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Abstract

There is increasing appreciation that changes in microbiome composition and function can 

promote long-term susceptibility for cardiometabolic risk. Gut microbe-derived metabolites that 

are biologically active, such as trimethylamine N-oxide (TMAO), are now recognized as 

contributors to atherogenesis. This review summarizes our current understanding of the role of 

TMAO in the pathogenesis of cardiometabolic diseases, and will discuss current findings, 

controversies, and further perspectives in this new area of investigation. Better appreciation of the 

interactions between dietary nutrient intake with gut microbiota-mediated metabolism may 

provide clinical insights into defining individuals at risk for disease progression in cardiometabolic 

diseases, as well as additional potential therapeutic targets for reducing risks for cardiometabolic 

disease progression.

Cardiometabolic diseases include hypertension, type 2 diabetes, dyslipidemia, and excess 

body fat—individually and collectively, risk factors for cardiovascular disease. While factors 

such as stress, lack of exercise, obesity, smoking and poor diet are all known to contribute to 

cardiometabolic disease, the fact remains that in the majority of cases of cardiometabolic 

disease, no identifiable cause is observed.

Our greatest environmental exposure comes from dietary intake, which in turn exerts 

important influences on the metabolism and composition of intestinal microbiota. In recent 

years, there is a mounting body of evidence that suggests that the intestinal microbiome – 

the bacteria that live in the intestines and are responsible for aiding in the digestion of food – 

plays an active role in inflammation and metabolism, processes which are strongly linked 
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with myriad human conditions ranging from hypertension and diabetes to heart and kidney 

diseases.1–3 Based on our evolving understanding of how dietary intake is modified by 

intestinal microbiota, we now consider the intestinal microbiota as perhaps one of the largest 

"endocrine" systems of the human body, capable of producing metabolites that influence 

their hosts’ (humans’) health and disease.

Investigations into the role of microbiome in the pathophysiology of cardiometabolic 

diseases have traditionally focused on comparing intestinal microbial compositions between 

disease states. More recently, direct associations between dietary nutrients, intestinal 

microbiota, and cardiometabolic disease came from recent discovery of trimethylamine N-

oxide (TMAO) and its mechanistic links to the pathogenesis of atherosclerosis and 

cardiometabolic diseases.2, 3 Intestinal microbiota play an obligatory role in the generation 

of TMAO via specific microbial choline trimethylamine (TMA) lyases. Specifically, 

microbial conversion of dietary nutrients that possess a TMA moiety (such as choline, 

phosphatidylcholine and L-carnitine) are converted to TMA by specific microbial enzymes 

(TMA lyase) via a wide variety of metabolic pathways.3 TMA is then absorbed by the host 

and converted into TMAO by hepatic flavin monooxygenase 3 (FMO3) and excreted by the 

kidneys.3 Direct demonstration of an obligatory role for gut microbes in TMAO generation 

in humans has been shown with studies employing poorly orally absorbed antibiotics 

coupled with the use of dietary intake of isotope-labelled phosphatidylcholine.4 This review 

summarizes our current understanding of the role of TMAO in the pathogenesis of 

cardiometabolic diseases, and will discuss current findings, controversies, and further 

perspectives in this new area of investigation.

Proatherogenic Properties of TMAO in Atherosclerotic Coronary Artery 

Disease

Using an untargeted metabolomics approach to generate unbiased small-molecule 

metabolomic profiles in human plasma in stable cardiac patients undergoing elective 

coronary angiography, the original experiments were conducted to identify potential 

circulating metabolites that can be indicative of an underlying pathophysiologic process 

leading to cardiovascular diseases. Three metabolites of the dietary lipid 

phosphatidylcholine family (choline, TMAO and betaine) were identified as highly 

correlated and tracked with adverse cardiovascular event risk over an iterative process.5

To directly demonstrate the proatherogenic contribution of microbial-host TMA/TMAO 

generation from metabolism of dietary nutrients, we leveraged the opportunity of 

eliminating intestinal microbiota via short-term antibiotic administration or the use of 

gnobiotic (germ-free) mice. We observed that ApoE−/− C57BL/6J mice fed with a choline-

rich diet led to increase in plasma TMAO levels and foam cells formation, resulting in more 

aortic atherosclerotic plaque being developed that were attenuated by antibiotics.5 

Conversely, germ-free mice (lacking gut microbes) and short-term broad-spectrum antibiotic 

suppression of gut microbiota eliminated TMAO generating capacity, and the latter reduced 

atherosclerotic burden.5 These effects were not unique to choline or phosphatidylcholine, but 

have similarly been observed with other dietary nutrients that can generate TMAO 

Tang and Hazen Page 2

Transl Res. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



downstream, including L-carnitine6 and gamma butyrobetaine.7 Together, these studies 

provide key insights into the important role intestinal microbiota play in modulating 

cardiometabolic diseases in the presence of specific dietary nutrient exposures.

