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Abstract: Gut microbiota has increasingly been shown to exert effects beyond the gastrointestinal 

tract, some of which are mediated through its metabolites, such as trimethylamine N-oxide 

(TMAO)—a compound converted by gut bacteria from dietary choline found predominantly in 

animal products that is strongly associated with cardiovascular disease (CVD). However, a 

significant gap persists in human clinical trials assessing its potential causal role. This narrative 

review aims to present the current understanding of the gut microbiome, TMAO, and their 

relationship with CVD, while proposing future directions that may support the use of TMAO as a 

biomarker and guide potential interventions to reduce its harmful impact. Both animal and human 

studies have demonstrated a link between TMAO and CVD, with animal studies also indicating a 

causal effect—showing increased cardiovascular risk following TMAO administration and reduced 

risk when TMAO is eliminated. While direct extrapolation from animal models to humans is limited 

due to biological differences, these findings offer a foundation for the development of well-designed 

clinical trials in human populations. Although direct approaches to target TMAO—such as 

trimethylamine (TMA) lyase inhibitors and antisense oligonucleotide (ASO) therapy—have shown 

promising results in animal studies, they have yet to be investigated in human trials, leaving indirect 

strategies such as dietary changes and probiotics as the only currently available options. 

Keywords: gut microbiome; TMAO; choline; cardiovascular disease; atherosclerosis 

 

1. Introduction 

CVD accounts for the highest mortality worldwide [1]. While a major body of research focuses 

on how to best treat patients with established CVD, we must also prioritize prevention, which would 

benefit both our patients and healthcare system [2]. 

A major subject with implications in the development and progression of CVD is nutrition [3]. 

Unfortunately, this field lacks sufficient clarity, and many studies continue to contradict previous 

evidence [4]. This is largely because much of the research relies on observational studies based on 

food questionnaires, which are highly prone to subject bias and depend heavily on self-recall. High-

quality studies, such as clinical trials, are scarce and also difficult to implement in this context due to 

the costs and the challenge of maintaining adherence to a specific dietary pattern over a sufficiently 

long period [5]. 

When we think of foods associated with CVD, we typically consider those high in saturated fats, 

cholesterol, and, more broadly, animal-based products, especially when consumed in excess [6]. 

Historically, it was assumed that these components were responsible for the associations observed in 
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numerous studies. However, while some research has contradicted the role of saturated fats and 

dietary cholesterol, more recent studies have revealed an entirely different perspective—one shaped 

by the gut microbiota [7–10]. Could the gut microbiome represent the missing link between animal-

based foods and CVD? For decades, we overlooked the bidirectional relationship between food and 

the gut microbiome. Studies investigating the connection between diet, the microbiome, and 

gastrointestinal disorders have confirmed that this field represents a valuable area of research [11]. 

While the connection between food and gut bacteria was somewhat anticipated due to their local 

interactions, the discovery of clear links between the gut microbiome, its metabolites, and the 

functioning of organs beyond the gastrointestinal system was a completely new concept [12]. 

Gut dysbiosis has been associated with inflammatory, autoimmune, oncologic, cardiovascular, 

endocrine, neurological, and even psychiatric disorders [13–19]. Time and time again, this myriad of 

organisms has surprised us, influencing physiological processes that do not necessarily have a direct 

connection with the gastrointestinal tract. Microorganisms do not just passively reside in the 

intestines—they are actively involved in the digestion of undigested food, producing metabolites 

[20]. While individual strains of bacteria might have specific functions, in general, changes in the 

microbiome influence homeostasis through these gut-derived metabolites [21]. Beneficial bacteria are 

associated with increased production of short-chain fatty acids (SCFAs) and decreased production of 

trimethylamine (TMA), while harmful bacteria are associated with the opposite [20,22,23]. 

The aim of this review is to contribute to a better understanding of the complex relationship 

between the gut microbiome and CVD through the lens of TMAO, a gut metabolite. Understanding 

this relationship may enable the use of gut metabolites such as TMAO to assess the microbial 

composition of individuals and also as a potential biomarker for CVD. 

