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Abstract:
Trimethylamine N-oxide (TMAO) is a dietary metabolite at the intersection of microbiota metabolism and host response. Chronically elevated TMAO has been associated with negative outcomes in cardiovascular, renal, and neurological disease and, at physiological levels, appears to support protein homeostasis as an osmolyte. In this review, we integrate findings from along the gut–liver–kidney–brain axis, where available, and differentiate preclinical mechanisms from clinical associations to help contextualize and prevent overinterpretation as causality. Dietary precursors are metabolized to trimethylamine by gut microbiota, followed by oxidation to TMAO by hepatic flavin-containing monooxygenase-3 (FMO3) and absorption. Elevated circulating TMAO has been linked to endothelial dysfunction, inflammation, and prothrombotic signaling. We discuss the circumstances under which TMAO may be protective or pathogenic and strategies to mitigate the harmful effects without disrupting its physiological functions. Precision interventions to target TMAO pathways are emerging as promising and achievable approaches to risk reduction, including dietary manipulation, inhibition of microbial TMA-lyase activity, and modulation of hepatic FMO3 activity. We outline future research directions by focusing on setting tissue-specific thresholds for TMAO's homeostatic and pathogenic roles and incorporating causal inference criteria into microbiome–host interaction studies to enable strategy development.
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1. Introduction
TMAO has become a highly important bioactive metabolite due to its dual influence on human health because they show an essential role in normal physiological processes yet scientists have linked it to the advancement and progression of multiple chronic diseases. The human gut microbiota which is known as the "second genome"produces TMAO through its metabolic activity involving trillions of microorganisms that interact dynamically with host physiology[1].TMAO stands out as a unique paradox compared to short-chain fatty acids (SCFAs) and indole derivatives that hold established roles in immune and metabolic homeostasis. This mechanism helps maintain protein stability under osmotic stress and supports cellular stress adaptation yet simultaneously plays a role in the development of cardiovascular disease, chronic kidney dysfunction and inflammatory diseases[2, 3]. 
The gut-liver axis controls TMAO production by processing dietary sources like choline, carnitine and betaine. Gut microbial enzymes transform dietary precursors into trimethylamine while the liver oxidizes trimethylamine into TMAO.[4]. FMO3 rapidly oxidizes this volatile intermediate inside the liver to create water-soluble TMAO. The body synthesizes this compound in vivo through controlled Flavin-containing monooxygenase 3 activity and gut microbiota composition and chemically through TMA and hydrogen peroxide in vitro.[5]. TMAO levels reflect a balance between synthesis and efficient renal excretion, with approximately 95% eliminated in urine within 24 hours, underscoring its transient yet potent biological influence[6].
1.1. Therapeutic and Prognostic Significance
Emerging evidence positions TMAO as both a therapeutic target and prognostic biomarker. Microbial Trimethylamine (TMA) production can be suppressed via gut microbiota modulation with probiotic strains (Lactobacillus plantarum, Bifidobacterium longum) that competitively inhibit TMA producing taxa, while fecal microbiota transplantation (FMT) reduces atherosclerotic plaque burden in preclinical models by lowering circulating TMAO.[7]. Researchers have identified hepatic Flavin-containing monooxygenase 3 as a crucial pharmacological target because small-molecule inhibitors and antisense oligonucleotides (ASOs) reduce TMAO levels by 25–50% while also improving insulin sensitivity in mouse studies[8]. Clinically, elevated TMAO (>7.6 µM) predicts a 2.5-fold increased risk of chronic kidney disease progression and mortality, while in cardiometabolic diseases, it independently associates with insulin resistance. Recent studies reveal that TMAO shows an independent link to insulin resistance with an (odds ratio (OR):1.7 in type 2 diabetes) patients and indicates increased mortality with a Hazard Ratio (HR) of 1.8 in heart failure cases[9]. Advanced detection methods, including liquid chromatography-mass spectrometry (LC-MS), reveal that each 10 µM increase in trimethylamine N-Oxide correlates with a 34–68% elevated stroke risk[10].
