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Abstract
Purpose of Review The aim of the review was to evaluate which diets are associated with higher TMAO levels.

Recent Findings Several studies have shown that plasma and urinary levels of trimethylamine N-oxide (TMAO) are a reli-
able indicator of cardiovascular disease risk. Diet certainly has a strong influence on TMAO levels, but there is still uncer-
tainty about which diet is the most effective in reducing this risk factor.

Summary PubMed, Web of Science and Scopus were searched for studies that were published up until July 1, 2021 using spe-
cific keywords. In total, 447 studies were evaluated, of which papers on individual foods or supplements, or conducted in
children, in vitro or in animal model studies were excluded. Twenty-five studies were included in this review. Three studies
showed that caloric restriction and (visceral) weight loss improve TMAO levels. Six out of eight studies revealed beneficial
effects of plant-based diets on plasma or urinary TMAO concentrations. Most of the studies demonstrated that a diet high
in protein, particularly of animal origin, such as diets rich in fish or red meat, have negative effects on TMAO levels. Most
studies that have evaluated the relationship between diet and plasma or urinary concentrations of TMAO seem to indicate
that plant-based diets (Mediterranean, vegetarian and vegan) are effective in improving TMAO levels, while animal-based
diets appear to have the opposite effect. Further long-term studies are needed to assess whether vegetarian or vegan diets are
more effective than the Mediterranean diet in reducing TMAO levels.

Keywords TMAO - Protein - Plant-based - Animal - Diet - CVD
Abbreviations Introduction
TMAO Trimethylamine N-oxide

TMA  Trimethylamine

MD Mediterranean diet

VD Vegetarian diet

RCT Randomised controlled trial

CVD Cardiovascular disease

LCn3  Long chain omega-3 polyunsaturated fatty acids
WD Western-style diet

Trimethylamine N-oxide (TMAO) is a metabolite generated
by gut microbial metabolism from nutrients such as choline,
betaine, and L-carnitine. These nutrients are converted by the
gut microbiota to trimethylamine (TMA) and processed into
TMADO in the liver by the enzymes flavin monooxygenase
activity 1 and 3 (FMO1 and FMO3). Diet, gut microbial
flora, drugs, liver enzyme activity and other factors may
determine the plasma level of TMAO. [1]

TMAQO is associated with all-cause mortality, particularly
in subjects with chronic kidney disease [2]. TMAO may be
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involved in the aetiology of metabolic and cardiovascular
(CVD) diseases, as TMAO levels predict the risk of CVD
independently of traditional cardiovascular risk factors.[3].
Despite the accumulating evidence, it is questioned whether
TMAQO is the mediator in the disease process or a prognostic
marker of CVD [4].

In recent years, several methods have been proposed to
reduce TMAO levels. Flavanol intervention [5], modulation
of the gut microbiome with symbiotics or antibiotics [6],
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inulin supplementation [7] and faecal microbiota transplan-
tation [8] have not shown effectiveness. Simpler approaches
such as minimising foods rich in choline and L-carnitine in
the diet [9¢] or calorie restriction with exercise appear to
be more effective in reducing TMAO [10]. Our previous
review [11] revealed a positive association between intake of
saltwater seafood, dark meat fish and shellfish with TMAO
concentrations. We also discovered an increase in TMAO
associated with the intake of animal-based foods such as
meat and eggs. The mechanism underlying the relationship
between diet and TMAO levels is still unclear. With the aim
of evaluating the different effects of several types of diets on
blood or urinary TMAO levels, we conducted a review of the
current literature on the subject.

Methods
Research Strategy

The present review was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. We searched PubMed, Scopus and
the Cochrane Central Register of Controlled Trials (CEN-
TRAL) electronic databases using the following keywords:
(“Trimethylamine N-oxide” OR “TMAO” OR “TMA”)
AND “diet” AND (“Mediterranean” OR “plant” OR “veg-
etarian” OR “vegan” OR “paleo” OR “protein” OR “gly-
caemic load” OR “seafood”). We researched papers from
January 1, 1990 to July 1, 2021.