2. Materials and Methods 

2.1. Research Strategy 

Keywords such as “gut microbiome,” “TMAO,” “cardiovascular disease,” “hypertension,” 

“metabolic diseases,” “atherosclerosis,” “heart failure,” and their combinations were used to conduct 

a comprehensive search across databases including PubMed and Google Scholar, as well as journals 

such as MDPI, the American Heart Journal, ScienceDirect, and Frontiers. Both animal and human 

studies published within the last ten years were included to ensure the novelty of the research, with 

the timeframe extended in a few cases to incorporate studies offering valuable insights into 

underexplored factors. The first section of this review presents information on TMAO biochemistry 

and its involvement in the pathophysiological mechanisms underlying CVD, while the second 

section explores specific associations between TMAO levels and individual cardiovascular 

conditions. This review was conducted in accordance with the PRISMA (Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses) guidelines. 

References were organized using Zotero, and artificial intelligence tools were employed to check 

grammar and ensure clarity and coherence of the text. 

2.2. Inclusion and Exclusion Criteria 

Study selection was conducted according to predefined inclusion and exclusion criteria. Only 

peer-reviewed studies addressing TMAO, the gut microbiome, and CVD were considered. Exclusion 

criteria included non-peer-reviewed sources, duplicate publications, and those with incomplete data. 

Also, studies with major limitations and older than the specified period that did not provide 

additional information were excluded. 

2.3. Study Selection 

The initial search generated 3,793 results. After screening titles and abstracts, 106 studies were 

selected for inclusion based on their relevance and novelty. However, certain key information 
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remained absent. To fill these gaps, the search timeframe was extended by six years (2009–2025), 

leading to the addition of eight more studies, the earliest of which being published in 2009. 

3. Trimethylamine N-Oxide (TMAO) 

3.1. Origin and Metabolism of TMAO 

TMAO is a dietary-derived amine oxide, formed as an oxidized product of TMA. In the gut, 

choline, betaine, and L-carnitine are converted by the bacteria into TMA, which is absorbed into the 

bloodstream and directed mostly towards the liver, where it gets oxidized through hepatic flavin 

monooxygenases (FMO) to TMAO [24]. Sources of dietary carnitine and choline include animal 

products, especially eggs, red meat, fish, and dairy (Figure 1) [25]. A small percentage of TMA is also 

converted locally, in the intestine, to ammonia, methylamine, and dimethylamine [26]. TMAO is 

mostly excreted through urine, with a very small percentage from sweat, stool, and respiration [27]. 

 

Figure 1. Factors influencing TMAO levels. 

3.2. Physiological Functions of TMAO 

TMAO counteracts the negative effects that elevated hydrostatic and osmotic pressure exert on 

the structure of different proteins. Mechanisms through which TMAO protects these proteins are 

insufficiently investigated, and this role seems more important in sea animals, especially those that 

submerge, when the pressure increases considerably [28]. In humans, TMAO accumulates in kidney 

medulla, where high osmolarity is essential for urine concentration. Pathological states like diabetes, 

hyperglycemia increases osmotic stress, which alters intracellular osmolyte levels, this represents one 

of the reasons why high TMAO levels are associated with diabetes [29]. 

At first glance TMAO may appear to be merely a gut-derived metabolite, suggesting that its 

effects are limited to the digestive system. However, similar to other metabolites—such as SCFAs —

TMAO has significant implications for various organ systems, including the heart, blood vessels, 

kidneys, and brain [30,31]. Many mechanisms have been proposed, but none have been fully 

validated. Regarding the cardiovascular system, evidence shows that TMAO influences 

hypertension, atherosclerosis, metabolic disorders, and heart failure [32,33]. Previous studies have 

demonstrated that an increased risk of one of these pathologies often translates into a higher 

likelihood of developing another, as these conditions are not isolated but rather components of a 

broader spectrum [34]. 