Translating these findings to humans requires demonstration of the association between 

elevated TMAO levels and adverse clinical consequences in independent cohorts. For 

example, the original human studies of more than 1,800 stable cardiac patients undergoing 

elective coronary angiography demonstrated that all TMAO-associated metabolites - 

choline, betaine, and L-carnitine - had a positive association with prevalent cardiovascular 

diseases and incident cardiovascular events.5 Of these three compounds, circulating TMAO 

levels exhibited a positive correlation with the atherosclerotic plaque size, whereas 

triglyceride, lipoproteins, fasting glucose, and hepatic triglycerides did not.5 In a subsequent 

study of over 4,000 subjects undergoing elective coronary angiography, elevated TMAO 

levels predicted major adverse cardiac events (MACE, including death, myocardial 

infarction, and stroke) over a 3-year follow-up period.4 Specifically, patients in the upper 

quartile were observed to have a 2.5-fold increased risk of having a major adverse cardiac 

event compared to the lowest quartile.4 Such prognostic value was independent of traditional 

cardiac risk factors, lipid parameters, C-reactive protein, and even renal function.4 While 

elevated circulating carnitine and choline/betaine levels (all nutrient precursors for TMAO 

production) were also associated with future risk of MACE, their prognostic values were 

primarily restricted to those with concomitant elevated TMAO levels.8 Of note, the apparent 

rate limiting step in the TMA/TMAO metaorganismal pathway in subjects appears to be in 

large part the intestinal microbial step, with vast excess FMO3 activity in most subjects. It 

thus is perhaps not surprising that genomewide association studies have so far failed to 

identify significant genetic determinants of TMAO levels in either humans or mice.9

Taking advantage of the fact that dietary L-carnitine is primarily found in red meat, a 

“natural experiment” in humans was to explore the impact of this pathway on host 

physiology by comparing omnivores versus vegetarians or vegans. Comparison of both 

intestinal microbiota composition and function between omnivores and vegans/vegetarians 

revealed stark differences in gut microbial capacity to produce TMA and TMAO from 

dietary L-carnitine, with vegetarians and vegans having minimal capacity to form TMA 

from carntine.6

Meanwhile, subsequent animal studies have shown that gut microbial formation of TMA 

from carnitine can also involve initial generation of gamma butyrobetaine, which is then 

metabolized to TMA7. These observations highlight the complexity of multiple metabolic 

pathways in the gut microbiota ecosystem.

The demonstration of a role of gut microbes in TMA/TMAO formation and atherosclerosis 

development suggests that one can transmit susceptibility for atherosclerosis by 

transplanting microbes from donor to recipient. This was experimentally tested in animals 

by selecting stable microbial communities (cecal microbes) with different TMA-generating 

capacities to serve as donor, and then transplanting them into recipient atherosclerosis-prone 

mice, C57BL/6J ApoE−/− mice. Different inbred strains of mice were screened, and the 

proatherogenic C57BL/6J mouse was found to have high TMA and TMAO levels, and the 
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atherosclerosis resistant NZW/LacJ mouse found to be a low TMAO-producing in-bred 

strain.10 Fulfilling the Koch’s postulate, use of the atherosclerosis-prone (and high TMA/

TMAO producing) C57BL/6J cecal microbes as donor (compared with atherosclerosis-

resistant NZW/LacJ-donor microbes) resulted in transmission of both enhanced TMA and 