Study Selection Criteria

Studies were excluded if they were abstracts, conference
proceedings, reviews, letters, short surveys, books, book
chapters or did not evaluate a dietary pattern (e.g. studies
describing the effects of a single food). We also excluded
studies on functional foods, supplements or probiotics, or
that were performed in or animal models or children, and
those that were duplicate studies (i.e. different papers by the
same authors describing the same data). All possible docu-
ments were combined into one file, and redundant records
were removed after being manually checked. Two separate
reviewers (M.L. and G.R.) judged the adequacy of inclusion.
Where there was disagreement, a third reviewer (G.A.) was
included in the review procedure.

In total, 447 studies with these attributes were elicited.
Thirty-five articles were ruled out as they were duplicate
studies, another 284 were eliminated using the mentioned
criteria because they were reviews, letters/posters or animal
studies, and 128 papers were considered for full-text review.
Overall, 103 articles were finally excluded because they cov-
ered individual foods, or nutraceutical or supplement use.

Twenty-five studies were finally identified. The full texts of
the selected papers were examined, and the outcomes are
provided in this review. Figure 1 shows the steps for apply-
ing the inclusion and exclusion criteria as provided in the
PRISMA guidelines to determine the final group of studies
considered in this review.

Results

Twenty-five studies were included in this review [12-36].
Their main characteristics, such as study design and die-
tary outcomes on TMAO, are presented in Tables 1 and 2.
The methodology used by the various studies is shown in
Table 1S in the supplementary material.

Caloric Restriction/BMI

The effects of weight and caloric restriction on TMAO were
assessed by three studies [19, 23, 26]. All three studies dem-
onstrated that caloric restriction and weight loss improve
TMAQO levels. An 8-week observational study showed that
people following a Western diet may have higher TMAO
levels and that plasma TMA may be associated with BMI
[19]. Another study confirmed that a decrease in TMAO lev-
els may be associated with improvement in insulin sensitiv-
ity, particularly among subjects who achieved more weight
loss at 6 months [23]. Thus, in a moderately sized cohort
of older adults with obesity and insulin-resistance, caloric
restriction in combination with exercise induced a reduc-
tion in TMAO levels, whereas a eucaloric diet plus exercise
induced a small increment [26].

Mediterranean and Plant-Based Diets

Eight studies evaluated the possible role of a plant-based diet
in lowering urinary TMAO levels [16, 18, 20, 22, 32-35].
Six of the eight studies showed the benefit of MD or VD
diets on TMAO concentrations. A higher Mediterranean
diet (MD) adherence score was predictive of a lower uri-
nary TMAO value [22]. Another trial showed no signifi-
cant difference between the MD and vegetarian diet (VD);
however, plasma concentrations of TMAO and L-carnitine
were lower after the VD compared with baseline [33]. A
crossover randomised controlled trial (RCT) that compared
plant vs. animal intake demonstrated that plant-based foods
improved a number of cardiovascular disease risk factors,
including TMAO levels [32]. Another observational study
of 103 subjects confirmed that VD and vegan diets signifi-
cantly improved urinary TMAO concentrations compared
with omnivorous diets [18]. TMAO levels were reduced
at weeks 1 and 8 after beginning a vegan diet, and levels
increased again after resuming a normal diet [35]. Plasma
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Fig. 1 Flow chart (PRISMA) of
studies included
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[ Eligibility ]
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TMAO was not associated with the strictness of the vegetar-
ian diet, and intra-individual variations in TMAO were low
in vegans [20]. Contrary to the above studies, two papers
demonstrated lower effectiveness of the MD on urinary
TMAO concentrations compared with control [16, 34].

Animal-Based Diets

Four studies [12, 25, 27, 30] have evaluated the impact
of a diet containing high levels of animal-based foods on
TMAO concentrations. Three of the studies showed that
an animal-based diet has negative effects on plasma or
urinary TMAO levels. A crossover trial in healthy males
comparing “vegetarian” vs. “low-meat” vs. “high-meat”
diets showed that TMAO was elevated in the period of
high meat consumption [12]. Another crossover compar-
ing high- vs low-saturated fat diets demonstrated that
long-term consumption of red meat increased circulat-
ing TMAO levels and that a washout diet without red
meat reduced TMAO concentrations after 4 weeks [25].
In a study of subjects who were prescribed a paleo diet
(a model that includes mainly protein-rich foods such
as meat, fish, eggs, seeds and nuts), TMAO levels were
higher in the strict Palaeolithic group compared to the
pseudo-Palaeolithic and control groups, and inversely
associated with whole-grain intake [27]. On the contrary,
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a post hoc analysis of both low-calorie normal protein
(0.8 g/kg BW/d) and higher-protein (1.2 g/kg BW/day; for
the most part from lean red meat) diets showed no changes
in TMAO levels [30].