3.3. Gut Microbiota, TMAO, and Cardiovascular Disease 

TMAO promotes endothelial dysfunction by reducing the activity of endothelial nitric oxide 

synthase (eNOS) and the production of nitric oxide (NO) (Figure 2). Furthermore, it also activates 

protein kinase C (PKC), which further stimulates the nuclear factor kappa-light-chain-enhancer of 
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activated B cells (NF-κB) pathway [35]. These changes lead to the release of inflammatory cytokines, 

such as interleukin-1 (IL-1), IL-18, and tumor necrosis factor α (TNF-α), and upregulation of vascular 

cell adhesion molecule-1 (VCAM-1), which increases monocyte adhesion [35,36]. 

TMAO is also involved in three other processes that set the ground not only for the development 

but also for the progression of vascular inflammation, atherosclerosis, and its complications. Firstly, 

TMAO inhibits reverse cholesterol transport (RCT), by which excess cholesterol is normally removed 

from peripheral tissues and returned to the liver for excretion, and upregulates proprotein convertase 

subtilisin/kexin type 9 (PCSK9), an enzyme that degrades low-density lipoprotein (LDL) cholesterol 

receptors. The consequence of these two processes is a decrease in the liver uptake of cholesterol 

leading to an increase in circulating LDL cholesterol [37,38]. Secondly, TMAO promotes the 

expression of scavenger receptors such as cluster of differentiation 36 (CD36) on macrophages, which 

increases their cholesterol uptake and leads to the development of foam cells [39,40] Last but not 

least, TMAO increases adenosine diphosphate (ADP)–induced platelet reactivity [41]. Moreover, a 

study on mice published in 2023 demonstrated that TMAO interferes with clopidogrel, a P2Y12 

inhibitor and antiplatelet drug used in the treatment of acute coronary syndromes. Although the 

obvious limitation of this study is the biological differences between mice and humans, clopidogrel 

resistance is a well-documented clinical issue. This finding may serve as a starting point for future 

studies investigating the interaction between P2Y12 inhibitors and TMAO. [42]. 

Results from previous studies have depicted a complex relationship between gut microbiota, 

TMAO, and CVD. A study by Koeth et al. [43] in which broad-spectrum antibiotics were used to 

suppress gut microbiota demonstrated that TMAO production from dietary L-carnitine was nearly 

eliminated in both plasma and urine, confirming the essential role of intestinal microbes in this 

metabolic pathway. Upon cessation of antibiotics and microbial recolonization, TMAO formation 

resumed, reinforcing the dependency of TMAO synthesis on gut microbiota activity. Increases in 

TMAO are associated with negative alterations in gut microbiota, particularly in the ratio of beneficial 

to harmful bacteria, as well as with a higher incidence of CVD [44–47]. At the other end of the 

spectrum, studies in which TMAO levels decreased—either through dietary restriction or probiotic 

supplementation—have shown improvements in both the gut microbiome and cardiovascular 

outcomes [48,49]. While studies have attempted to isolate the effects of TMAO, we are still far from 

fully understanding its role in CVD [32]. At this point, it can only be viewed as part of a broader 

picture. The possibility that TMAO may serve as a bridge between gut dysbiosis and CVD suggests 

its potential use as an accessible biomarker for both gut microbial composition and cardiovascular 

risk. 

 

Figure 2. TMAO implications in CVD. 
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4. Hypertension 

4.1. Dietary Patterns and Blood Pressure 

Hypertension is the primary contributor to cardiovascular disease and early mortality on a 

global scale [50]. The relationship between blood pressure, individual foods, and dietary patterns—

such as the Mediterranean or the Dietary Approaches to Stop Hypertension (DASH) diet—has been 

explored in many studies, with most showing similar results: diet is one of the most impactful 

elements in blood pressure regulation [51–54]. Initial studies established only a link between salt 

intake and hypertension, but more recent research suggests that polyphenols, fiber, and omega-3 

fatty acids also play important roles in regulating blood pressure [55–57]. While these factors and 

TMAO have each shown the potential to increase blood pressure, there also appears to be a direct 

connection between them—for example, individuals with high salt and low fiber intake tend to have 

elevated TMAO levels [58,59]. 

