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Atherosclerosis (AS) is one of the most common cardiovascular diseases (CVDs), and

there is currently no effective drug to reverse its pathogenesis. Trimethylamine N-

oxide (TMAO) is a metabolite of the gut flora with the potential to act as a new risk

factor for CVD. Many studies have shown that TMAO is involved in the occurrence

and development of atherosclerotic diseases through various mechanisms; however,

the targeted therapy for TMAO remains controversial. This article summarizes the vital

progress made in relation to evaluations on TMAO and AS in recent years and highlights

novel probable approaches for the prevention and treatment of AS.
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INTRODUCTION

Cardiovascular disease (CVD) is presently the most harmful type of disease in the world.
Traditional risk factors for CVD include hypertension, hyperlipidemia, diabetes, obesity, smoking,
etc. (1). Research has shown that strengthening control over risk factors and reducing exposure
to risk factors can significantly reduce the incidence of CVD, as well as mortality from it (2–4).
However, even with tight control over traditional risk factors, a considerable proportion of patients
remain vulnerable to high risks of cardiovascular events. Therefore, there is an urgent need for the
identification of new pathogenic factors.

Trimethylamine N-oxide (TMAO) is a metabolite of the intestinal flora that appears to play a
major role in CVD. A large cohort study of 4,007 cases found differences in plasma TMAO levels
between CVD patients (5.0µM) and healthy individuals (3.5µM). Under the premise of the same
traditional risk factors for CVD, patients with high plasma TMAO levels (more than 6.18µM) had
higher incidences of major adverse cardiovascular events in 3 years than patients with low plasma
TMAO levels (5), pointing to TMAO as a possible new risk factor for CVD.

Atherosclerosis (AS) is one of the most common CVDs, bringing huge social and economic
burdens on countries. Studies have shown that AS is closely linked to pathological changes,
such as lipid metabolism disorders, inflammatory responses, and oxidative stress (6, 7). Recent
investigations have confirmed that intestinal flora disorders can cause metabolic ailments
and inflammatory reactions through metabolism and the immune system, leading to the
formation and rupture of atherosclerotic plaques (8, 9). Other inquiries have demonstrated that
lipopolysaccharides (LPS) from E. coli can enhance platelet aggregation via Toll-like receptor
(TLR)4-mediated leucocyte cathepsin G activation, and multiple effects of LPS may converge
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to accelerate atherogenesis (10, 11). Microbiota can also influence
platelet function through hepatic TLR2 signaling (12). A gut
microbiota-derived metabolite, phenylacetylglutamine (PAGln),
reportedly enhances platelet activation-related phenotypes and
thrombosis potential (13). In addition, associated studies have
noted that the gut microbiota also promotes arterial thrombosis
through the following mechanisms: adhesion-induced platelet
activation (14), direct or indirect enhancement of human platelet
responsiveness to multiple agonists (15, 16), enhancement of
platelet deposition to subendothelial matrix molecules (17).

Microbiota influence the development of AS in a dietary-
dependent manner. Some animal model studies have established
no difference in atherosclerotic lesion size between specific
pathogen-free (conventionally raised, CONV-R) and germ-free
(GF) mice on a high-fat diet (HFD) (14, 18), while others
have noted bigger atherosclerotic lesion sizes in GF mice than
in CONV-R mice on chow (18, 19). These outcomes point to
a protective effect of microbiota (commensal bacteria) on AS
development, a role also reported by the Kappel BA group, who
found an association between increased AS caused by antibiotics
and the loss of intestinal diversity. The commensal microbiota
comprises both pathogenic and protective bacteria, and not all
gut microbiota metabolites are pathogenic.

Short-chain fatty acids (SCFAs) are a class of saturated fatty
acids produced by anaerobic bacteria or yeast. Reports on
the beneficial roles of SCFAs in AS are becoming increasingly
numerous. Some data suggest that SCFAs have atheroprotective
effects, among which butyrate exerts AS protection through
multiple mechanisms (20–23).

Even though a connection has been established between
circulating TMAO and the risk of cardiovascular events, the
role of TMAO in AS remains controversial, with the mechanism
not yet fully elucidated. Here, we discuss the relationship and
related pathophysiologic mechanisms between TMAO and AS,
as well as the potential therapeutic strategies that target these
pathophysiologic mechanisms. This review aims to provide a new
perspective for finding new approaches to prevent and treat AS.

THE SOURCE, SYNTHESIS, AND
METABOLISM OF TMAO

The Source and Synthesis of TMAO in the
Human Body
TMAO is widely found in aquatic products in nature, as well as in
other animals, plants, and even fungi. In the human body, TMAO
is an intestinal microbiota-dependent metabolite from dietary
phosphatidylcholine (5), L-carnitine (24), and betaine (25).

Typically, nutrients, such as choline, are absorbed through
receptors in the small intestine.When the availability of nutrients
to be taken up exceeds the absorption capacity of the small
intestine, excess nutrients end up in the large intestine. Intestinal
microbes in the large intestine have choline trimethylamine
(TMA)-lyase (CutC), which can break the CN bonds in nutrients

Abbreviations: CVD, cardiovascular disease; TMAO, Trimethylamine N-oxide;

AS, atherosclerosis; FMO3, flavin-containing monooxygenase-3; DMB, 3, 3-

Dimethyl-1-butanol.

to produce the tasteful TMA gas (26). CutC is the key enzyme
for TMA production. Colonizing the mouse gut with a specific
consortium of CutC-encoding human isolates results in TMA
synthesis and subsequent TMAO accumulation in the serum of
animals, where even minute concentrations of TMA producers
are sufficient for substantial TMA production from choline
(27). The produced TMA quickly enters the circulatory system
through the blood vessel wall (28, 29). When TMA reaches the
liver via portal circulation, it is oxidized to odorless TMAO by
flavin-containing monooxygenase-3 (FMO3) and then re-enters
blood circulation, ending up in body tissues.

Plasma TMAO levels in healthy humans are about 0.5–
5.0µM (30), and in patients with renal failure, TMAO levels can
reach to 40µM (31), possibly due to the high intake of TMAO
precursor substances and the low excretion rate of the kidneys.
Additionally, age factors, cholic acid levels, and sex hormone
levels can affect the level of TMAO (32). Cholic acid and sex
hormones can further alter the quantity of TMAO in the body
by upsetting the activity of FMO3 (33).

The Metabolism of TMAO
TMAO is a small molecule compound and is, therefore, easily
filtered by the kidneys (34). A study on the populations of
different countries found that Swiss people who ate more fish had
higher levels of TMAO in urine than their British counterparts.
Consistent with this result, Japanese people had higher levels
of TMAO in urine than North Americans. Hence, a high-
protein diet also increases the level of TMAO in urine (31),
perhaps because the high-protein diet changes the structure of
the intestinal flora or upsets the absorption of choline and L-
carnitine in the intestine. In addition to being excreted in the
urine, TMAO can be eliminated through sweat, feces, and the
respiratory tract (33). In most cases, after 24 h of metabolism in
sweat, urine, and breathing, 50% of TMAO cannot be removed,
with the excess TMAO reconverted into TMA under the action
of the intestinal flora TMAO reductase (35).

FMO3 is the key enzyme for the transformation of TMA
to TMAO in the liver, and its transformation efficiency is the
highest. Mutations in FMO3 can prevent TMA from being
converted into TMAO, with excessive TMA excreted through
urine, sweat, and breathing, emitting a fishy smell, which is
clinically called fishy smell syndrome (36).

TMAO’s Impact on AS
In recent years, TMAO has been found to be associated with
heart failure (37), chronic kidney disease (38, 39), tumors, obesity
(40), diabetes (41), and other diseases. Studies have shown that
TMAO (21µM in male mice and more than 70µM in female
mice) enhances the development of AS lesions in mice and that
plasma TMAO levels correlate significantly positively with the
size of AS plaques (29). Altering intestinal flora and inhibiting
other pathways to reduce plasma TMAO levels can drastically
repress the inflammation of vascular endothelial cells and the
formation of macrophage-derived foam cells, as well as reduce
the area of mouse aortic AS (9, 24, 29).

Controversially, a study on Apoe−/− mice revealed that
choline supplementation promotes increased TMAO levels
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(increase to 20µM on chow diet and 9µM on Western diet)
in CONV-R mice but does not affect aortic lesion size, whether
on chow or HFD (18). Kiouptsi K et al. also reported no
change in the absolute size of late atherosclerotic plaques in
the carotid artery of HFD-fed GF Ldlr−/− mice and HFD-fed
CONV-R Ldlr−/− mice (14). Paulina et al. recorded no alteration
in atherosclerotic lesion size related to high intakes of dietary
choline or TMAO supplementation, irrespective of the mouse
model (42). However, these experimental settings notably differ
from previous ones, given that they supplemented choline or
TMAO at a later time; therefore, the impact of choline or TMAO
on early AS development cannot be ruled out.

