, Pillon NJ, Vella RE, et al. p-Cresyl sulfate promotes insulin

resistance associated with CKD. J Am Soc Nephrol. 2013;24:88-99.

11. Koeth RA, Wang Z, Levison BS, et al. Intestinal microbiota meta-

bolism of L-carnitine, a nutrient in red meat, promotes atherosclerosis. Nat

Med. 2013;19:576-585.

12. Miller CA, Corbin KD, da Costa K-A, et al. Effect of egg ingestion on

trimethylamine-N-oxide production in humans: a randomized, controlled,

dose-response study. Am J Clin Nutr. 2014;100:778-786.

13. Tang WHW, Wang Z, Levison BS, et al. Intestinal microbial meta-

bolism of phosphatidylcholine and cardiovascular risk. N Engl J Med.

2013;368:1575-1584.

14. Bain MA, Faull R, Fornasini G, Milne RW, Evans AM. Accumulation

of trimethylamine and trimethylamine-N-oxide in end-stage renal disease pa-

tients undergoing haemodialysis.Nephrol Dial Transplant. 2006;21:1300-1304.

15. Wang Z, Klipfell E, Bennett BJ, et al. Gut flora metabolism of phospha-

tidylcholine promotes cardiovascular disease. Nature. 2011;472:57-63.

16. Hartiala J, Bennett BJ, Tang WHW, et al. Comparative genome-wide

association studies in mice and humans for trimethylamine N-oxide, a proa-

therogenic metabolite of choline and L-carnitine.Arterioscler Thromb Vasc Biol.

2014;34:1307-1313.

17. Zhang AQ, Mitchell SC, Smith RL. Dietary precursors of trimethyl-

amine in man: a pilot study. Food Chem Toxicol. 1999;37:515-520.

18. Institute ofMedicine (US) StandingCommittee on the Scientific Eval-

uation of Dietary Reference Intakes and its Panel on Folate, Other B Vita-

mins, and Choline.Dietary Reference Intakes for Thiamin, Riboflavin,
Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and

Choline.Washington (DC):National Academies Press (US);1998. http://

www.ncbi.nlm.nih.gov/books/NBK114310/ Accessed January 8, 2015.

19. Patterson KY, Bhagwat SA, Williams JR, Howe JC, Holden JM.

USDA Database for the Choline Content of Common Food. Beltsville, Maryland:

US Departament of U.S. Department of Agriculture; 2008.

20. Rebouche CJ, Seim H. Carnitine metabolism and its regulation in

microorganisms and mammals. Annu Rev Nutr. 1998;18:39-61.

21. The editors. Carnitine: lessons from one hundred years of research.

Ann NY Acad Sci. 2004;1033:ix-xi.

22. Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin

B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline. A Report

of the Standing Committee on the Scientific Evaluation of Dietary Reference Intakes

and its Panel on Folate, Other B Vitamins, and Choline and Subcommittee on Upper

Reference Levels of Nutrients. Washington (DC): National Academies Press,

Food and Nutrition Board, Institute of Medicine; 1998.

23. LenzEM,Bright J,Wilson ID, et al.Metabonomics, dietary influences and

cultural differences: a 1H NMR-based study of urine samples obtained from

healthy British and Swedish subjects. J Pharm Biomed Anal. 2004;36:841-849.

24. DumasM-E,MaibaumEC,TeagueC, et al.Assessmentof analytical repro-

ducibility of 1H NMR spectroscopy based metabonomics for large-scale epide-

miological research: the INTERMAP Study. Anal Chem. 2006;78:2199-2208.

25. Lloyd AJ, Fav�e G, Beckmann M, et al. Use of mass spectrometry

fingerprinting to identify urinary metabolites after consumption of specific

foods. Am J Clin Nutr. 2011;94:981-991.

26. Rasmussen LG, Winning H, Savorani F, et al. Assessment of the effect

of high or low protein diet on the human urine metabolome as measured by

NMR. Nutrients. 2012;4:112-131.

27. Li X, Chen Y, Liu J, et al. Serum metabolic variables associated with

impaired glucose tolerance induced by high-fat-high-cholesterol diet in

Macaca mulatta. Exp Biol Med (Maywood). 2012;237:1310-1321.