Khalesi et al. [60] conducted a meta-analysis in which they included studies that investigated 

the effect of probiotics on blood pressure, and it came to the conclusion that, indeed, blood pressure 

can be reduced, especially in subjects with hypertension, with an appropriate duration and quality 

of the supplement. While we might be tempted to assume that the mere shift in bacterial strains 

within the gut is sufficient to trigger such responses, this perspective fails to capture the full picture. 

Alterations in the bacterial composition lead to changes in the metabolite profile, subsequently 

affecting downstream physiological processes. This process explains why these metabolites need to 

be assessed in future studies, as they offer a means to quantify the functional impact of microbial 

changes, not just the compositional shifts. 

4.2. Animal Models: Angiotensin-II, Aging and Vascular Stiffness 

Do we have evidence that TMAO increases blood pressure? Owing to their more invasive 

nature, animal models can offer valuable pathologic pathways and may lay the foundation for further 

research. Jiang et al. [61] showed through plasma samples, imagistic and histopathologic tests that, 

in mice, TMAO worsens angiotensin II (AT-II)–induced hypertension by aggravating mesenteric and 

afferent arteriole vasoconstriction, which also led to a decrease in glomerular filtration rate (Table 1). 

These changes were reversed after the administration of antibiotics. In other words, this study 

suggested a potential link between TMAO, high blood pressure, and AT-II. But are elevated TMAO 

levels alone enough to raise blood pressure? Brunt et al. [62] showed that in both humans and mice, 

TMAO levels increase with age and are positively associated with rising blood pressure. It is well 

known that aging contributes to vascular stiffening and hypertension, so these findings cannot offer 

a definitive answer regarding causality[63]. Importantly, the study extended its analysis by 

supplementing mice with dietary TMAO and monitoring aortic stiffness. TMAO supplementation 

increased aortic stiffness in young mice and exacerbated it in older ones, effects that were partially 

mediated by the accumulation of advanced glycation end products (AGEs) and superoxide-induced 

oxidative stress. These findings suggest that dietary TMAO may contribute to hypertension, at least 

in part through its effects on vascular stiffening. 

4.3. Human Studies and Genetic Evidence 

A meta-analysis of eight studies, published in 2020, comprised of 11750 subjects from multiple 

geographical areas, confirmed an association between TMAO and hypertension but could not 

conclude on the underlying mechanisms involved, instead postulating several pathways involving 

inflammation, atherosclerosis, and the microbiome. While the authors selected high-quality studies, 

information regarding dietary intake was lacking. Furthermore, all included studies were conducted 

in populations with high cardiovascular risk, which differs from healthy individuals—limiting the 

ability to apply these findings on the general population, who would arguably benefit the most from 

preventive strategies [64]. 
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A Mendelian randomization study published in 2022 investigated the causal relationship 

between TMAO, its precursors (choline, carnitine, and betaine) and blood pressure using genetic data 

from 2076 European subjects. The results suggested that higher genetically predicted levels of TMAO 

and carnitine were associated with an increase in systolic blood pressure. However, this association 

did not reach statistical significance in MR-Egger analyses, indicating potential bias possibly due to 

horizontal pleiotropy. Additional limitations of the study include its relatively narrow geographic 

scope, as the data is representative only to individuals of European ancestry, which contradicts the 

known genetic and ethnic variability in hypertension mechanisms [65,66]. 

5. Metabolic Diseases 

5.1. Diet, Gut Microbiota, and Obesity 

Metabolic diseases such as obesity and diabetes are major cardiovascular risk factors [67]. These 

conditions are among the most likely to be influenced by food intake, as they are typically associated 

with a caloric surplus. However, is the caloric excess the only mechanism through which diet 

promotes weight gain and insulin resistance? The differences in gut microbial composition between 

normal-weight and obese individuals suggest that additional mechanisms may be involved. Both 

obese mice and humans have shown a decrease in Bacteroidetes and an increased presence of 

Firmicutes in the gut, which have been associated with a lower energy expenditure [68]. Bacteria exert 

their effects locally—by modulating caloric absorption through metabolites and influencing digestive 

enzyme secretion—and systemically, through neurohormonal pathways that affect fat deposition 

and even appetite regulation [69]. Moreover, reductions in beneficial bacteria such as Akkermansia 

muciniphila impair mucus production by goblet cells, favoring bacterial translocation and 

endotoxemia, both of which are linked to obesity and weight gain [70,71]. 