Diets with Both Animal and Plant Protein Sources

Six studies evaluated the influence of the type of protein
in the diet on TMAO levels. A 10-week RCT found that
protein intake from a combination of animal and plant
sources at twice the Recommended Daily Allowance
(RDA) increased systemic TMAO levels in older men
[28]. Another study demonstrated that TMAOQO levels are
linked with urinary nitrogen excretion and therefore with
protein consumed [13]. In a study on healthy subjects with
high cardiometabolic risk, protein intake (but not intake
of meat, processed meat or dairy products) was directly
associated with plasma TMAO levels [36]. Another study
evaluated possible relationships between variations in the
type of amino acids in the diet and showed that there were
no significant associations between ATMAO and vari-
ations in amino acids across subjects [23]. Two studies
comparing diets with different protein ratios showed no
significant difference in TMAO values [30, 31].
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Table 2 Effects of different diets on urinary and/or plasma TMAO. (1) diet is positively linked with TMAO levels; (=) diet does not signifi-
cantly associated to TMAO levels; () diet decreases TMAO levels * not related to the strictness of the vegan or vegetarian diet; @plus exercise

First author Ref Mediterranean ~ Vegan Vegetarian diet High meat/ Omnivore diet ~ Concordant with ~ Seafood diet
diet diet Paleo diet the guidelines

Stella C [12] i

Vasquez-Fresno R [16] = 1

De Filippis F [181 | T

Obeid R [20] =N =A

Garcia-Perez 1 [21] 1 1

Barrea L [22] l

Schmedes M [24] 1

Wang Z [25] 1

Erickson ML [26] | @

Genoni A [27] 1

Porter Star KN [30] =

Zhou T [31] = =

Crimarco A [32] l

Djekic D [33] l

Griffin LE [34] = =

Argyridou S [35] J 1

Costabile G [36] 1

Seafood-Based Diets

Three studies evaluated the effects of diets based on sea-
food consumption [21, 24, 36]. The first study evaluating
this aspect found significantly higher fasting and postprandial
serum TMAQO levels, which are assumed to originate from
the TMAO content of fish [24]. Another study compared four
diets, of which diet 1 was the most guideline-compliant, and
diet 4 was the least guideline-compliant. Urinary concentra-
tions of TMAO were significantly higher after consumption
of diet 1 than after diet 4, probably due to increased con-
sumption of fish (salmon), the food type most present in this
diet along with fruits, cruciferous vegetables, and chicken
[21]. A post hoc analysis of diets with differing proportions
of long-chain n-3 fatty acids (LCn3) showed that diets rich
in LCn3 significantly increase plasma levels of TMAO [36].

Carbohydrates: Quantity and Type

The possible effects of dietary carbohydrates on TMAO lev-
els were evaluated by six studies. A cross-sectional, multi-
centre study evaluated the effects of a low-glycaemic load
(LGL) diet on TMAO levels, showing that TMAOQO levels
were 37% higher after the LGL versus the high-glycaemic
load diet [14]. Thus, people with reduced dietary carbohy-
drate intake had higher levels of TMAO [23]. In contrast,
in a crossover RCT, an increased carbohydrate intake or
high intake of resistant starch was independently sufficient
to stimulate TMAO production by the microbiota [17]. In

@ Springer

a cross-sectional study on the effects of the Palaeolithic
diet, TMAO concentrations were inversely related to total
and whole grain consumption [27]. A post hoc analysis to
evaluate the effects of diets based on foods rich in polyphe-
nols and/or LCn3 or whole-grain cereals on plasma TMAO
showed that TMAO levels directly correlated with the intake
of fish, vegetables and whole-grain products [36]. An MD
intervention that increased intake of fibre demonstrated that
TMAO levels were negatively correlated with fibre intake
[34].