Some clinical studies have also suggested that TMAO has
a positive role in atherosclerotic disease. A BioHEART-CT
study uncovered a negative association of plasma TMAO with
the presence of soft plaque, total plaque burden, and calcified
plaque burden in univariate and multivariable models after
adjusting for age, sex, and traditional risk factors (43). A
CARDIA investigation indicated that TMAOmay not contribute
significantly to advancing early atherosclerotic disease risk in
healthy early-middle-aged adults (44). Bordoni et al. recently
found the link between high TMAO and CAD to be peculiar
to the rs247616-CC risk genotype (cholesterol ester transfer
protein) but not generalizable to the entire population (45). Both
genes and the environment participate in the process of TMAO’s
influence on AS, so these effects are markedly individualized.

Despite the controversy, this manuscript intends to clarify the
mechanism of action of TMAO in AS and attempt to suit the
degree of doubt.

TMAO Activates Inflammation
AS is a chronic inflammatory disease that involves a variety of
inflammatory factors. Seldin et al. observed that the aortas of
Ldlr−/− mice fed a choline diet showed elevated inflammatory
gene expression compared to controls (46). To confirm the
role of TMAO in cellular inflammation, they injected 86
µmol of TMAO into Ldlr−/− mice, and half an hour later,
the activation of p38 mitogen-activated protein kinase (p38
MAPK), extracellular signal-regulated kinase 1/2 (ERK1/2), and
nuclear factor kappa-B p65 (NF-κB p65) cascade signaling were
detected in aortic samples (46). In vitro, they demonstrated
TMAO’s induction of the expression of inflammatory genes,
including cyclooxygenase 2, interleukin 6, etc., both in human
endothelial and smooth muscle cells, which eventually caused
vascular endothelial inflammatory damage and enhanced the
adhesion of leukocytes to vascular endothelia (46). Chen et al.
found that TMAO promoted vascular inflammation by activating
the nucleotide-binding oligomerization domain-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome in
human umbilical vein endothelial cells and aortas from Apoe−/−

mice (47).

TMAO Increases the Risk of Thrombosis
Zhu et al. found that TMAO enhanced thrombosis risk by
reanalyzing the clinical data of 4,007 subjects (15). Using
a mouse carotid artery injury (FeCl3) model, they found
that exposure to a physiological dose of TMAO (100 µmol)

accelerated the formation of arterial thrombosis and shortened
the duration of vascular occlusion (15), possibly due to the
occurrence of acute coronary syndrome. Examinations of the
underlying mechanism of this phenomenon suggested that this
physiological dose of TMAO directly enhanced platelet reactivity
to adenosine diphosphate, thrombin, and collagen and amplified
platelet adhesion to collagen (15). Cellular experiments have
shown that rapid (10min) exposure to a physiological dose
of TMAO enhances platelet endogenous calcium release dose-
dependently (15). Based on these prothrombotic mechanisms,
some researchers have attributed the resistance of clopidogrel to
TMAO (48).

Recent investigations have demonstrated that TMAO
enhances platelet reactivity by promoting ERK1/2 and Jun N-
terminal kinase (JNK) phosphorylation (49). In vivo and in vitro
experiments have revealed that TMAO increases thrombotic
potential by strengthening aortic vascular tissue factor (TF) and
vascular cell adhesion molecule (VCAM)1 expression (50).

TMAO Promotes Foam Cell Formation
Foam cells are the main component of atherosclerotic plaques.
Monocytes adhering to the surface of endothelial cells migrate
into the media and transform into macrophages, which swallow
large amounts of oxidized low-density lipoprotein cholesterol
through scavenger receptors on the cell surface to form
foam cells.

Ma and colleagues reported that TMAO stimulates monocyte
adhesion to human umbilical vein endothelial cells (HUVECs)
in a dose-dependent manner early during foam cell formation.
Adhesion assay findings on the aorta of C57BL/6 mice reinforced
the deduction that TMAO promotes the adhesion of monocytes
to the aorta, with a maximum dose of TMAO at 10 mmol/L
(51). TMAO can also up-regulate the number of scavenger
receptors on the surface of macrophages (52). Three weeks
of 0.12% TMAO supplementation during weaning in C57BL/6
and Apoe−/− mice significantly increased the expression of
scavenger receptors CD36 and SR-A1 in peritoneal macrophages
compared to a normal chow diet (29). In addition, elevated
serum TMAO levels alter static electricity at the endothelial cell
membrane-blood interface (arterial wall), potentially affecting
the inflow/efflux of fatty deposits on the arterial wall (53). Under
the combined action of these mechanisms, foam cell formation
proliferates, providing a material basis for the development of
atherosclerotic plaques.

TMAO Reduces Cholesterol Metabolism
The impact of cholesterol concentration on AS is remarkably
distinct. The main cholesterol metabolic pathway in the body is
reverse transport to the liver, where bile acids are synthesized.
Animal experiments have shown that choline or carnitine
supplementation markedly (approximately 30%) reduces reverse
cholesterol transport (RCT) in mice compared to normal chow
controls, a process that can be completely inhibited by oral
broad-spectrum antibiotics (24). Some investigations have also
established differences in cholesterol levels between TMAOmice
and control mice, with one inquiry showing that the expression
of cholesterol 7α-hydroxylase (Cyp7a1) in TMAO-intervention
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mice was 38.4% lower than that in control diet mice, indicating a
specific decline in the classical bile acid synthesis pathway (54).
The collective impact of TMAO on RCT and cholesterol-bile
acid metabolic pathways leads to an increase in blood cholesterol,
promoting foam cell formation and aggravating AS.

PREVENTIONS AND TREATMENTS
TARGETING TMAO

Because TMAO is possibly a new high-risk factor for AS diseases,
the prevention and treatment of AS through targeting TMAO
require increased attention, which this paper provides as follows.

Dietary Intervention
One World Health Organization report (55) advises that
60% of human health depends on personal lifestyle, and
only 40% depends on genetic inheritance, medical conditions,
social environment, and other factors. Therefore, the most
straightforward intervention is to adjust diets. Limiting excessive
intake of foods rich in phosphatidylcholine, choline, and
carnitine could be an effective strategy to limit circulating
TMAO levels.

Tests show that TMAO levels surge with increasing
choline intake and age (32); fasting plasma TMAO levels
and urine TMAO levels of vegetarians are lower than those
of omnivores. 16s rRNA sequencing of fecal samples revealed
higher abundances of Clostridia and Peptostreptococcaceae
in omnivores, but lower abundances of Trichospira and
Bacillus (24). Reducing the number of L-carnitine and
phosphatidylcholine-containing products in the diet of patients
with coronary artery disease could positive the decrease in
the proatherogenic metabolite TMAO concentration (56).
Therefore, dietary intervention possibly upsets the production of
TMAO by changing the composition ratio of the intestinal flora.

One investigation on dietary interventions (57) in healthy
subjects divided into a VEG group (usual dietary regimen
+ 4 servings of vegetables) and an FMD group (5-day
hypocaloric diet) established that the plasma TMAO, fasting
blood glucose, and C-peptide of subjects in the FMD group
diminished considerably compared to the VEG group. This
finding suggests intermittent fasting as a viable option for
improving cardiometabolic health. Studies have also shown that a
vegan diet is an effective strategy for improving glucose tolerance
and reducing plasma TMAO in individuals with dysglycemia
or obesity (58). A ketone diet (KD) can alter the structure and
function of the intestinal microbial group (59); however, there
is no published literature exploring the relationship between KD
and TMAO in AS.

Numerous inquiries have pointed to the Mediterranean
diet (MD) as a strategy for preventing and reducing the risk
of cardiovascular and metabolic diseases (60–62). The recent
CORDIOPREV study found MD to decrease the progression of
AS in patients with coronary heart disease (63). Although the
MD is rich in TMAO, there is every indication that the MD
does not affect plasma TMAO concentrations in healthy people
(64) or lower plasma TMAO concentrations (65–67), perhaps

because the MD modulates the composition of gut microbiota
(66). Dietary apigenin reverses multiple pro-atherosclerotic
mechanisms involved in TMAO, including inflammasomes,
low-density lipoprotein uptake, leukocyte adhesion, etc. (68).
Reports on animal experiments show that Ligustrum robustum
(a new food resource) reduces serum TMA and TMAO levels
by moderating gut microbiota, increasing fecal cholesterol
excretion, decreasing serum and liver cholesterol levels, and
ultimately attenuating diet induced AS (69).

So far, the need to fundamentally limit the intake of
TMAO precursors to alter the production of TMAO remains
unclear. Nonetheless, recent studies have found that nutrients
containing TMA are essential for survival and have a protective
effect on the heart. Choline and betaine can prevent CVD by
reducing inflammation. L-carnitine diminishes the incidence of
angina pectoris by 40% and all-cause mortality caused by acute
myocardial infarction by 27% (70). Dietary phosphatidylcholine
supplementation lessens AS in Ldlr−/− male mice (71).
The balance between the cardiovascular benefits of nutrients
containing TMA and the risk of TMAO formation should be the
focus of future research.