5.2. TMAO and Obesity: Clinical Evicence 

Evidence from cross-sectional observational studies suggests a potential link between TMAO 

and obesity. Barrea et al. [72] reported a positive association between circulating TMAO levels and 

increased body weight, insulin resistance, and hepatic steatosis in 137 adult subjects. Similarly, 

Mihuta et al. [73] observed comparable results in obese children, indicating a potential role for TMAO 

as an early biomarker of metabolic disturbances. However, the lack of data on gut microbiota 

composition, detailed nutrient intake, inflammatory markers, and TMAO precursors limits the ability 

to fully explore the underlying mechanisms involved. 

Pescari et al. [74] conducted a study on 60 subjects to investigate the relationship between 

TMAO, obesity, and cardiovascular risk. Body composition was assessed through body mass index 

(BMI) and bioimpedance parameters, evidence of subclinical atherosclerosis was evaluated using 

carotid ultrasound, and blood markers indicative of metabolic disease—such as fasting blood 

glucose, hemoglobin A1C, and lipid profile—were analyzed. Although limited by the small sample 

size and geographic restriction, TMAO was strongly correlated with increased intima-to-media 

thickness (IMT) in subjects with obesity, a marker of subclinical atherosclerosis. Additionally, the 

study found an association between TMAO levels and a family history of metabolic diseases, 

suggesting possible genetic mechanisms influencing its concentration. Higher TMAO levels were also 

observed in individuals more prone to sedentary behaviors. While the findings are promising, the 

study does not conclusively determine whether TMAO contributes causally to increased 

cardiovascular risk or simply reflects a state of low-grade chronic inflammation, which is typical in 

patients with obesity. 

5.3. TMAO and Diabetes: A Controversial Relationship 

While the association between TMAO levels and obesity appears more consistent, the evidence 

linking TMAO to diabetes remains inconclusive [75]. Zhuang et al. [76] reported a positive, dose-

dependent relationship between circulating TMAO levels and the risk of developing diabetes. Several 
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other studies have yielded similar findings, suggesting that TMAO may contribute to diabetes by 

disrupting insulin signaling, impairing glucose tolerance, and inducing β-cell dysfunction [77,78]. 

However, some studies have not only failed to confirm this association but have even proposed a 

potential protective role of TMAO in diabetes [79,80]. 

6. Atherosclerosis 

6.1. Atherosclerosis, TMAO and Inflammation 

Atherosclerosis is a systemic, progressive condition responsible for the majority of 

cardiovascular-related deaths worldwide [81]. Genetic factors influence individual susceptibility, 

disease progression, and outcomes [82]. While dyslipidemia remains a key risk factor, emerging 

evidence underlines the role of inflammation in its pathogenesis [83]. The gut microbiota, together 

with its metabolites, may play a significant role in modulating the course of atherosclerosis through 

their influence on cholesterol metabolism and inflammatory pathways. [84]. 

Wang et al. [85] demonstrated that, in a mouse model of atherosclerosis, dietary 

supplementation with choline or TMAO significantly increased aortic plaque size without affecting 

plasma lipids, glucose, or hepatic fat. Elevated TMAO levels, rather than choline, correlated strongly 

with plaque burden in both male and female mice, with females showing higher baseline TMAO 

levels. These findings suggest a potential causal role for TMAO in atherosclerosis, independent of 

traditional lipid parameters. 