28. Bennett BJ, de Aguiar Vallim TQ, Wang Z, et al. Trimethylamine-N-

oxide, a metabolite associated with atherosclerosis, exhibits complex genetic

and dietary regulation. Cell Metab. 2013;17:49-60.

29. Tang WHW, Wang Z, Kennedy DJ, et al. Gut microbiota-dependent

trimethylamine N-oxide (TMAO) pathway contributes to both development

of renal insufficiency and mortality risk in chronic kidney disease. Circ Res.

2015;116:448-455.

30. Xu J, Yang S, Cai S, Dong J, Li X, Chen Z. Identification of biochem-

ical changes in lactovegetarian urine using 1HNMR spectroscopy and pattern

recognition. Anal Bioanal Chem. 2010;396:1451-1463.

31. StellaC, Beckwith-Hall B,CloarecO, et al. Susceptibilityof humanmeta-

bolic phenotypes to dietary modulation. J Proteome Res. 2006;5:2780-2788.

32. Kaysen GA, Johansen KL, Chertow GM, et al. Associations of trime-

thylamineN-oxidewith nutritional and inflammatory biomarkers and cardio-

vascular outcomes in patients new to dialysis. J Ren Nutr. 2015;25:351-356.

33. Suzuki H, Kurihara Y, Takeya M, et al. A role for macrophage scav-

enger receptors in atherosclerosis and susceptibility to infection. Nature.

1997;386:292-296.

34. Febbraio M, Podrez EA, Smith JD, et al. Targeted disruption of the

class B scavenger receptor CD36 protects against atherosclerotic lesion devel-

opment in mice. J Clin Invest. 2000;105:1049-1056.

35. Matsumoto Y, Sato M, Ohashi H, et al. Effects of L-carnitine supple-

mentation on cardiac morbidity in hemodialyzed patients. Am J Nephrol.

2000;20:201-207.

36. DiNicolantonio JJ, Lavie CJ, Fares H, Menezes AR, O’Keefe JH. L-

carnitine in the secondary prevention of cardiovascular disease: systematic re-

view and meta-analysis. Mayo Clin Proc. 2013;88:544-551.

37. Hedayati SS. Dialysis-related carnitine disorder. Semin Dial. 2006;19:

323-328.

38. Choi J-Y, Yoon YJ, Choi H-J, et al. Dialysis modality-dependent

changes in serum metabolites: accumulation of inosine and hypoxanthine in

patients on haemodialysis. Nephrol Dial Transplant. 2011;26:1304-1313.

39. Kwan BCH, Kronenberg F, Beddhu S, Cheung AK. Lipoprotein

metabolism and lipid management in chronic kidney disease. J Am Soc Neph-

rol. 2007;18:1246-1261.

http://refhub.elsevier.com/S1051-2276(15)00123-5/sref1
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref1
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref1
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref2
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref2
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref2
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref3
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref3
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref3
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref4
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref4
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref4
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref5
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref5
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref6
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref6
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref6
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref7
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref7
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref7
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref7
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref8
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref8
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref8
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref9
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref9
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref9
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref10
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref10
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref11
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref11
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref11
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref12
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref12
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref12
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref13
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref13
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref13
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref14
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref14
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref14
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref15
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref15
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref16
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref16
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref16
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref16
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref17
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref17
http://www.ncbi.nlm.nih.gov/books/NBK114310/
http://www.ncbi.nlm.nih.gov/books/NBK114310/
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref19
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref19
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref19
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref20
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref20
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref21d
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref21d
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref22
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref22
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref22
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref22
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref22
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref22
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref23
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref23
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref23
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref24
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref24
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref24
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref25
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref25
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref25
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref25
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref26
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref26
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref26
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref27
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref27
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref27
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref28
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref28
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref28
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref29
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref29
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref29
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref29
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref30
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref30
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref30
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref31
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref31
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref32
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref32
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref32
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref33
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref33
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref33
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref34
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref34
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref34
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref35
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref35
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref35
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref36
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref36
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref36
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref37
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref37
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref38
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref38
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref38
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref39
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref39
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref39


TRIMETHYLAMINE N-OXIDE AND DIET 465
40. Mendelsohn AR, Larrick JW. Dietary modification of the microbiome

affects risk for cardiovascular disease. Rejuvenation Res. 2013;16:241-244.