Regulating the Intestinal Flora
The intestinal flora is composed of a variety of bacteria and
participates in the metabolism of the human body. Time-
dependent increases in the levels of both TMAO and its d9
isotopolog, as well as other choline metabolites, are detectable
after a phosphatidylcholine intervention. Plasma TMAO levels
are markedly suppressed after the use of antibiotics but reappear
after the withdrawal of antibiotics (5). Antibiotics and other
drugs can reverse the formation of arterial plaques (29).
Therefore, using antibiotics to change the composition of the
intestinal flora or metabolic activity to reduce plasma TMAO
levels is a probable method for preventing and treating AS.
However, the adverse consequences of the long-term use of
antibiotics could become an obstacle to this targeted therapy.
Long-term use of antibiotics can cause an imbalance in the
intestinal flora and fungal infections, as well as lead to the
emergence of drug-resistant bacteria and insulin resistance.

Probiotics colonized in the intestine can improve balance in
a host’s micro-ecology and delay the progression of AS (72).
Lactobacillus can regulate the structure of the intestinal flora
and its metabolites, improving lipid metabolism and plasma
TMAO levels (73). Qiu et al. demonstrated that L. plantarum
ZDY04 is a potential alternative approach to reducing plasma
TMAO levels and TMAO-induced AS in mice (73). Probiotic Bif.
Animalis subsp. Lactis F1-3-2 intervention can cause a decrease
of TMA levels in the cecum of mice and an improvement of lipid
metabolism by acting on farnesoid X receptors and cholesterol
7-alpha hydroxylase (74). A recent investigation found B. breve
Bb4 and B. longum BL1 and BL7 to significantly diminish plasma
TMAO and plasma and cecal TMA concentrations (75).

Boutagy et al. tried decreasing TMAO levels in the intestinal
flora using probiotic supplements but noted that adding the
multi-strain probiotic VSL#3 failed to alter plasma TMAO
levels and did not affect the plasma concentration of L-
carnitine, choline, or betaine (76). In another research, a higher
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proportion of participants in the probiotic group had reduced
TMAO after probiotic intervention (77). Different probiotics
have different abilities to metabolize choline, which may lead
to contradictory research results. Therefore, antibiotics or
probiotics targeting choline metabolism-related bacteria should
constitute the direction of future research.

Inhibiting TMAO Precursor Production
CutC is a key enzyme that regulates choline anaerobic
metabolism. Research has shown that the microbial colonization
of a CutC containing human commensal microbes within a
defined (1cutC) microbial community transmits into recipients’
TMA/TMAO generation, heightened platelet responsiveness,
and enhanced thrombosis potential. The microbial choline
TMA lyase pathway could be considered a plausible molecular
target for the treatment of atherosclerotic heart disease (78).
Methods to quantify the potential of human fecal samples to
produce TMA have been developed, providing an effective tool
for establishing specific therapeutic strategies to inhibit TMA
production (79, 80).

3, 3-Dimethyl-1-butanol (DMB) is a structural analog of
choline that appears to have certain mitigating properties on
TMAO and other effects. After extracting DMB from red wine,
Wang et al. confirmed that supplementing a high-cholinergic
diet with it can reduce plasma TMAO levels (from 22.1µM
to 15.9µM), inhibit the formation of foam cells in mice, and
prevent the progression of aortic root plaques (81). Another
study also reported DMB’s ability to attenuate choline diet-
enhanced platelet responsiveness and in vivo rate of thrombus
formation (16). DMB reduces TMA generation through two
main mechanisms (81): the direct inhibition of microbial choline
TMA lyase activity and the reduction of the proportion of TMA-
producing specific bacteria in the intestinal flora. DMB can act
on TMA lyase without killing the intestinal flora, by which the
physiological functions of the intestinal flora are preserved. There
is a considerable application prospect of DMB in inhibiting the
generation of TMA/TMAO.

New choline TMA lyase inhibitors, including
iodomethylcholine (IMC) and fluoromethylcholine (FMC),
have been developed. IMC and FMC suppress host TMA
and TMAO levels for sustained periods, with limited systemic
exposure and without notable toxicity, at inhibitory efficiencies of
about 10,000 times that of DMB (16). Existing reports show that
IMC can suppress choline diet-enhanced platelet aggregation
and the in vivo rate of thrombus formation without increased
bleeding time (16), and it can also alter host cholesterol and bile
acid metabolism in preclinical animal models (82). In addition, a
TF-inhibitory antibody or FMC can abrogate TMAO-dependent
enhancements of in vivo TF expression and thrombogenicity
(50). Reportedly, Meldonium lowers the production of TMA
by inhibiting the L-carnitine metabolism intermediate γ-butyl
betaine (83).

In summary, targeting the inhibition of TMA lyase could
reduce plasma TMAO levels and play a protective role in AS.
With these powerful pharmacologic tools in hand, there is now a
realistic possibility that TMAO-lowering drugs can be advanced
from preclinical models into human studies.

Inhibiting the Conversion of TMA
FMO3 is the key enzyme in the conversion of TMA to TMAO.
Blocking the TMA/FMO3/TMAO pathway is another approach
to scaling down the production of TMAO. Shih et al. found
that plasma TMAO levels in FMO3 knockout mice decreased
(decreased by about 50% as compared with the control ASO-
treated mice), leading to a reduced AS burden (84). Other tests
have demonstrated that naringin, paeoniflorin, β-ecdysterone,
18β-glycyrrhizic acid, amygdalin, albiflorin, and saikosaponin A
can downregulate FMO3 activity and reduce TMAO biosynthesis
(85). Cashman et al. noted that the acid condensation product of
indole-3-methanol is an effective inhibitor of FMO3, which can
decrease human plasma TMAO levels (86). Recent investigations
have shown that trigonelline, a compound extracted from
the plant fenugreek, can obstruct FMO3, thereby preventing
the conversion of TMA to TMAO (87). In vitro evaluations
have revealed that 300µg/mL of trigonelline can trigger its
maximum inhibitory effect, reducing the production of TMAO
by 85.3% (87).

FMO3, via its participation in TMAO generation, is a
regulator of both platelet responsiveness and in vivo thrombosis
potential (88). Moreover, using an antisense oligonucleotide
(ASO) knockdown strategy to target FMO3 results in the
reduction of TMAO, platelet responsiveness, and thrombosis
potential (89). Inhibiting FMO3 expression in the liver or
decreasing FMO3 activity with drugs is another technique for
lowering plasma TMAO levels and delaying the progression of
AS. However, FMO3 inhibitors that do not cause significant liver
damage must be sought.

Fecal Microbiota Transplantation
Fecal microbiota transplantation (FMT) refers to removing stool
from a healthy person and implanting it in a patient’s intestine
during endoscopy to treat diseases. FMT is currently mainly used
to treat inflammatory bowel disease, irritable bowel syndrome,
constipation, metabolic syndrome, and other diseases. One
randomized placebo-controlled trial that examined metabolic
syndrome patients for the effect of bacterial transplantation
on the treatment of the disease established changes in the
structure of the intestinal flora of the two groups of patients 2
weeks after transplantation but no alterations in the ability to
produce TMAO (90). GREGORY et al. found susceptibility to
AS to possibly be transmitted through FMT (91). TMA/TMAO
production and thrombotic risk phenotypes could equally be
transmitted through a human fecal transplant to a germ-free
recipient (78).

FMT is potentially an effective measure to reduce the level of
circulating TMAO and the risk of AS. However, there are few
related studies at present. Because FMT therapy could result in
immune rejection in the recipient and ethical issues, researchers
need to be cautious with its application.

Medicine
Various drugs have been shown to modulate the gut microbiota.
Feces from donormice treated withmetformin were transplanted
into recipient mice, and results showed altered gut microbiota
and improved glucose tolerance in the recipient mice (92). More
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direct evidence indicates that the gut microbiota of Apoe−/−

mice are adjusted, short-chain fatty acids are up-regulated, and
the degree of AS is mitigated after 12 weeks of metformin
intervention (93). However, (92) did not address the impact of
metformin on TMAO.

Resveratrol, a non-flavonoid polyphenolic organic compound,
is now used as a drug, with studies showing that it attenuates
TMAO-induced AS by lowering TMAO levels and increasing
hepatic bile acid synthesis via remodeling the gut microbiota
(94). Other investigations show resveratrol to have no effect on
plasma TMAO levels in mice fed a choline-supplemented diet
(16). Notably, drugs targeting TMAO to reverse AS have not
yet been developed, and more preclinical and clinical studies
are needed.

Traditional Chinese Medicine
Progressively more studies are revealing that effective ingredients
of Chinese medicines, such as Berberine (95), Ganoderma
(96), and some Chinese medicine prescriptions (97–99), can
adjust the structure of the intestinal flora, reduce inflammation,
improve metabolic abnormalities, and delay the occurrence
and development of AS. The mechanism through which these

ingredients act probably occurs in the following manner: the
biologically active ingredients in traditional Chinese medicine
alter the structure of the intestinal flora, the endogenous
metabolites produced by some traditional Chinese medicines
with the participation of the intestinal flora play an anti-
inflammatory and anti-AS effect, Chinese medicine adjusts the
intestinal flora imbalance caused by AS to improve AS.