TMAO production, and corresponding enhancement in atherosclerotic plaque burden in 

antibiotic-treated recipients.10 In fecal/cecal transplant studies with donor microbial 

community transferring into germ-free recipients, microbial DNA analyses revealed 

corresponding taxa proportions from donor fecal microbial strains in recipients. Such 

transmissibility of donor microbial communities directly correlated with plasma TMAO 

levels and the propensity to develop atherosclerotic lesions in recipients.10

Prothrombotic Properties of TMAO

Recently, TMAO has been shown to both associate with incident thrombosis risk in stable 

cardiac patients undergoing elective coronary angiography, and to directly act on platelets 

from apparently healthy human subjects, rendering them more hyperresponsive, fostering a 

prothrombotic phenotype in vivo.11 The mechanism involves TMAO directly acting on the 

platelets, altering stimulus-dependent calcium release, with resultant augmentation in 

platelet activation with a submaximal level of agonist like thrombin, adenosine diphosphate, 

or collagen.11

Demonstration of a role for the gut microbial TMAO pathway in fostering a pro-thrombotic 

phenotype suggested that one might similarly be able to show thrombosis potential was a 

transmissible trait with microbial transplantation in animal studies. Thus, in an analogous 

experimental design to that employed for atherosclerosis, cecal microbes from either 

C57BL/6J (high TMA-producing) versus NZW/LacJ (low TMA-producing) microbes were 

used as donors, and germ-free recipient mice colonized and placed on choline supplemented 

vs normal chow diet. Remarkably, microbial transplantation with the high TMA/TMAO 

producing microbes enhanced TMA/TMAO production, and thrombosis potential in vivo, 

demonstrating platelet hyperresponsiveness is transmissible from donor to recipient.11

TMAO in Diabetes and Insulin Resistance

The role of intestinal microbiota in contributing to obesity and insulin resistance has been 

established for over a decade when it was first observed that germ-free mice had less body 

weight compared to their conventional counterparts even with increased caloric intake.12 

Furthermore, germ-free mice were protected from the development of glucose intolerance 

and insulin resistance from high-fat diet.13, 14 Meanwhile, obesity has also been shown to be 

transmissible through microbiome transplantation in studies with germ-free mice. The 

mechanism is thought to be via increased efficiency of energy harvest in the obesity-related 

microbiome in part via the production of short-chain fatty acids.15, 16 These landmark 

observations have since established the connection between intestinal microbiota, diabetes, 

and insulin resistance.

Whether intestinal microbiota-generated metabolites such as TMA/TMAO can directly 

modulate metabolic pathways that are central to the development of obesity and insulin 
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resistance remains to be explored.12 Several groups have observed that patients with diabetes 

tend to have higher TMAO and betaine levels when compared to healthy controls.17–19 

Nevertheless, betaine levels may not directly convert to TMAO, and in the absence of 

elevated TMAO levels have yet to demonstrate any detrimental adverse consequences.8

Animal models have also suggested that elevated TMAO levels can be found in mice with 

selective hepatic insulin resistance (Liver Insulin Receptor Knockout [LIRKO mice]) via 

upregulation of the TMAO-producing enzyme FMO3 in the liver.20 Interestingly, post-

prandial insulin can suppress hepatic expression of FMO3 while stimulated by glucagon 

while being regulated with the insulin-responsive transcription factor FoxO1.20 Meanwhile, 

dietary supplementation of TMAO exacerbates glucose intolerance in high fat fed mice,21 

which can be attenuated by fish oil.22 Consistent with these observations, knockdown of 

FMO3 (the liver enzymes that converts TMA into TMAO) in cholesterol-fed mice alters 

biliary lipid secretion, blunts intestinal cholesterol absorption, and limits the production of 

hepatic oxysterols and cholesteryl esters.23, 24 Nevertheless, it is important to note that 

FMO3 is a promiscuous xenobiotic metabolizing enzyme with many substrates and products 

other than TMA/TMAO, and FMO3 expression can be downregulated by androgens and 

induced by dietary bile acids in animals.24 Interestingly, FMO3 knockdown promotes 

hepatic endoplasmic reticulum stress and inflammation by dampening liver X receptors 

activation despite lower TMAO levels.23 Moreover, in the LIRKO mouse model of diabetes 

on the low density lipoprotein receptor knockout background, antisense oligonucleotide 

based suppression of FMO3 reduced TMAO and suppressed the hyperglycemia, 

hypercholesterolemia, and atherosclerosis noted in that model. Interestingly, dietary 

supplementation of TMAO in mice with antisense oligonucleotide induced FMO3 

suppression did not rescue effects on hepatic lipid metabolism or inflammation.23