41. Brenner BM,Meyer TW,Hostetter TH. Dietary protein intake and the

progressive nature of kidney disease: the role of hemodynamically mediated

glomerular injury in the pathogenesis of progressive glomerular sclerosis in ag-

ing, renal ablation, and intrinsic renal disease.NEngl JMed. 1982;307:652-659.

42. Hostetter TH, Olson JL, Rennke HG, Venkatachalam MA,

Brenner BM. Hyperfiltration in remnant nephrons: a potentially adverse

response to renal ablation. J Am Soc Nephrol. 2001;12:1315-1325.

43. Fouque D, Aparicio M. Eleven reasons to control the protein intake of

patients with chronic kidney disease. Nat Clin Pract Nephrol. 2007;3:383-392.

44. Fouque D, Laville M. Low protein diets for chronic kidney disease in

non diabetic adults. Cochrane Database Syst Rev. 2009:CD001892.

45. Nettleton JA, Steffen LM, Palmas W, Burke GL, Jacobs DR. Associa-

tions between microalbuminuria and animal foods, plant foods, and dietary

patterns in the Multiethnic Study of Atherosclerosis. Am J Clin Nutr.

2008;87:1825-1836.

46. Lin J, Hu FB, Curhan GC. Associations of diet with albuminuria and

kidney function decline. Clin J Am Soc Nephrol. 2010;5:836-843.

47. Kopple JD. National Kidney Foundation K/DOQI clinical practice

guidelines for nutrition in chronic renal failure. Am J Kidney Dis.

2001;37(1 suppl 2):S66-S70.
48. Fouque D, Pelletier S, Guebre-Egziabher F. Have recommended pro-

tein and phosphate intake recently changed in maintenance hemodialysis?

J Ren Nutr. 2011;21:35-38.

49. Longenecker JC, Coresh J, Powe NR, et al. Traditional cardiovas-

cular disease risk factors in dialysis patients compared with the general

population: the CHOICE Study. J Am Soc Nephrol. 2002;13:1918-

1927.

50. Ritz E, McClellan WM. Overview: increased cardiovascular risk in

patients with minor renal dysfunction: an emerging issue with far-reaching

consequences. J Am Soc Nephrol. 2004;15:513-516.

51. Bammens B, Verbeke K, Vanrenterghem Y, Evenepoel P. Evidence for

impaired assimilation of protein in chronic renal failure. Kidney Int. 2003;64:

2196-2203.

52. Smith EA, Macfarlane GT. Formation of phenolic and indolic

compounds by anaerobic bacteria in the human large intestine. Microb Ecol.

1997;33:180-188.

53. Evenepoel P,Meijers BKI, Bammens BRM, Verbeke K. Uremic toxins

originating from colonic microbial metabolism. Kidney Int Suppl. 2009;114:

S12-S19.

54. Patel KP, Luo FJ-G, PlummerNS, Hostetter TH,Meyer TW. The pro-

duction of p-cresol sulfate and indoxyl sulfate in vegetarians versus omnivores.

Clin J Am Soc Nephrol. 2012;7:982-988.

http://refhub.elsevier.com/S1051-2276(15)00123-5/sref40
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref40
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref41
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref41
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref41
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref41
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref42
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref42
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref42
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref43
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref43
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref44
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref44
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref45
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref45
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref45
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref45
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref46
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref46
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref47
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref47
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref47
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref48
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref48
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref48
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref49
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref49
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref49
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref49
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref50
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref50
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref50
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref51
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref51
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref51
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref52
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref52
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref52
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref53
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref53
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref53
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref54
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref54
http://refhub.elsevier.com/S1051-2276(15)00123-5/sref54

	Trimethylamine N-Oxide From Gut Microbiota in Chronic Kidney Disease Patients: Focus on Diet
	Introduction
	TMAO and the Diet
	TMAO and Cardiovascular Disease
	Low-Protein Diet for Nondialysis CKD Patients and TMAO

	Practical Application
	Acknowledgments
	References