1.2. Mechanistic Duality and Pathogenic Thresholds
TMAO functions through mechanisms that depend on the specific biological context. Physiologically, TMAO acts as a chemical chaperone, stabilizing proteins and membranes during osmotic stress a role conserved from marine organisms to humans[11] .In acute kidney injury (AKI), TMAO preserves mitochondrial integrity and reduces oxidative damage by upregulating antioxidant enzymes (e.g., SOD2)[12].Conversely, chronic elevation of TMAO activates pro-inflammatory pathways (nuclear factor-κB/NLR family pyrin domain containing 3 inflammasome), impairs reverse cholesterol transport via suppression of bile acid synthesis, and exacerbates endothelial dysfunction, directly linking it to atherosclerosis, thrombosis, and renal fibrosis[13].This dichotomy is further complicated by dose- and tissue-specific effects while low TMAO supports stress adaptation, sustained high levels (>10 µM) drive maladaptive remodeling in cardiovascular and renal tissues [14].
1.3. Current and Future Therapeutic Strategies
Current therapeutic strategies emphasize dietary interventions (e.g., plant-based diets reduce TMAO by 60%) and pharmacologic agents like 3,3-dimethyl-1-butanol (DMB), which lowers plasma TMAO by 70% in murine models[15]. Clinical trials, including the phase II TARGET-TMAO (NCT04896021),evaluate DMB’s efficacy in reducing thrombotic events, while early-phase FMT trials target TMAO reduction in CKD and Alzheimer’s cohorts[16]. However, indiscriminate suppression risks disrupting TMAO’s essential roles in osmoregulation and metabolic resilience[17].Emerging approaches, such as clustered regularly interspaced short palindromic repeats(CRISPR)-engineered probiotics and isoform-specific FMO3 inhibitors, aim to selectively reduce pathogenic TMAO while preserving its protective functions. Future research must define tissue-specific TMAO thresholds and unravel molecular mechanisms governing its duality, enabling precision therapies that harmonize its roles as both a pathogenic mediator and physiological guardian. Our review highlights the production, pathophysiological processes, clinical significance, and potential therapeutic uses of TMAO in neurological and cardiometabolic illnesses
2. Pharmacokinetic and Pharmacodynamic Profile:
The zwitterionic compound TMAO, which is highly soluble in water because of its polar trimethylammonium and oxygen components, forms from dietary sources such as seafood choline and carnitine through gut microbiota metabolism and is subsequently oxidized in the liver by FMO3.Genetic polymorphisms (e.g., FMO3 rs2266782) reduce trimethylamine to trimethylamine N-Oxide conversion by 30–50%, elevating trimethylaminuria risk[18].The absorption and distribution of dietary TMAO involve rapid intestinal uptake and systemic circulation, with plasma concentration peaking within 1–2 hours, while microbiota-derived TMAO achieves maximal concentrations at 4–6 hours post-ingestion[19].With a low molecular weight (75.11 g/mol) and hydrophilicity, TMAO distributes widely across tissues, reaching 60–80% of plasma levels in cardiac, renal, and cerebral compartments.
TMAO is rapidly eliminated by the kidney in healthy individuals, whereas chronic kidney disease individual impaired clearance leads to accumulation and a longer half-life that may worsen cardiorenal status. Plasma concentrations range from 2–15 µM (omnivorous diets) to 1–5 µM (plant-based diets), with 95% renally excreted within 24 hours in healthy individuals (GFR >90 mL/min/1.73 m²). Chronic kidney disease (GFR <60 mL/min/1.73 m²) induces 2- to 4-fold TMAO retention, prolonging its half-life from 4–6 hours to 8–12 hours, while hemodialysis removes only 40–60% per session due to persistent gut microbial production[20].
Functionally, TMAO exhibits context-dependent roles, At normal biological levels TMAO secures protein stability through its exclusion from hydration shells and improves membrane robustness by integrating into lipid bilayers while simultaneously protecting redox balance by activating antioxidant defenses such as superoxide dismutase [21].High TMAO levels break oxidative equilibrium by lowering glutathione (GSH) levels and increasing reactive oxygen species (ROS) which leads to faster lipid peroxidation and DNA damage and causes kidney damage [22]. Its dual reliance on gut microbiota and renal clearance positions TMAO as a mediator of cardiorenal dysfunction, with implications for therapeutic strategies targeting microbial pathways or FMO3 activity to mitigate systemic toxicity[23].