Shi et al. noted that Apoe−/− mice exhibited changes in
their intestinal flora, significant decreases in the expression of
hepatic FMO3 and the concentration of TMAO in plasma, and
attenuated HFD-induced AS (100). The underlying mechanism
of these alterations possibly lies in berberine inhibiting the
anaerobic synthesis of TMA in the intestinal flora (101). Alisma
orientalis beverage, a Chinese traditional medicine formulated
with a diversity of medicinal plants, reportedly has similar effects
to berberine (102). Ganoderma can increase the abundance
of Firmicutes and Proteobacteria, decrease the plenitude of
Actinobacteria and Tenericutes, and reduce serum TMAO
levels in rats with cardiac dysfunction (103). The prospect of
traditional Chinese medicine targeting TMAO in the treatment
of AS is promising; however, randomized controlled trials are
still needed.

FIGURE 1 | Schematic representation of the relationship between Trimethylamine N-oxide (TMAO) and atherosclerosis (AS). TMAO is synthesized by oxidation of

trimethylamine (TMA) produced by gut microbes and promotes the development of AS through various pathways. However, some studies also suggested the

protective effect of TMAO in AS. In addition, seven types of therapeutic strategies for alleviating AS targeting TMAO are also shown in the figure. CutC, choline TMA

lyase; FMO3, flavin-containing monooxygenase-3; ERK1/2, extracellular signal-regulated kinase 1 and 2; COX-2, cyclooxygenase 2; NF-κB, nuclear factor kappa-B;

IL-6, interleukin 6; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3; MAPK, mitogen-activated protein kinase; JNK,

Jun N-terminal kinase; TF, tissue factor; VCAM, vascular cell adhesion molecule; SR-A1, scavenger receptor class A1; RCT, reverse cholesterol transport; Cyp7a1,

cholesterol 7α-hydroxylase; FMT, fecal microbiota transplantation; MD, Mediterranean diet; DMB, 3, 3-Dimethyl-1-butanol; FMC, fluoromethylcholine; IMC,

iodomethylcholine; ASO, antisense oligonucleotide.
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PROSPECT

TMAO can stabilize cellular proteins in marine organisms
(104) and protect proteins against hydrostatic and osmotic
stresses. Based on the relationship between CVD and hydrostatic
pressure and osmotic pressure, some researchers have speculated
that the increase in TMAO in CVD is a compensatory

response. More and more evidence shows that TMAO, a
metabolite of the intestinal flora, is closely associated with
AS. The Human Microbiome Project, the development of
high-throughput technologies, including bioinformatics and
metabolomics, recently provided a deeper understanding of
the important role of changes in the composition of the gut
microbiota and its metabolites in causing AS in humans (105,
106). TMAO can promote the occurrence and development
of AS by activating the inflammatory cascade, increasing the
risk of thrombosis, promoting the formation of foam cells, and
reducing the metabolism of cholesterol (Figure 1). Therefore,
TMAO could be used as a novel target for the prevention and
treatment of AS.

However, before that happens, specific issues related to
current research must be sorted. Of the pathological mechanisms
presented above, whether TMAO directly interacts with specific
receptors or indirectly alters the signal pathway by changing
the protein conformation remains unclear. More in-depth
investigations into the mechanism of how TMAO affects AS
must still be conducted. Current publications have shown

that interventions, such as dietary management, intestinal flora
regulation, the inhibition of TMAO precursor production, the
prevention of TMA transformation, fecal flora transplantation,
and treatment with medicine or traditional Chinese medicine,
can prevent and treat AS. However, the signal transduction
pathway of TMAO when promoting AS is not abundantly clear,
and the types of bacteria currently identified are also relatively
limited. To truly realize the prevention and treatment of AS with
TMAO as the target, multiple multi-centers, large-scale clinical
trials, as well as in-depth basic experimental evaluations, must
be performed.

AUTHOR CONTRIBUTIONS

All authors contributed to the article and approved the
submitted version.

FUNDING

This research was funded by Jiaxing Public Welfare Projects
(Grant no. 2022AD30058), the Key Medicine Disciplines Co-
construction Project of Jiaxing Municipal (Grant no. 2019-
ss-xxgbx), Pioneer Innovation Team of Jiaxing Institute of
Atherosclerotic Diseases (Grant no. XFCX–DMYH), Program
of the First Hospital of Jiaxing (Grant no. 2021-YA-011),
and Jiaxing Key Laboratory of Arteriosclerotic Diseases (Grant
no. 2020-dmzdsys).

REFERENCES

1. Weiwei C, Runlin G, Lisheng L, Manlu Z, Wen W, Yongjun W,

et al. Outline of the report on cardiovascular diseases in China, 2014.

Eur Heart J Suppl. (2016) 18(Suppl F):F2–1. doi: 10.1093/eurheartj/

suw030

2. Shi X, He J, Lin M, Liu C, Yan B, Song H, et al. Comparative effectiveness of

team-based care with a clinical decision support system versus team-based

care alone on cardiovascular risk reduction among patients with diabetes:

Rationale and design of the D4C trial. Am Heart J. (2021) 238:45–

58. doi: 10.1016/j.ahj.2021.04.009

3. Kaze AD, Santhanam P, Musani SK, Ahima R, Echouffo-Tcheugui JB.

Metabolic dyslipidemia and cardiovascular outcomes in type 2 diabetes

mellitus: findings from the look AHEAD study. J Am Heart Assoc. (2021)

10:e016947. doi: 10.1161/JAHA.120.016947

4. Rostomian AH, Tang MC, Soverow J, Sanchez DR. Heterogeneity of

treatment effect in SPRINT by age and baseline comorbidities: The greatest

impact of intensive blood pressure treatment is observed among younger

patients without CKD or CVD and in older patients with CKD or CVD. J

Clin Hypertens (Greenwich). (2020) 22:1723–6. doi: 10.1111/jch.13955

5. Tang WH, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X, et al. Intestinal

microbial metabolism of phosphatidylcholine and cardiovascular risk.NEngl

J Med. (2013) 368:1575–84. doi: 10.1056/NEJMoa1109400

6. Rahman MS, Woollard K. Atherosclerosis. Adv Exp Med Biol. (2017)

1003:121–44. doi: 10.1007/978-3-319-57613-8_7

7. Kattoor AJ, Pothineni NVK, Palagiri D, Mehta JL. Oxidative

stress in atherosclerosis. Curr Atheroscler Rep. (2017)

19:42. doi: 10.1007/s11883-017-0678-6

8. Shen Y, Cheng ZD, Chen YG, Sun R, Ma XD, Hou GL, et al.

Electroacupuncture inhibits atherosclerosis through regulating intestinal

flora and host metabolites in rabbit. Evid Based Complement Alternat Med.

(2020) 2020:5790275. doi: 10.1155/2020/5790275

9. Jonsson AL, Backhed F. Role of gut microbiota in atherosclerosis. Nat Rev

Cardiol. (2017) 14:79–87. doi: 10.1038/nrcardio.2016.183

10. Lehr HA, Sagban TA, Ihling C, Zahringer U, Hungerer KD, Blumrich

M, et al. Immunopathogenesis of atherosclerosis: endotoxin accelerates

atherosclerosis in rabbits on hypercholesterolemic diet. Circulation. (2001)

104:914–20. doi: 10.1161/hc3401.093153

11. Carnevale R, Sciarretta S, Valenti V, di Nonno F, Calvieri C, Nocella C,

et al. Low-grade endotoxaemia enhances artery thrombus growth via Toll-

like receptor 4: implication for myocardial infarction. Eur Heart J. (2020)

41:3156–65. doi: 10.1093/eurheartj/ehz893

12. Jackel S, Kiouptsi K, Lillich M, Hendrikx T, Khandagale A, Kollar B,

et al. Gut microbiota regulate hepatic von willebrand factor synthesis and

arterial thrombus formation via Toll-like receptor-2. Blood. (2017) 130:542–

53. doi: 10.1182/blood-2016-11-754416

13. Nemet I, Saha PP, Gupta N, Zhu W, Romano KA, Skye SM, et al. A

Cardiovascular disease-linked gut microbial metabolite acts via adrenergic

receptors. -. (2020) 180:862–77 e22. doi: 10.1016/j.cell.2020.02.016

14. Kiouptsi K, Jackel S, Pontarollo G, Grill A, Kuijpers MJE, Wilms E, et al.

The microbiota promotes arterial thrombosis in low-density lipoprotein

receptor-deficient mice.mBio. (2019) 10:5. doi: 10.1128/mBio.02298-19

15. Zhu W, Gregory JC, Org E, Buffa JA, Gupta N, Wang Z, et al. Gut microbial

metabolite TMAO enhances platelet hyperreactivity and thrombosis risk.