Quality and Quantity of Fat in the Diet

The effects of dietary fat quantity and quality on TMAO
levels have been evaluated by nine studies. In healthy, non-
obese, young males, a short-term high-fat diet raises post-
prandial TMAO plasma levels, but does not significantly
elevate fasting TMAO concentrations [15]. Thus, a higher
intake of dietary fat at baseline was associated with higher
levels of TMAO [23], and a low-fat diet was associated with
metabolites indicating higher excretion of TMAO [16]. A
short-term diet containing high levels of saturated fat from
animal sources was associated with changes in TMAO lev-
els, and 4 weeks of a normal diet were sufficient to restore
normal TMAO blood concentrations [29]. Regarding the
quality of fat in the diet, two studies reported that consump-
tion of foods high in saturated fat correlated with increased
TMADO levels [12, 25]. In another paper, TMAO levels were
predicted by intake of LCn3, eicosapentaenoic acid (EPA;
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20:5n-3) and protein, but not by intake of saturated fatty
acids, fibre or monounsaturated fatty acids [36]. One trial
[34] aimed to increase fibre intake and the relative amount
of monounsaturated fat in the diet in a population of subjects
at high risk of colon cancer, which led to no change in serum
concentrations of TMA-precursors or TMAO in the whole
sample. In another study, diets with different amounts of fat
did not influence TMAO levels after 6 months [31].

Discussion

In recent years, studies on humans and animal models [37,
38] have demonstrated a contribution of TMAO to CVD-
related risk factors. Identifying which type of diet might
have the best effects on TMAO reduction might be help-
ful in reducing patients’ disease risk factors. Many stud-
ies included in our review have shown that TMAO levels
are influenced by excess calories and that weight reduction
improves TMAO levels (Table 1). In humans, TMAO may
increase CVD risk by triggering immune and inflammatory
reactions, impairing cholesterol metabolism and enhancing
platelet hyperactivity, which increases the risk of athero-
sclerotic thrombosis [1, 39]. A positive correlation between
TMAO levels and visceral adiposity has been also demon-
strated. Furthermore, an animal study showed that FMO3, an
enzyme that regulates TMAO production in the liver, plays
a key role in obesity risk and white adipose tissue trans-
differentiation [23]. The Western-style diet (WD) carries a
number of widely documented health risks. Of these, the
excessive energy intake probably has the most deleterious
effects. Thus, the WD, which is high in saturated fat, animal
protein and sugar, has been shown to contribute to dysbiosis
of the gut microbiota, increased plasma levels of TMAO
and an increased risk of CVD [40]. Moreover, WD-fed mice
have higher plasma TMAO concentrations and develop ana-
tomical and functional alterations of the heart. They also
exhibit enhanced levels of pro-inflammatory cytokines,
such as interleukin-1p (IL-1p) and tumour necrosis factor-a
(TNF-a), and reduced levels of anti-inflammatory cytokines
such as IL-10 [41].

Interestingly, the diets that are most effective in reduc-
ing TMAO levels seem to be those that guidelines pro-
mote as the healthiest for humans and more beneficial for
the environment in the long term [42ee]. Most studies
(Table 2) have indeed shown a possible benefit of plant-
based diets (vegetarian, vegan or Mediterranean) for
improving TMAO. Only one study assessed the impor-
tance of the strictness of adherence to a plant-based diet,
finding very little difference associated with this variable.
An exception is diets with high fish consumption, whose
beneficial polyunsaturated fats may outweigh the nega-
tive effects of TMAO [11]. Results of a recent trial have

shown that a diet rich in soluble dietary fibre, a nutrient
found mainly in certain vegetables, fruit and legumes, can
reduce the metabolism of TMA and TMAO by intestinal
microflora by 40.6 and 62.6%, respectively [43]. Thus,
the consumption of a high-fibre, low-glycaemic load diet
results in changes in the structure of the gut microbiome
community that increase TMAO production [14].