3.Trimethylamine N-Oxide Synthesis Pathway
Dietary components are the source of TMA, which is then produced by a variety of enzymes after being instantly absorbed (Figure#1).The colon's intestinal microflora utilizes phosphatidylcholine/choline along with carnitine, betaine, dimethylglycine, and ergothioneine for dietary substrate conversion to form it [24]. In the colon trimethylamine undergoes breakdown into methylamine, dimethylamine (DMA), and ammonia while it simultaneously enters the bloodstream for conversion into TMAO via hepatic Flavin monooxygenases (FMO1 and FMO3) [1]. TMAO production requires a two-step metabolic pathway that involves gut microbial activity followed by liver enzyme transformation. Gut microbiota metabolizes these compounds into Trimethylamine initially. Trimethylamine moves into the liver before Flavin-containing monooxygenases (FMOs) especially FMO3 transform it into TMAO. This two-step process combines microbial activity with liver function[25]. 
3.1 Gut Microbial Metabolism
The primary substrates for TMAO production include dietary choline, carnitine, betaine, and ergothioneine, which selected gut microbes convert into trimethylamine (TMA)[26]. Choline from eggs, liver, and soy is metabolized via the CutC/D choline TMA lyase pathway, present in specific strains of Clostridium, Escherichia, and related taxa, though not universally across genera[27]. L-carnitine from red meat and dairy undergoes microbial conversion to TMA through carnitine oxygenase/oxidoreductase (CntA/B), or into intermediates such as γ-butyrobetaine (GBB) and betaine, depending on microbial gene content[24]. Betaine contributes minimally to TMA formation through betaine reductase, while ergothioneine from mushrooms and organ meats is transformed into TMA by strain-specific pathways influenced by diet, health, and antibiotic use[28].Collectively, microbial enzymes including CutC/D, CntA/B, and betaine reductase mediate TMA production, which is then oxidized in the liver to TMAO. The extent of systemic accumulation reflects host genetics, diet, and microbiota composition[29].
3.2. Hepatic Oxidation of trimethylamine (TMA) to trimethylamine N-oxide 
The transformation of TMA into TMAO by Flavin-containing monooxygenase 3 (FMO3) serves as a vital metabolic pathway linking gut microbiota processes to systemic TMAO concentrations[28]. The mechanism involves cofactor activation, oxygen transfer, and regulation of FMO3 which is done either genetically, hormonal or dietary. After dietary precursors such as choline and carnitine undergo intestinal absorption they reach the hepatocytes where Flavin-containing monooxygenase 3 facilitates trimethylamine oxygen-dependent oxidation.[29] During the enzymatic reaction Flavin Adenine Dinucleotide (FAD) operates as a cofactor that becomes reduced by Nicotinamide Adenine Dinucleotide Phosphate (NADPH) into FADH₂ and reacts with molecular oxygen to produce reactive flavin hydroperoxide (FAD-OOH). These intermediate transfers an oxygen atom to trimethylamine tertiary nitrogen, yielding polar, water-soluble TMAO, while releasing water as a byproduct. The reaction’s region selectivity ensures efficient TMAO synthesis, enabling its systemic distribution and renal excretion [4].
Overall Reaction:
                         TMA+O2+NADPH+H+   FMO3       TMAO+H2O+NADP+
Flavin-containing monooxygenase 3 activity is regulated by genetic, hormonal, and dietary factors. Loss-of-function variants (e.g., FMO3 rs2266782) reduce enzymatic efficiency by 30–50%, increasing trimethylaminuria risk and systemic trimethylamine accumulation [30]. Estrogen upregulates Flavin-containing monooxygenase 3 expression, elevating baseline trimethylamine N-oxide levels by 20–40% in females, while dietary polyphenols (e.g.,resveratrol) inhibit activity by approximately 25%[17].The Flavin-containing monooxygenase 3- trimethylamine N-oxide axis mediates gut-host metabolic crosstalk, with pharmacological inhibition or dietary modulation reducing plasma TMAO by 50–70% in preclinical models, highlighting its dual role in homeostasis and pathology. Targeted intervention may balance TMAO protective and disease-promoting effects [28].