In humans, TMAO levels have demonstrated a dose-dependent association with plaque burden, 

independent of gender [85]. In patients newly diagnosed with coronary artery disease (CAD)—most 

often resulting from atherosclerosis—TMAO levels were found to correlate with the SYNTAX score, 

a widely used marker of plaque burden and disease severity [86]. 

6.2. TMAO and Plaque Instability 

While there is evidence linking TMAO to the development of atherosclerotic cardiovascular 

disease (ASCVD), it is equally important to explore its potential role in disease progression, 

particularly given that atherosclerosis is a continuous process, with its clinical manifestations closely 

tied to plaque stability [87,88]. You and Gao [89] conducted a study involving 90 patients with 

coronary heart disease (CHD) and 90 healthy controls to investigate the relationship between the gut 

microbiome, circulating biomarkers, and plaque stability. Blood samples were collected to assess 

levels of TMAO, phenylacetylglutamine (PAGln), and standard lipid parameters. Coronary plaques 

were evaluated using coronary angiography and intravascular ultrasound, while fecal samples were 

analyzed to characterize gut microbiota composition. As anticipated, patients with CHD exhibited 

elevated levels of total cholesterol, LDL-cholesterol, and triglycerides, along with significantly higher 

concentrations of TMAO and PAGln. Notably, a positive association was observed between TMAO 

levels and plaque vulnerability. Furthermore, TMAO was also associated with plaque rupture in a 

study by Tan et al. [90], which utilized optical coherence tomography (OCT) to characterize the 

culprit lesion in patients with ST-segment elevation myocardial infarction (STEMI). The authors also 

suggested that TMAO could serve as a biomarker for plaque rupture in such patients; however, the 

urgency of invasive management represents a significant limitation to its practical application in this 

context.  

6.3. TMAO and Major Adverse Cardiovascular Events (MACE) 

Tang et al. studied the relationship between TMAO levels and the risk of major adverse 

cardiovascular events during 3 years of follow-up in 4007 patients who underwent elective cardiac 

catheterization. The study found that higher fasting plasma levels of TMAO were associated with an 

increased risk MACE). Participants in the highest TMAO quartile had a significantly greater event 

risk compared to those in the lowest quartile. A clear, graded relationship was observed between 

rising TMAO levels and cardiovascular risk [48]. 
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7. Heart Failure 

7.1. Heart Failure and TMAO: A Vicious Cycle 

Heart failure (HF) is a complex clinical syndrome associated with high morbidity and mortality, 

reduced functional capacity and quality of life, and substantial healthcare costs [91]. It is not a disease 

in itself but rather the final common pathway of various cardiovascular conditions, such as ASCVD, 

cardiomyopathies, and other systemic disorders [92]. While the association between TMAO and the 

aforementioned conditions may contribute to an increased cardiovascular risk and potentially to the 

development of HF, it is also important to explore the direct relationship between TMAO and HF 

itself. Notably, systemic congestion—a hallmark of HF—leads to increased intestinal permeability, 

which facilitates bacterial translocation and enhanced TMAO reabsorption, creating a vicious cycle 

that allows elevated TMAO levels to exert further detrimental effects [93]. 

Trøseid et al. [94] found higher circulating levels of choline, betaine, and TMAO in individuals 

with chronic heart failure. Although all three metabolites showed associations with clinical, 

haemodynamic, and neurohormonal markers of disease severity, only TMAO was independently 

linked to adverse outcomes during follow-up. Notably, TMAO levels were highest in patients with 

heart failure of ischemic origin, highlighting a potential connection with atherosclerosis. 

Additionally, despite elevated lipopolysaccharides (LPS) levels in heart failure patients compared to 

healthy individuals, no significant correlation was found between TMAO and LPS levels, implying 

that factors beyond endotoxemia may be responsible for TMAO accumulation in this setting. 