The majority of studies evaluated show that diets high in
animal-based products lead to increases in TMAO (Table 3).
Since TMAO was first identified, correlations have been
established between dietary choline [44] and carnitine [45]
concentrations in animal foods, and blood or urinary TMAO
levels. Diets based on the consumption of red meat provide
about four times as much carnitine as those based on white
meat. Increased microbial production of TMA/TMAO from
carnitine, but not from choline; increased presence of TMA
precursors in these types of diets, and reduced renal excre-
tion of TMAO could be caused by which a diet high in red
meat (such as the paleo or high-protein diet) may cause
an increase in TMAQ. Confirming this association, after
4 weeks of ceasing red meat consumption or a shift from a
diet high in red meat to a white or non-meat protein source
could potentially lower plasma TMAO concentrations [25].
Thus, consumption of any animal meat, particularly when
kidney function is impaired, increases plasma levels of other
metabolites of the gut microbiome, such as p-cresylsulfate,
hippuric acid, indoxyl sulfate, p-cresylglucuronide, phenyla-
cetylglutamine and phenylsulfate [46]. Inverse relationships
have been demonstrated between consumption of diets rich
in plant proteins and nuts with TMAO concentrations [47].
Interestingly, legumes and nuts, key constituents of vegetar-
ian diets, contain large amounts of choline. A recent review
hypothesised that the gut microbiota could convert choline to
TMA at different rates with typical diets [48]. These data are
confirmed by RCT studies, which showed that TMAO levels
were lower in prediabetic subjects who were prescribed wal-
nuts in combination with the MD than in patients following
an MD diet alone [49]. Another study has shown that the
effects of animal-based foods on TMAO concentrations may
vary between populations [50]. For example, consumption of
red meat/eggs is most associated with risk of raised TMAO
levels and thus CVD in US populations, but this is less likely
in European or Asian populations, which have a higher level
of fish consumption [51e]. A recent review has suggested
that salt consumption may be an important factor in explain-
ing the correlation between processed red meat and TMAO
levels. Excessive salt consumption affects the gut in both
rodents and humans to such an extent that a triangular rela-
tionship is established between salt, hypertension and the gut
microbiota. Excessive salt consumption is said to increase
TMAO levels and decrease short-chain fatty acid levels in
the gut. These alterations in the microbiota may affect the
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integrity of the intestine and interfere with the efficacy of
antihypertensive drugs [52].

A diet high in red meat may increase TMAO levels
through increased microbial production of TMA/TMAO
from carnitine (but not choline), increased nutrient density
of TMA precursors and decreased ability of the kidneys
to regulate excretion of TMAO and its metabolites. The
transformation of carnitine into TMA and TMAO is medi-
ated by the intestinal microbiome through the formation
of a proatherogenic intermediate, yBB. In mouse mod-
els, carnitine supplementation has been demonstrated to
accelerate the development of atherosclerosis [53]. Higher
circulating concentrations of L-carnitine have been seen
in omnivores compared with vegans or vegetarians [54].
One study [25] demonstrated a reduced renal clearance
of TMAO after 1 month on a high-red meat diet and sug-
gested that the cause may be that the kidney becomes less
efficient at clearing TMAO when consuming this type of
diet. Thus, high plasma carnitine concentrations seem to
be associated with CVD risk independently of traditional
CVD risk factors, but only in the presence of elevated
TMAO [55].

Our narrative review has some limitations. The search
was limited to a few databases and to the English language
only; however, despite this, we were able to include a large
number of papers. We decided not to consider studies
assessing the correlation between TMAO and consump-
tion of individual foods, which excluded a great deal of
potentially interesting studies. There is however a pau-
city of evidence from RCTs comparing different dietary
approaches, and this limitation necessarily had an influ-
ence on the effectiveness of the review results.

Conclusions

Most of the studies evaluated showed a greater efficacy of
plant-based diets (Mediterranean, vegetarian and vegan)
in improving blood or urinary concentrations of TMAO.
These data add to the many other studies suggesting that
these diets are the most suitable for reducing cardiovas-
cular disease risk factors. However, further studies are
needed to assess whether the strictness of plant-based diets
impacts the reduction in TMAO levels.
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