TMAO in Heart Failure and Hypertension

Heart failure (HF) is considered as a final common syndrome that results from a variety of 

initial cardiac insults (including hypertension as the most common cause) and subsequent 

imbalances in pathogenic and compensatory mechanisms. It has long been recognized that 

chronic HF is associated with altered intestinal function. While the "gut hypothesis" in HF 

has prevailed over the years, emphasis has focused on enhanced gut bacterial translocation 

and resultant heightened inflammatory responses and oxidative stress as a consequence of 

HF induced ischemia and congestion within the intestines.25 Few studies have definitively 

linked dietary associations with HF outcomes (with the exception of salt intake). Further, the 

studies supporting the “gut hypothesis” thus far are associative and have not demonstrated a 

causal link between gut microbial processes and HF pathogenesis.26

Several groups have reported the consistent association between higher TMAO, choline, and 

betaine levels in patients with HF compared with healthy controls.17, 27, 28 Specifically, 

elevated plasma TMAO were more likely to be observed in diastolic rather than systolic 

dysfunction in one study,27 and in multiple studies, higher TMAO levels are associated with 

poorer long-term survival, even after adjusting for cardio-renal parameters, and regardless of 

underlying etiology.28, 29 In the acute setting where patients were admitted to the hospital 
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for decompensated heart failure, elevated TMAO levels also have been demonstrated to be 

an independent predictor for poor survival.30

In studies designed to directly test for a dietary induced susceptibility of HF related to the 

choline/phosphatidylcholine-TMAO pathway, choline- and TMAO-fed C57BL/6J mice were 

observed more susceptible (vs. control diet) to adverse cardiac remodeling following cardiac 

insult by transverse aortic constriction, an established animal model of pressure overload 

(hypertensive) HF.31 Specifically, increases in plasma TMAO levels in both dietary choline-

fed and TMAO-fed mice (compared to chow-fed mice) were associated with increases in 

natriuretic peptide levels, lung edema, and cardiac structure and function changes indicative 

of adverse ventricular remodeling (including fibrosis, chamber dilatation, LV wall thinning 

and reduction in shortening fraction).31 Interestingly, the degree of myocardial fibrosis was 

attenuated when TMAO production and gut microbiota were suppressed with a cocktail of 

poorly-absorbed oral antibiotics.31 These observations directly demonstrated that dietary 

choline and TMAO can induce metabolic alterations that foster accelerated development and 

progression of adverse cardiac remodeling and HF in vivo.

Recent studies have suggested a gut microbial contribution to elevated blood pressure via 

interactions between short-chain fatty acids (especially propionate) and various newly 

discovered sensory receptors (Olfactory receptor 78 [Olfr78] and G protein couple receptor 

41 [Gpr41]).32 Although hypertension itself is not associated with elevated TMAO levels in 

the absence of other cardio-renal functional impairments, there have been intriguing animal 

data to suggest the propensity of elevated TMAO levels to influence the susceptibility of 

elevated blood pressure. In a rat model with infusion of angiotensin II (AngII) and TMAO 

(each individually, or combined), elevated blood pressure was only found to be elevated 

during the infusion period for AngII-treated animals.33 However, the subgroup receiving 

both AngII/TMAO infusion demonstrated blood pressure increase well beyond the cessation 

of infusion, suggesting metabolic alterations by TMAO that influenced the susceptibility for 

hypertension.33 These observations are intriguing, as distinct microbiome profiles have been 

associated as a factor that may possibly explain the race and geographic differences.34

TMAO in Chronic Kidney Disease

Since TMAO has a relatively low molecular weight of 75.1 Da, it has long been recognized 

that the kidneys play a major role in the excretion of both TMA and TMAO,35 and 

diminished renal function may impair the ability for the kidneys to eliminate TMAO. In a 

chicken model, infusion of 14C labeled TMA into the renal portal circulation was almost 

entirely metabolized in vivo to urinary TMAO, which can be inhibited by either the cationic 

(quinine) anionic (probenecid) transport blocker in chicken.35 In contrast, direct infusion 

of 14C-TMAO did not demonstrate an active excretory transport.35 Since Urinary TMAO 

levels rose with episodes of kidney graft dysfunction in renal transplant recipients,36, 37 an 

intrinsic accumulation of TMAO (presumably as an osmolyte like urea) that is released 

during damage of the renal medullary cells may contribute to urinary excretion beyond 

filtration function. Interestingly, TMAO have one half of the volume of distribution 

compared to urea, hence resulting in a lower dialytic clearance and greater accumulation in 

patients with end-stage kidney disease.38–41 Understanding this delicate relationship 
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between circulating and urinary TMAO may reveal the dynamic homeostatic imbalance of 

TMAO formation and elimination and its adverse cardiovascular and renal consequences.