7.2. TMAO: A Prognostic Factor in Heart Failure with Preserved Ejection Fraction (HFpEF) 

Kinugasa et al. [95] investigated TMAO concentrations in a cohort of 146 patients hospitalized 

for acute decompensated HFpEF. They observed that individuals with elevated TMAO levels had a 

higher frequency of prior hospitalizations. Over a mean follow-up period exceeding two years, 

mortality was significantly greater in the high-TMAO group (46.6%) compared to the low-TMAO 

group (27.4%). Elevated TMAO levels were independently associated with a higher incidence of the 

composite primary outcomes. However, the study also identified a significant interaction between 

TMAO and nutritional status, as measured by the Geriatric Nutritional Risk Index (GNRI): the 

adverse prognostic impact of elevated TMAO was more pronounced in patients with low nutritional 

status than in those with preserved nutritional reserves. This complicates the interpretation of the 

findings, as it remains unclear whether poor outcomes were primarily driven by high TMAO levels 

or by malnutrition, which is itself a known negative prognostic factor [96]. Additionally, B-type 

natriuretic peptide (BNP) levels, a recognized prognostic biomarker in heart failure, did not differ 

significantly between the high- and low-TMAO groups, limiting the strength of conclusions 

regarding the predictive value of TMAO alone [97]. 

7.3. TMAO, Heart Failure with Reduced and Mildly Reduced Ejection Fraction 

In a study published in 2019 by Suzuki et al. [98], TMAO was found to be associated with a 

higher incidence of mortality and hospitalization in HF subjects with reduced (HEFrEF) or mildly 

reduced ejection fraction (HEFmREF). TMAO and natriuretic peptide levels were evaluated based on 

the response to therapy according to the guidelines available at that time (beta-blockers, angiotensin-

converting enzyme inhibitors/angiotensin receptor blockers, mineralocorticoid receptor antagonists, 

and diuretics). Although natriuretic peptides decreased after treatment, TMAO remained elevated, 

suggesting that there is no influence of the treatment on TMAO. This needs to be addressed in a 

future study, which would use a treatment regimen in accordance with the updated guidelines, 

including an angiotensin receptor and neprilysin inhibitor (ARNI) and a sodium-glucose co-

transporter inhibitor (SGLT2-i) [98,99]. 

Although numerous studies have demonstrated that elevated TMAO levels are associated with 

poorer prognosis, including increased mortality and hospitalization rates, it remains unclear whether 

this relationship is causative in nature[93,100,101]. Moreover, even if future research clarifies the 
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mechanisms through which TMAO contributes to adverse outcomes, further investigation is needed 

to assess whether modulating the gut microbiota through probiotic supplementation in patients with 

stable chronic heart failure could serve as a preventive strategy against decompensation. 

Table 1. TMAO implications in CVD. 

Condition TMAO implications 

Hypertension Potentiates AT-II effects 

Promotes arterial stiffness 

Decreases NO production 

Promotes vasoconstriction 

Obesity Decreases resting metabolic rate 

Increases appetite 

Increases the absorption of calories 

Atherosclerosis Increases inflammation 

Decreases liver cholesterol uptake 

Increases macrophage cholesterol uptake 

Promotes ADP-induced platelet hyperactivity 

Decreases plaque stability 

 

Heart failure Increases the risk via other CVD 

Associated with a higher mortality, 

frequent hospitalizations and 

adverse outcomes 

8. Interventions 

8.1. Dietary Strategies and Gut Microbiota Modulation 

The absence of specific drugs that directly lower TMAO levels requires a focused effort on 

exploring and optimizing indirect approaches to reduce its concentration and mitigate its impact 

(Figure 3). There is a clear link between the gut microbiome, TMAO levels, and both metabolic and 

CVD. At the root of this chain lies the microbial composition of the gut, which is heavily influenced 

by diet [102]. Foods high in choline and carnitine should be minimized—though not eliminated—

since choline deficiency can also have adverse effects, like cognitive decline and fatty liver disease 

[103]. Animal-based foods, which have long been associated with cardiovascular harm, are also high 

in choline; therefore, reducing their intake is essential [102]. Furthermore, harmful gut bacterial 

strains must be addressed. This can be achieved by consuming foods rich in fiber and polyphenols—

such as vegetables, legumes, fruits, nuts, and seeds—as well as through the use of probiotic 

supplements [104,105]. Metabolic diseases such as diabetes and obesity must be prevented and well 

controlled, as they are linked to alterations in the gut microbiota and elevated TMAO levels [106]. 