Cell. (2016) 165:111–24. doi: 10.1016/j.cell.2016.02.011

16. Roberts AB, Gu X, Buffa JA, Hurd AG, Wang Z, Zhu W, et al. Development

of a gut microbe-targeted nonlethal therapeutic to inhibit thrombosis

potential. Nat Med. (2018) 24:1407–17. doi: 10.1038/s41591-018-0128-1

17. Kiouptsi K, Jackel S, Wilms E, Pontarollo G, Winterstein J, Karwot C, et al.

The commensal microbiota enhances adp-triggered integrin alphaiibbeta3

activation and von willebrand factor-mediated platelet deposition to type i

collagen. Int J Mol Sci. (2020) 21:19. doi: 10.3390/ijms21197171

18. Lindskog Jonsson A, Caesar R, Akrami R, Reinhardt C, Fak Hallenius F,

Boren J, et al. Impact of gut microbiota and diet on the development of

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 June 2022 | Volume 9 | Article 864600

https://doi.org/10.1093/eurheartj/suw030
https://doi.org/10.1016/j.ahj.2021.04.009
https://doi.org/10.1161/JAHA.120.016947
https://doi.org/10.1111/jch.13955
https://doi.org/10.1056/NEJMoa1109400
https://doi.org/10.1007/978-3-319-57613-8_7
https://doi.org/10.1007/s11883-017-0678-6
https://doi.org/10.1155/2020/5790275
https://doi.org/10.1038/nrcardio.2016.183
https://doi.org/10.1161/hc3401.093153
https://doi.org/10.1093/eurheartj/ehz893
https://doi.org/10.1182/blood-2016-11-754416
https://doi.org/10.1016/j.cell.2020.02.016
https://doi.org/10.1128/mBio.02298-19
https://doi.org/10.1016/j.cell.2016.02.011
https://doi.org/10.1038/s41591-018-0128-1
https://doi.org/10.3390/ijms21197171
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Jing et al. Trimethylamine N-Oxide and Atherosclerosis

atherosclerosis in apoe(-/-) mice. Arterioscler Thromb Vasc Biol. (2018)

38:2318–26. doi: 10.1161/ATVBAHA.118.311233

19. Stepankova R, Tonar Z, Bartova J, Nedorost L, Rossman P, Poledne R, et al.

Absence of microbiota (germ-free conditions) accelerates the atherosclerosis

in ApoE-deficient mice fed standard low cholesterol diet. J Atheroscler

Thromb. (2010) 17:796–804. doi: 10.5551/jat.3285

20. Kasahara K, Krautkramer KA, Org E, Romano KA, Kerby RL,

Vivas EI, et al. Interactions between Roseburia intestinalis and diet

modulate atherogenesis in a murine model. Nat Microbiol. (2018)

3:1461–71. doi: 10.1038/s41564-018-0272-x

21. Tian Q, Leung FP, Chen FM, Tian XY, Chen Z, Tse G, et al.

Butyrate protects endothelial function through PPARdelta/miR-181b

signaling. Pharmacol Res. (2021) 169:105681. doi: 10.1016/j.phrs.2021.10

5681

22. Aguilar EC, Santos LC, Leonel AJ, de Oliveira JS, Santos EA, Navia-Pelaez

JM, et al. Oral butyrate reduces oxidative stress in atherosclerotic lesion sites

by a mechanism involving NADPH oxidase down-regulation in endothelial

cells. J Nutr Biochem. (2016) 34:99–105. doi: 10.1016/j.jnutbio.2016.05.002

23. Aguilar EC, Leonel AJ, Teixeira LG, Silva AR, Silva JF, Pelaez JM, et al.

Butyrate impairs atherogenesis by reducing plaque inflammation and

vulnerability and decreasing NFkappaB activation. Nutr Metab Cardiovasc

Dis. (2014) 24:606–13. doi: 10.1016/j.numecd.2014.01.002

24. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, et al. Intestinal

microbiota metabolism of L-carnitine, a nutrient in red meat, promotes

atherosclerosis. Nat Med. (2013) 19:576–85. doi: 10.1038/nm.3145

25. Wang Z, Tang WH, Buffa JA, Fu X, Britt EB, Koeth RA, et al.

Prognostic value of choline and betaine depends on intestinal microbiota-

generated metabolite trimethylamine-N-oxide. Eur Heart J. (2014) 35:904–

10. doi: 10.1093/eurheartj/ehu002

26. Craciun S, Balskus EP. Microbial conversion of choline to trimethylamine

requires a glycyl radical enzyme. Proc Natl Acad Sci U S A. (2012) 109:21307–

12. doi: 10.1073/pnas.1215689109

27. Romano KA, Vivas EI, Amador-Noguez D, Rey FE. Intestinal microbiota

composition modulates choline bioavailability from diet and accumulation

of the proatherogenic metabolite trimethylamine-N-oxide. MBio. (2015)

6:e02481. doi: 10.1128/mBio.02481-14

28. Koeth RA, Levison BS, Culley MK, Buffa JA, Wang Z, Gregory JC,

et al. gamma-Butyrobetaine is a proatherogenic intermediate in gut

microbial metabolism of L-carnitine to TMAO. Cell Metab. (2014) 20:799–

812. doi: 10.1016/j.cmet.2014.10.006

29. Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, et al. Gut flora

metabolism of phosphatidylcholine promotes cardiovascular disease.Nature.

(2011) 472:57–63. doi: 10.1038/nature09922

30. Katz DL, Gnanaraj J, Treu JA, Ma Y, Kavak Y, Njike VY. Effects of egg

ingestion on endothelial function in adults with coronary artery disease:

a randomized, controlled, crossover trial. Am Heart J. (2015) 169:162–

9. doi: 10.1016/j.ahj.2014.10.001

31. Ufnal M, Zadlo A, Ostaszewski R, TMAO. A small molecule of great

expectations. Nutrition. (2015) 31:1317–23. doi: 10.1016/j.nut.2015.05.006

32. Wang Z, Levison BS, Hazen JE, Donahue L, Li XM, Hazen SL.

Measurement of trimethylamine-N-oxide by stable isotope dilution liquid

chromatography tandem mass spectrometry. Anal Biochem. (2014) 455:35–

40. doi: 10.1016/j.ab.2014.03.016

33. Zeisel SH, Warrier M. Trimethylamine N-Oxide, the Microbiome,

and Heart and Kidney Disease. Annu Rev Nutr. (2017)

37:157–81. doi: 10.1146/annurev-nutr-071816-064732

34. Tang WH, Wang Z, Kennedy DJ, Wu Y, Buffa JA, Agatisa-Boyle

B, 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–

55. doi: 10.1161/CIRCRESAHA.116.305360

35. Fennema D, Phillips IR, Shephard EA. Trimethylamine and trimethylamine

N-oxide, a flavin-containing monooxygenase 3 (FMO3)-mediated

host-microbiome metabolic axis implicated in health and disease. Drug

Metab Dispos. (2016) 44:1839–50. doi: 10.1124/dmd.116.070615

36. Gao C, Catucci G, Castrignano S, Gilardi G, Sadeghi SJ. Inactivation

mechanism of N61S mutant of human FMO3 towards trimethylamine. Sci

Rep. (2017) 7:14668. doi: 10.1038/s41598-017-15224-9

37. Organ CL Li Z, Sharp TE. 3rd, Polhemus DJ, Gupta N, Goodchild TT, et al.

Nonlethal inhibition of gut microbial trimethylamine N-oxide production

improves cardiac function and remodeling in a murine model of heart

failure. J Am Heart Assoc. (2020) 9:e016223. doi: 10.1161/JAHA.119.01

6223

38. Zhang W, Miikeda A, Zuckerman J, Jia X, Charugundla S, Zhou

Z, et al. Inhibition of microbiota-dependent TMAO production

attenuates chronic kidney disease in mice. Sci Rep. (2021)

11:518. doi: 10.1038/s41598-020-80063-0

39. Gupta N, Buffa JA, Roberts AB, Sangwan N, Skye SM Li L, et al. Targeted

inhibition of gut microbial trimethylamine N-oxide production reduces

renal tubulointerstitial fibrosis and functional impairment in amurinemodel

of chronic Kidney disease. Arterioscler Thromb Vasc Biol. (2020) 40:1239–

55. doi: 10.1161/ATVBAHA.120.314139

40. Sanchez-Alcoholado L, Ordonez R, Otero A, Plaza-Andrade I, Laborda-

Illanes A, Medina JA, et al. Gut microbiota-mediated inflammation and gut

permeability in patients with obesity and colorectal cancer. Int J Mol Sci.

(2020) 21:18. doi: 10.3390/ijms21186782

41. Kwee LC, Ilkayeva O, Muehlbauer MJ, Bihlmeyer N, Wolfe B, Purnell JQ,

et al. Metabolites and diabetes remission after weight loss. Nutr Diabetes.