In humans, TMAO is easily filtered and can be effectively removed by hemodialysis. TMAO 

levels have been observed to be elevated in small cohorts of subjects with end-stage renal 

disease and chronic kidney disease (CKD), and correlate with both serum urea and 

creatinine levels.42, 43 In recent studies with larger patient cohorts of stable patients 

undergoing elective coronary angiography29, 41 or hemodialysis,38–40 TMAO levels are 

elevated in subjects with CKD (estimated glomerular filtration rate [eGFR] <60mL/min/

1.73m2) compared to non-CKD subjects. Moreover, within the non CKD cohort, higher 

levels of TMAO were observed in the highest tertile of cystatin C, a marker of renal 

glomerular filtration function. Interestingly, the prognostic value for TMAO in predicting 

future MACE in this cohort remained robust even after adjustment for traditional risk 

factors.29, 40, 41 These observations highlight the potential association between elevated 

TMAO and poor outcomes in the setting of CKD – a vulnerable population commonly 

recognized to be impacted by accumulation of uremic toxins.44

Since treatment strategies to reverse CKD are limited, the ability to prevent the development 

of CKD will be important. A recent untargeted metabolomic study from the Framingham 

Heart Study in patients without CKD investigated the role of several urinary and circulating 

metabolites that were associated with the incident development of renal insufficiency45. 

Among the analytes examined, urinary TMAO was detected in relatively high abundance 

with renal functional impairment and elevated choline and TMAO levels were associated 

with an increased in future risk of developing CKD.45 These clinical observations imply a 

potential association between elevated TMAO levels and the propensity for cardio-renal 

insult.

Pathogenic Mechanism and Therapeutic Implications of TMAO in 

Cardiometabolic Diseases

There have been emerging reports from various groups regarding the potential 

pathophysiologic mechanisms that may contribute to the TMAO pathway and cardiovascular 

disease pathogenesis. The overall metaorganismal pathway involves a complex interplay 

between dietary nutrients, intestinal microbiota metabolism, and host pathogenic pathways. 

Several mechanisms have been postulated based on animal experiments (some with human 

validation) to date. First, there appears to be an alteration in the host sterol and lipid 

metabolic pathways based on investigations across intestinal tissues in animal models 

following exposure to dietary choline or TMAO. Specifically, there was an increase in 

forward cholesterol transport and a decrease in reverse cholesterol transport, as well as 

decrease in bile acid pool size and altered composition.6 Furthermore, inhibition of the 

TMAO producing enzyme FMO3 protects mice from atherosclerosis, in part by stimulating 

an intestinal pathway of reverse cholesterol transport called trans-intestinal cholesterol 

excretion.23, 46 As described above, another mechanism that has recently been discovered is 

the effects of TMAO on platelet responsiveness. Submaximal stimulus-dependent platelet 

activation from multiple agonists can be enhanced through augmented Ca2+ release from 
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intracellular stores, which may explain the ability for TMAO to modulate platelet 

hyperresponsiveness and thrombosis potential in both animal models and in humans.11

Direct pathogenic effects of TMAO may occur also at the level of the kidneys. In keeping 

with the human studies showing elevated TMAO levels predict risk for incident development 

of CKD,45 animal studies reveal that chronic exposure to a high choline- or TMAO-

supplemented diet (compared to chow-fed mice) resulted in both significant TMAO 

elevations and corresponding increases in renal tubulointerstitial fibrosis and collagen 

deposition.29 Meanwhile, dietary supplementation with either choline or TMAO both 

resulted in increases in renal fibrosis and renal phospho-Smad3 levels, an important 

regulator of the profibrotic transforming growth factor-β (TGFβ)/Smad3 signaling pathway 

during fibrotic kidney disease.29 Using mouse embryonic fibroblasts, phosphorylation of 

ERK1/2 and Smad3 (all members of TGFβ-associated pathways) in cell lysates can be 

associated with enhanced collagen 1 generation with TMAO exposure,47 further implicating 

the activation of TGFβ-associated profibrotic pathways as a mechanism stimulated by 

TMAO.