Finally, cardiovascular conditions like heart failure must also be effectively managed due to the 

association between intestinal congestion, bacterial translocation, and increased TMAO levels [99]. 

8.2. Berberine: Reversing TMAO and AT-II Effects 

Wang et al. [107] conducted a study on a murine model of hypertension induced by AT-II and 

observed a significant decrease in blood pressure after the administration of berberine, a nutritional 

supplement that is used in humans as well [108]. In this study, berberine administration reversed AT-

II-induced endothelial-dependent vasodilation, improved gut microbial composition, and lowered 
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TMAO levels. Further studies are needed to clarify whether the improvement in blood pressure 

applies to humans, and if so, if berberine influences hypertension provoked by other mechanisms, 

not only by hyperexpression of AT-II. This is especially important because in the same study, choline 

administration only increased blood pressure in AT-II-dependent hypertension, but not in non-

hypertensive rats, meaning that berberine might only influence AT-II-induced hypertension. 

 

Figure 3. TMAO - Potential solutions. 

8.3. TMA Lyase Inhibitors: Promising Pharmacological Tools 

Animal studies show promising results regarding the potential use of TMA lyase inhibitors 

[109]. 3,3-Dimethyl-1-butanol (DMB), a choline analog derived from red wine, has been demonstrated 

in a study by Wang et al. [110] to inhibit choline trimethylamine-lyase (CutC), a key enzyme in the 

production of TMA, and therefore lower plasma TMAO levels, inhibit foam cell formation, and 

reduce aortic plaque progression in mice, all without influencing the levels of circulating cholesterol. 

Roberts et al. [111] reported similar findings for iodomethylcholine (IMC) and fluoromethylcholine 

(FMC), two choline analogs that more potently inhibit TMA formation in the gut compared to DMB. 

These compounds have minimal systemic absorption and exert their effects locally within the 

intestines, at the site of TMA production. Furthermore, IMC and FMC administration led to a 

reduction in platelet activation without affecting bleeding risk, suggesting their potential utility in 

addressing complications of atherosclerotic disease. TMA lyase inhibitors represent a promising 

strategy that merits further investigation in human studies to assess their potential cardiovascular 

benefits. 

8.4. Gene Silencing Therapy 

Subjects with genetic mutations in the FMO3 gene present abnormally high TMA levels because 

the conversion rate to TMAO decreases and is clinically manifested as fish malodor syndrome [112]. 

Bennet et al. [113] showed that FMO3 is the most active enzyme from the FMO family with regard to 

TMA oxidation in mice and that upregulation of this enzyme led to an increase in TMAO levels. The 

opposite was found when they used gene silencing through antisense oligonucleotides (ASO) to 

reduce the activity of FMO3. Levels of hepatic FMO mARN was reduced by 90%, while a 2-fold 

increase in TMA and a 47% decrease in plasma TMAO were observed. These results suggest that 

potential interventions for the reduction in TMAO levels might exist in the form of ASO, as for other 

novel biomarkers in atherosclerosis, such as lipoprotein(a), but there are still plenty of questions that 

are not addressed [114]. Whether the same reduction is present in humans, if the reduction translates 

to clinical benefits, and whether the accumulation of TMA will not lead to other side effects, remains 

to be investigated. 
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9. Conclusions 

This narrative review highlights the need to shift the focus from viewing diet solely through the 

lens of caloric surplus and to incorporate emerging research that highlights the microbiome’s 

potential to modulate various pathophysiological processes. The association between TMAO and 

CVD has consistently provided valuable insights; however, the lack of human studies investigating 

the causative nature of this relationship, needs to be addressed by future trials. In mice, promising 

results support the role of TMAO as a potential causative factor, thus laying the groundwork for 

future human studies that may ultimately lead to its use as a biomarker. 
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