(2021) 11:10. doi: 10.1038/s41387-021-00151-6

42. Aldana-Hernández P, Leonard K-A, Zhao Y-Y, Curtis JM, Field CJ, Jacobs

RL. Dietary Choline or Trimethylamine N-oxide supplementation does not

influence atherosclerosis development in Ldlr–/– and Apoe–/– Male Mice. J

Nutr. (2019)10:214. doi: 10.1093/jn/nxz214

43. Vernon ST, Tang O, Kim T, Chan AS, Kott KA, Park J, et al. Metabolic

signatures in coronary artery disease: results from the BioHEART-CT study.

Cells. (2021) 10:50–9. doi: 10.3390/cells10050980

44. Meyer KA, Benton TZ, Bennett BJ, Jacobs DR, Jr., Lloyd-Jones DM,

Gross MD, et al. Microbiota-dependent metabolite trimethylamine

N-oxide and coronary artery calcium in the coronary artery risk

development in young adults study (CARDIA). J Am Heart Assoc. (2016)

5:10. doi: 10.1161/JAHA.116.003970

45. Bordoni L, Samulak JJ, Sawicka AK, Pelikant-Malecka I, Radulska A,

Lewicki L, et al. Trimethylamine N-oxide and the reverse cholesterol

transport in cardiovascular disease: a cross-sectional study. Sci Rep. (2020)

10:18675. doi: 10.1038/s41598-020-75633-1

46. SeldinMM,Meng Y, Qi H, ZhuW,Wang Z, Hazen SL, et al. Trimethylamine

N-oxide promotes vascular inflammation through signaling of mitogen-

activated protein kinase and nuclear factor-kappaB. JAmHeart Assoc. (2016)

5:20. doi: 10.1161/JAHA.115.002767

47. Chen ML, Zhu XH, Ran L, Lang HD, Yi L, Mi MT. Trimethylamine-N-

oxide induces vascular inflammation by activating the nlrp3 inflammasome

through the SIRT3-SOD2-mtROS signaling pathway. J Am Heart Assoc.

(2017) 6:9. doi: 10.1161/JAHA.117.006347

48. Ma R, Fu W, Zhang J, Hu X, Yang J, Jiang H, et al. a

potential mediator of clopidogrel resistance. Sci Rep. (2021)

11:6580. doi: 10.1038/s41598-021-85950-8

49. Xie Z, Liu X, Huang X, Liu Q, Yang M, Huang D, et al. Remodelling of

gut microbiota by Berberine attenuates trimethylamine N-oxide-induced

platelet hyperreaction and thrombus formation. Eur J Pharmacol. (2021)

911:174526. doi: 10.1016/j.ejphar.2021.174526

50. Witkowski M,Witkowski M, Friebel J, Buffa JA Li XS,Wang Z, et al. Vascular

endothelial Tissue Factor contributes to trimethylamine N-oxide-enhanced

arterial thrombosis. Cardiovasc Res. (2021). doi: 10.1093/cvr/cvab263

51. Ma G, Pan B, Chen Y, Guo C, Zhao M, Zheng L, et al.

Trimethylamine N-oxide in atherogenesis: impairing endothelial self-

repair capacity and enhancing monocyte adhesion. Biosci Rep. (2017)

37:209–49. doi: 10.1042/BSR20160244

52. Mohammadi A, Najar AG, Yaghoobi MM, Jahani Y. Vahabzadeh

Z. Trimethylamine-N-oxide treatment induces changes in the

atp-binding cassette transporter a1 and scavenger receptor

a1 in murine macrophage J774A1 cells. Inflammation. (2016)

39:393–404. doi: 10.1007/s10753-015-0261-7

53. Mondal JA. Effect of trimethylamine N-oxide on interfacial electrostatics at

phospholipid monolayer–water interfaces and its relevance to cardiovascular

disease. J Phys Chem Lett. (2016) 7:1704–8. doi: 10.1021/acs.jpclett.

6b00613

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 June 2022 | Volume 9 | Article 864600

https://doi.org/10.1161/ATVBAHA.118.311233
https://doi.org/10.5551/jat.3285
https://doi.org/10.1038/s41564-018-0272-x
https://doi.org/10.1016/j.phrs.2021.105681
https://doi.org/10.1016/j.jnutbio.2016.05.002
https://doi.org/10.1016/j.numecd.2014.01.002
https://doi.org/10.1038/nm.3145
https://doi.org/10.1093/eurheartj/ehu002
https://doi.org/10.1073/pnas.1215689109
https://doi.org/10.1128/mBio.02481-14
https://doi.org/10.1016/j.cmet.2014.10.006
https://doi.org/10.1038/nature09922
https://doi.org/10.1016/j.ahj.2014.10.001
https://doi.org/10.1016/j.nut.2015.05.006
https://doi.org/10.1016/j.ab.2014.03.016
https://doi.org/10.1146/annurev-nutr-071816-064732
https://doi.org/10.1161/CIRCRESAHA.116.305360
https://doi.org/10.1124/dmd.116.070615
https://doi.org/10.1038/s41598-017-15224-9
https://doi.org/10.1161/JAHA.119.016223
https://doi.org/10.1038/s41598-020-80063-0
https://doi.org/10.1161/ATVBAHA.120.314139
https://doi.org/10.3390/ijms21186782
https://doi.org/10.1038/s41387-021-00151-6
https://doi.org/10.1093/jn/nxz214
https://doi.org/10.3390/cells10050980
https://doi.org/10.1161/JAHA.116.003970
https://doi.org/10.1038/s41598-020-75633-1
https://doi.org/10.1161/JAHA.115.002767
https://doi.org/10.1161/JAHA.117.006347
https://doi.org/10.1038/s41598-021-85950-8
https://doi.org/10.1016/j.ejphar.2021.174526
https://doi.org/10.1093/cvr/cvab263
https://doi.org/10.1042/BSR20160244
https://doi.org/10.1007/s10753-015-0261-7
https://doi.org/10.1021/acs.jpclett.6b00613
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Jing et al. Trimethylamine N-Oxide and Atherosclerosis

54. Ding L, Chang M, Guo Y, Zhang L, Xue C, Yanagita T, et al.

Trimethylamine-N-oxide (TMAO)-induced atherosclerosis is

associated with bile acid metabolism. Lipids Health Dis. (2018)

17:286. doi: 10.1186/s12944-018-0939-6

55. The WHO. cross-national study of health behavior in school-aged children

from 35 countries: findings from 2001-2002. J Sch Health. (2004) 74:204–

6. doi: 10.1111/j.1746-1561.2004.tb07933.x

56. Ivashkin VT, Kashukh YA. [Impact of L-carnitine and phosphatidylcholine

containing products on the proatherogenic metabolite TMAO production

and gut microbiome changes in patients with coronary artery disease]. Vopr

Pitan. (2019) 88:25–33.

57. Videja M, Sevostjanovs E, Upmale-Engela S, Liepinsh E, Konrade I,

DambrovaM. Fasting-mimicking diet reduces trimethylamine n-oxide levels

5s and improves serum biochemical parameters in healthy volunteers.

Nutrients. (2022) 14:5. doi: 10.3390/nu14051093

58. Argyridou S, Davies MJ, Biddle GJH, Bernieh D, Suzuki T, Dawkins NP, et al.

Evaluation of an 8-week vegan diet on plasma trimethylamine-N-oxide and

postchallenge glucose in adults with dysglycemia or obesity. J Nutr. (2021)

151:1844–53. doi: 10.1093/jn/nxab046

59. Ang QY, Alexander M, Newman JC, Tian Y, Cai J, Upadhyay V, et al.

Ketogenic diets alter the gut microbiome resulting in decreased intestinal

Th17 cells. Cell. (2020) 181:1263–75 e16. doi: 10.1016/j.cell.2020.04.027

60. Estruch R, Ros E, Salas-Salvado J, Covas MI, Corella D, Aros F, et al.

Primary prevention of cardiovascular disease with a mediterranean diet

supplemented with extra-virgin olive oil or nuts. N Engl J Med. (2018)

378:e34. doi: 10.1056/NEJMoa1800389

61. Widmer RJ, Flammer AJ, Lerman LO, Lerman A. The Mediterranean diet,

its components, and cardiovascular disease. Am J Med. (2015) 128:229–

38. doi: 10.1016/j.amjmed.2014.10.014

62. Torris C, Molin M, Cvancarova Smastuen M. Fish consumption and

its possible preventive role on the development and prevalence of

metabolic syndrome - a systematic review. Diabetol Metab Syndr. (2014)

6:112. doi: 10.1186/1758-5996-6-112

63. Jimenez-Torres J, Alcala-Diaz JF, Torres-Pena JD, Gutierrez-Mariscal

FM, Leon-Acuna A, Gomez-Luna P, et al. Mediterranean diet reduces

atherosclerosis progression in coronary heart disease: an analysis of

the CORDIOPREV randomized controlled trial. Stroke. (2021) 52:3440–

9. doi: 10.1161/STROKEAHA.120.033214

64. Griffin LE, Djuric Z, Angiletta CJ, Mitchell CM, Baugh ME, Davy KP,

et al. A Mediterranean diet does not alter plasma trimethylamine N-oxide

concentrations in healthy adults at risk for colon cancer. Food Funct. (2019)