Finally, recent studies indicate acute administration of TMAO can activate the mitogen-

activated protein kinase, extracellular signal-related kinase, and nuclear factor-kappa B 

signaling cascade in both endothelial cells and vascular smooth muscle cells, as well as 

promote endothelial cell adhesion of leukocytes in vivo.47 Taken together, there is growing 

data to indicate TMAO triggers vascular inflammation, injury, and pro-thrombotic and 

fibrotic processes that may contribute to the development of cardiometabolic diseases.

Inter-individual variability in capacity to produce TMAO is widely observed.48, 49 Current 

data supports the conclusion that the major origin of inter-individual differences is due to the 

large diversity of gut microbiota and community structure among individuals. Recent 

observations indicate that overall gut microbial community structure is modulated by long-

term dietary exposure.50 Indeed, oral supplementation of L-carnitine has been shown to raise 

microbial capacity for TMAO production in the setting of impaired excretion in patients 

undergoing hemodialysis.51 In fact, generation of TMAO is intricately related to the 

presence of the substrate (nutrient) itself rather than the food groups being consumed – as in 

the case of persistent TMAO production with oral L-carnitine supplementation despite 

dietary meat restrictions.52 These observations directly support the potential therapeutic 

implications for targeting and monitoring TMAO levels for dietary interventions.

Various microbial enzymes have been identified that are capable of generating TMA from 

different dietary nutrients (microbial TMA lyases).6, 53–55 Microbial TMA lyases are 

expressed in diverse array of intestinal microbial taxa, and has been shown to generate 

systemic TMAO upon choline exposure.10, 56 In recent studies, it has been shown that a 

small molecule antagonists can be used to inhibit microbial TMA formation, attenuating 

TMA and TMAO levels in vivo, with coordinate reduction in atherosclerosis. A natural 

product, 3,3-dimethyl-1-butanol (DMB), was shown to inhibit distinct microbial TMA 

lyases, and to both inhibit TMA production from physiologic polymicrobial cultures and 

reduce TMAO levels in mice fed a high-choline/L-carnitine diet.57 Furthermore, DMB 

inhibited choline diet-enhanced endogenous macrophage foam cell formation and 
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atherosclerotic lesion development in ApoE−/− C57BL/6J mice, all without alterations in 

circulating cholesterol levels.57 These promising findings suggest that specific targeting of 

intestinal microbial TMA production by specific inhibitors is feasible and can serve as a 

potential therapeutic approach for the treatment of cardiometabolic diseases.

Future Perspectives

A rapidly growing body of literature supports the role of gut microbiota and TMAO pathway 

as important contributors to the atherosclerosis process. Moreover, it is now clear that the 

gut microbiome generates biologically active compounds that circulate in the blood stream 

and act at distant sites. Thus, the gut microbiome functions as an endocrine organ, and 

participates in generating signals to the host that can promote obesity, insulin resistance and 

atherosclerosis susceptibility. However, many questions remain and required future 

investigations. For example, it is still unclear whether individual health conditions and their 

beneficial treatment could modify the underlying microbiome and their metabolites in 

humans, especially in conditions with end-organ dysfunction (heart failure, chronic kidney 

disease) that have been well recognized to generate great metabolic perturbations. Serial 

samples in human subjects with different conditions before and after treatment would allow 

further investigations into biological variability and treatment responses as detected by these 

metabolites. As no genetic influences to TMAO have yet been found and yet there can be 

multiple metaorganismal sites that may influence TMAO production and elimination, 

investigations using novel mouse genetic techniques or human rare variants may provide 

further clarifications. More detailed studies looking into the role of dietary and lifestyle 

modifications would also be insightful.

Given the strong associations of the gut microbial TMAO pathway with human disease, this 

work has broad implications in drug discovery efforts targeting gut microbes themselves 

instead of the human host they reside in. Further studies are warranted to explore potential 

druggable interventions aiming to target the gut microbiome, including identification and 

development of effective nutritional interventions and supplements, medications and 

possibly probiotics/prebiotics that are protective and safe for human consumption. Although 

mechanistic data support a direct role for TMA/TMAO-specific signaling pathways in the 

host, addition work is needed to understand the most therapeutically tractable targets in the 

entire meta-organismal pathway.
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