10:2138–47. doi: 10.1039/C9FO00333A

65. Barrea L, Muscogiuri G, Pugliese G, Graziadio C, Maisto M, Pivari F, et al.

Association of the chronotype score with circulating trimethylamine N-oxide

(TMAO) concentrations. Nutrients. (2021) 13:5. doi: 10.3390/nu13051671

66. De Filippis F, Pellegrini N, Vannini L, Jeffery IB, La Storia A, Laghi L,

et al. High-level adherence to a Mediterranean diet beneficially impacts

the gut microbiota and associated metabolome. Gut. (2016) 65:1812–

21. doi: 10.1136/gutjnl-2015-309957

67. Barrea L, Annunziata G, Muscogiuri G, Laudisio D, Di Somma C, Maisto

M, et al. Trimethylamine N-oxide, mediterranean diet, and nutrition in

healthy, normal-weight adults: also a matter of sex? Nutrition. (2019) 62:7–

17. doi: 10.1016/j.nut.2018.11.015

68. Yamagata K, Hashiguchi K, Yamamoto H, Tagami M. Dietary apigenin

reduces induction of LOX-1 and NLRP3 expression, leukocyte adhesion,

and acetylated low-density lipoprotein uptake in human endothelial cells

exposed to trimethylamine-N-oxide. J Cardiovasc Pharmacol. (2019) 74:558–

65. doi: 10.1097/FJC.0000000000000747

69. Liu S, He F, Zheng T, Wan S, Chen J, Yang F, et al. Ligustrum

robustum alleviates atherosclerosis by decreasing serum TMAO, modulating

gut microbiota, and decreasing bile acid and Cholesterol Absorption in

mice. Mol Nutr Food Res. (2021) 65:e2100014. doi: 10.1002/mnfr.20210

0014

70. Liu TX, Niu HT, Zhang SY. Intestinal microbiota metabolism

and atherosclerosis. Chin Med J (Engl). (2015) 128:2805–

11. doi: 10.4103/0366-6999.167362

71. Aldana-Hernandez P, Azarcoya-Barrera J, van der Veen JN, Leonard KA,

Zhao YY, Nelson R, et al. Dietary phosphatidylcholine supplementation

reduces atherosclerosis in Ldlr(-/-) male mice(2). J Nutr Biochem. (2021)

92:108617. doi: 10.1016/j.jnutbio.2021.108617

72. O’Morain VL, Ramji DP. The potential of probiotics in the prevention

and treatment of atherosclerosis. Mol Nutr Food Res. (2020)

64:e1900797. doi: 10.1002/mnfr.201900797

73. Qiu L, Tao X, Xiong H, Yu J, Wei H. Lactobacillus plantarum

ZDY04 exhibits a strain-specific property of lowering TMAO via the

modulation of gut microbiota in mice. Food Funct. (2018) 9:4299–

309. doi: 10.1039/C8FO00349A

74. Liang X, Zhang Z, Lv Y, Tong L, Liu T, Yi H, et al. Reduction

of intestinal trimethylamine by probiotics ameliorated lipid

metabolic disorders associated with atherosclerosis. Nutrition. (2020)

:110941. doi: 10.1016/j.nut.2020.110941

75. Wang Q, Guo M, Liu Y, Xu M, Shi L, Li X, et al. Bifidobacterium breve and

Bifidobacterium longum attenuate choline-induced plasma trimethylamine

N-oxide production bymodulating gut microbiota in mice.Nutrients. (2022)

14:60. doi: 10.3390/nu14061222

76. Boutagy NE, Neilson AP, Osterberg KL, Smithson AT, Englund TR,

Davy BM, et al. Probiotic supplementation and trimethylamine-N-oxide

production following a high-fat diet. Obesity (Silver Spring). (2015) 23:2357–

63. doi: 10.1002/oby.21212

77. Chen S, Jiang PP Yu D, Liao GC, Wu SL, Fang AP, et al.

Effects of probiotic supplementation on serum trimethylamine-

N-oxide level and gut microbiota composition in young males:

a double-blinded randomized controlled trial. Eur J Nutr. (2021)

60:747–58. doi: 10.1007/s00394-020-02278-1

78. Skye SM, Zhu W, Romano KA, Guo CJ, Wang Z, Jia X, et al. Microbial

transplantation with human gut commensals containing CutC Is sufficient

to transmit enhanced platelet reactivity and thrombosis potential. Circ Res.

(2018) 123:1164–76. doi: 10.1161/CIRCRESAHA.118.313142

79. Rath S, Heidrich B, Pieper DH, Vital M. Uncovering the trimethylamine-

producing bacteria of the human gut microbiota. Microbiome. (2017)

5:54. doi: 10.1186/s40168-017-0271-9

80. Martinez-del Campo A, Bodea S, Hamer HA, Marks JA, Haiser HJ,

Turnbaugh PJ, et al. Characterization and detection of a widely distributed

gene cluster that predicts anaerobic choline utilization by human gut

bacteria.mBio. (2015) 6:216. doi: 10.1128/mBio.00042-15

81. Wang Z, Roberts AB, Buffa JA, Levison BS, Zhu W, Org E, et al. Non-lethal

Inhibition of gut microbial trimethylamine production for the treatment of

atherosclerosis. Cell. (2015) 163:1585–95. doi: 10.1016/j.cell.2015.11.055

82. Pathak P, Helsley RN, Brown AL, Buffa JA, Choucair I, Nemet I, et al. Small

molecule inhibition of gut microbial choline trimethylamine lyase activity

alters host cholesterol and bile acid metabolism. Am J Physiol Heart Circ

Physiol. (2020) 318:H1474–H86. doi: 10.1152/ajpheart.00584.2019

83. Kuka J, Liepinsh E, Makrecka-Kuka M, Liepins J, Cirule H, Gustina

D, et al. Suppression of intestinal microbiota-dependent production of

pro-atherogenic trimethylamine N-oxide by shifting L-carnitine microbial

degradation. Life Sci. (2014) 117:84–92. doi: 10.1016/j.lfs.2014.09.028

84. Shih DM, Wang Z, Lee R, Meng Y, Che N, Charugundla S, et al.

Flavin containing monooxygenase 3 exerts broad effects on glucose

and lipid metabolism and atherosclerosis. J Lipid Res. (2015) 56:22–

37. doi: 10.1194/jlr.M051680

85. Yu H, Chai X, Geng WC, Zhang L, Ding F, Guo DS, et al. Facile and

label-free fluorescence strategy for evaluating the influence of bioactive

ingredients on FMO3 activity via supramolecular host-guest reporter

pair. Biosens Bioelectron. (2021) 192:113488. doi: 10.1016/j.bios.2021.11

3488

86. Cashman JR, Xiong Y, Lin J, VerhagenH, van Poppel G, van Bladeren PJ, et al.

In vitro and in vivo inhibition of human flavin-containing monooxygenase

form 3 (FMO3) in the presence of dietary indoles. Biochem Pharmacol.

(1999) 58:1047–55. doi: 10.1016/S0006-2952(99)00166-5

87. Anwar S, Bhandari U, Panda BP, Dubey K, Khan W, Ahmad S.

Trigonelline inhibits intestinal microbial metabolism of choline and its

associated cardiovascular risk. J Pharm Biomed Anal. (2018) 159:100–

12. doi: 10.1016/j.jpba.2018.06.027

88. Zhu W, Buffa JA, Wang Z, Warrier M, Schugar R, Shih DM,

et al. Flavin monooxygenase 3, the host hepatic enzyme in the

metaorganismal trimethylamine N-oxide-generating pathway, modulates

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 June 2022 | Volume 9 | Article 864600

https://doi.org/10.1186/s12944-018-0939-6
https://doi.org/10.1111/j.1746-1561.2004.tb07933.x
https://doi.org/10.3390/nu14051093
https://doi.org/10.1093/jn/nxab046
https://doi.org/10.1016/j.cell.2020.04.027
https://doi.org/10.1056/NEJMoa1800389
https://doi.org/10.1016/j.amjmed.2014.10.014
https://doi.org/10.1186/1758-5996-6-112
https://doi.org/10.1161/STROKEAHA.120.033214
https://doi.org/10.1039/C9FO00333A
https://doi.org/10.3390/nu13051671
https://doi.org/10.1136/gutjnl-2015-309957
https://doi.org/10.1016/j.nut.2018.11.015
https://doi.org/10.1097/FJC.0000000000000747
https://doi.org/10.1002/mnfr.202100014
https://doi.org/10.4103/0366-6999.167362
https://doi.org/10.1016/j.jnutbio.2021.108617
https://doi.org/10.1002/mnfr.201900797
https://doi.org/10.1039/C8FO00349A
https://doi.org/10.1016/j.nut.2020.110941
https://doi.org/10.3390/nu14061222
https://doi.org/10.1002/oby.21212
https://doi.org/10.1007/s00394-020-02278-1
https://doi.org/10.1161/CIRCRESAHA.118.313142
https://doi.org/10.1186/s40168-017-0271-9
https://doi.org/10.1128/mBio.00042-15
https://doi.org/10.1016/j.cell.2015.11.055
https://doi.org/10.1152/ajpheart.00584.2019
https://doi.org/10.1016/j.lfs.2014.09.028
https://doi.org/10.1194/jlr.M051680
https://doi.org/10.1016/j.bios.2021.113488
https://doi.org/10.1016/S0006-2952(99)00166-5
https://doi.org/10.1016/j.jpba.2018.06.027
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Jing et al. Trimethylamine N-Oxide and Atherosclerosis

platelet responsiveness and thrombosis risk. J Thromb Haemost. (2018)

16:1857–72. doi: 10.1111/jth.14234

89. Shih DM, Zhu W, Schugar RC, Meng Y, Jia X, Miikeda A, et al.

Genetic deficiency of flavin-containing monooxygenase 3 ( Fmo3)

protects against thrombosis but has only a minor effect on plasma

lipid levels-brief report. Arterioscler Thromb Vasc Biol. (2019) 39:1045–

54. doi: 10.1161/ATVBAHA.119.312592

90. Smits LP, Kootte RS, Levin E, Prodan A, Fuentes S, Zoetendal EG,

et al. Effect of vegan fecal microbiota transplantation on carnitine-

and choline-derived trimethylamine-N-oxide production and vascular

inflammation in patients with metabolic syndrome. J AmHeart Assoc. (2018)

7:7. doi: 10.1161/JAHA.117.008342

91. Gregory JC, Buffa JA, Org E,Wang Z, Levison BS, ZhuW, et al. Transmission

of atherosclerosis susceptibility with gut microbial transplantation. J Biol

Chem. (2015) 290:5647–60. doi: 10.1074/jbc.M114.618249

92. Wu H, Esteve E, Tremaroli V, Khan MT, Caesar R, Manneras-Holm L, et al.

Metformin alters the gut microbiome of individuals with treatment-naive

type 2 diabetes, contributing to the therapeutic effects of the drug. Nat Med.

(2017) 23:850–8. doi: 10.1038/nm.4345

93. Yan N, Wang L, Li Y, Wang T, Yang L, Yan R, et al. Metformin

intervention ameliorates AS in ApoE−/− mice through restoring

gut dysbiosis and anti-inflammation. PLoS ONE. (2021)

16:e0254321. doi: 10.1371/journal.pone.0254321

94. Chen ML Yi L, Zhang Y, Zhou X, Ran L, Yang J, et al. Resveratrol

attenuates trimethylamine-N-oxide (TMAO)-induced atherosclerosis by

regulating tmao synthesis and bile acid metabolism via remodeling of the

gut microbiota.MBio. (2016) 7:e02210–15. doi: 10.1128/mBio.02210-15

95. Zhu L, Zhang D, Zhu H, Zhu J, Weng S, Dong L, et al. Berberine

treatment increases Akkermansia in the gut and improves high-fat diet-

induced atherosclerosis in Apoe(-/-) mice. Atherosclerosis. (2018) 268:117–

26. doi: 10.1016/j.atherosclerosis.2017.11.023

96. Sang T, Guo C, Guo D, Wu J, Wang Y, Wang Y, et al. Suppression of

obesity and inflammation by polysaccharide from sporoderm-broken spore

of Ganoderma lucidum via gut microbiota regulation. Carbohydr Polym.

(2021) 256:117594. doi: 10.1016/j.carbpol.2020.117594

97. Zhang Y, Gu Y, Chen Y, Huang Z, Li M, Jiang W, et al. Dingxin

Recipe IV attenuates atherosclerosis by regulating lipid metabolism

through LXR-alpha/SREBP1 pathway and modulating the gut

microbiota in ApoE(-/-) mice fed with HFD. J Ethnopharmacol. (2021)

266:113436. doi: 10.1016/j.jep.2020.113436

98. Ji W, Jiang T, Sun Z, Teng F, Ma C, Huang S, et al. The enhanced

pharmacological effects of modified traditional chinese medicine in

Attenuation of atherosclerosis is driven by modulation of gut microbiota.

Front Pharmacol. (2020) 11:546589. doi: 10.3389/fphar.2020.546589

99. Zhao XCY, Li L, Zhai J, Yu B, Wang H, Yang D, et al. Effect of

DLT-SML on Chronic Stable Angina Through Ameliorating Inflammation,

Correcting Dyslipidemia, and Regulating Gut Microbiota. (2021) 77:458–469.

doi: 10.1097/FJC.0000000000000970

100. Shi Y, Hu J, Geng J, Hu T, Wang B, Yan W, et al. Berberine treatment

reduces atherosclerosis by mediating gut microbiota in apoE−/− mice.

Biomed Pharmacother. (2018) 107:1556–63. doi: 10.1016/j.biopha.2018.

08.148

101. Li X, Su C, Jiang Z, Yang Y, Zhang Y, Yang M, et al. Berberine attenuates

choline-induced atherosclerosis by inhibiting trimethylamine and

trimethylamine-N-oxide production via manipulating the gut microbiome.

NPJ Biofilms Microbiomes. (2021) 7:36. doi: 10.1038/s41522-021-

00205-8

102. Zhu B, Zhai Y, Ji M, Wei Y, Wu J, Xue W, et al. Alisma orientalis

beverage treats atherosclerosis by regulating gut microbiota in ApoE(-

/-) Mice. Front Pharmacol. (2020) 11:570555. doi: 10.3389/fphar.2020.

570555

103. Liu Y, Lai G, Guo Y, Tang X, Shuai O, Xie Y, et al. Protective

effect of Ganoderma lucidum spore extract in trimethylamine-

N-oxide-induced cardiac dysfunction in rats. J Food Sci. (2021)

86:546–62. doi: 10.1111/1750-3841.15575

104. Ganguly P, Polak J, van der Vegt NFA, Heyda J, Shea JE.

Protein stability in TMAO and mixed urea-TMAO solutions.

J Phys Chem B. (2020) 124:6181–97. doi: 10.1021/acs.jpcb.

0c04357

105. Lee Y, Nemet I, Wang Z, Lai HTM, de Oliveira Otto MC, Lemaitre RN,

et al. Longitudinal plasma measures of trimethylamine N-oxide and risk

of atherosclerotic cardiovascular disease events in community-based older

adults. J Am Heart Assoc. (2021) 10:e020646. doi: 10.1161/JAHA.120.020646

106. Cai YY, Huang FQ, Lao X, Lu Y, Gao X, Alolga RN, et al. Integrated

metagenomics identifies a crucial role for trimethylamine-producing

Lachnoclostridium in promoting atherosclerosis. NPJ Biofilms Microbiomes.

(2022) 8:11. doi: 10.1038/s41522-022-00303-1

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Jing, Zhang, Xiang, Shen, Guo, Zhai andHu. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 June 2022 | Volume 9 | Article 864600

https://doi.org/10.1111/jth.14234
https://doi.org/10.1161/ATVBAHA.119.312592
https://doi.org/10.1161/JAHA.117.008342
https://doi.org/10.1074/jbc.M114.618249
https://doi.org/10.1038/nm.4345
https://doi.org/10.1371/journal.pone.0254321
https://doi.org/10.1128/mBio.02210-15
https://doi.org/10.1016/j.atherosclerosis.2017.11.023
https://doi.org/10.1016/j.carbpol.2020.117594
https://doi.org/10.1016/j.jep.2020.113436
https://doi.org/10.3389/fphar.2020.546589
https://doi.org/10.1097/FJC.0000000000000970
https://doi.org/10.1016/j.biopha.2018.08.148
https://doi.org/10.1038/s41522-021-00205-8
https://doi.org/10.3389/fphar.2020.570555
https://doi.org/10.1111/1750-3841.15575
https://doi.org/10.1021/acs.jpcb.0c04357
https://doi.org/10.1161/JAHA.120.020646
https://doi.org/10.1038/s41522-022-00303-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Targeting Trimethylamine N-Oxide: A New Therapeutic Strategy for Alleviating Atherosclerosis
	Introduction
	The Source, Synthesis, and Metabolism of Tmao
	The Source and Synthesis of TMAO in the Human Body
	The Metabolism of TMAO
	TMAO's Impact on AS
	TMAO Activates Inflammation
	TMAO Increases the Risk of Thrombosis
	TMAO Promotes Foam Cell Formation
	TMAO Reduces Cholesterol Metabolism

	Preventions and Treatments Targeting TMAO
	Dietary Intervention
	Regulating the Intestinal Flora
	Inhibiting TMAO Precursor Production
	Inhibiting the Conversion of TMA
	Fecal Microbiota Transplantation
	Medicine
	Traditional Chinese Medicine

	Prospect
	Author Contributions
	Funding
	References