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Humans absorb TMAO into their bloodstreams through seafood consumption and by producing it internally from dietary sources (Table 1). Dietary TMAO comes from foods that already have it (such as marine fish and shellfish) and from microbial transformation of dietary substances like choline and L carnitine. Fish species that inhabit deep waters can contain higher amounts of certain compounds with measurements reaching approximately 789 mg per 100 grams like orange roughy according to research findings[31, 32], whereas fish from shallower waters or those raised in farms contain lower levels. Research reported that farmed Atlantic salmon contains 144 mg TMAO per 100 g and shrimp contains only 4.3 mg TMAO per 100[33]. Processed whitefish products (e.g. Processed whitefish items like fish sticks made from cod or haddock show high levels of TMAO at 250 mg per 100 g [34]. The TMAO concentration differs significantly between various seafood species with cold and deep-sea fish and crustaceans having higher levels than tropical fish and shellfish.[35]​
A diet containing animal-based foods provides plentiful TMAO precursors alongside direct TMAO. Red meats are especially important: A cooked beef steak portion weighing 100 g contains approximately 138 mg of choline together with 49–144 mg of L carnitine [24]​. Pork and lamb have similar choline content (100–150 mg per 100 g) but contain less carnitine. Eggs pack a high concentration of choline with each large egg weighing approximately 50 grams delivering 147 mg choline which represents 294 mg per 100 grams but eggs lack carnitine content[36]. Dairy products contain substantially lower amounts of these nutrients. A 240 mL cup of milk or yogurt contains between approximately 25–40 mg of choline which translates to roughly 10–17 mg per 100 g while cheeses provide only several tens of mg per 100 g and dairy sources of carnitine are similarly low with less than a few mg per 100 g. Animal-derived foods deliver large quantities of both choline and carnitine which support microbial TMA/TMAO production but milk eggs and cheese offer much less of these nutrients.[24] 
Most plant foods contain only modest choline/betaine. Legumes, nuts and whole grains contain some methylamines but generally <100mg choline per 100g.For example, roasted soybeans contain roughly 116mg of choline per 100g​ and peanuts approximately 70mg/100g​.Many vegetables and grains contribute only a few tens of mg per 100g(e.g. peas, broccoli, wheat products etc.) listed at ≤50 mg/100 g[31, 37]​. However, some plant foods are very rich in betaine (an Osmolyte related to choline): Wheat bran and wheat germ feature about 1.2 to 1.3 grams of betaine per 100 grams while spinach contains approximately 645 milligrams per 100 grams according to sources[38, 39]​.Gut bacteria can transform non-choline methyl donors to TMA which then indirectly adds to TMAO concentrations in the host body [15]. Marine fish and red meats supply the most dietary TMAO precursors compared to the significantly lower amounts found in most vegetables, fruits, legumes, and dairy products.[31]​.
5. Trimethylamine N‑oxide -Induced Disease Mechanisms
The connection between TMAO and chronic disease development is intensifying due to its ability to cause inflammation, blood clotting problems, and metabolic disturbances[40]. High TMAO concentrations in blood interfere with endothelial balance because they cause endothelial nitric oxide synthase uncoupling and decrease nitric oxide availability along with increasing superoxide production leading to diminished vasodilation and vascular inflammation[41]
​Concurrently, TMAO activates NF‑κB signaling and primes the NLRP3 inflammasome in endothelial and immune cells, leading to upregulated expression of adhesion molecules (VCAM‑1, ICAM‑1) and secretion of IL‑1β and IL‑18, thereby amplifying leukocyte recruitment and vascular injury[42]​.In the coagulation cascade, TMAO enhances platelet hyperreactivity by increasing intracellular Ca²⁺ mobilization and glycoprotein IIb/IIIa activation, which potentiates fibrinogen binding and thrombus formation under shear stress​.TMAO disrupts cholesterol metabolism through the suppression of hepatic CYP7A1 expression and macrophage ABCA1/ABCG1 transporters which impair reverse cholesterol transport and lead to foam cell formation fundamental processes in atherogenesis[43]. Patients with TMAO concentrations above 7.6 µM face increased risks of cardiovascular and renal complications such as faster development of atherosclerosis and chronic kidney disease progression along with higher incidences of heart failure hospitalization. Together these mechanisms establish TMAO as a key player in vascular dysfunction and thrombosis and highlight its role as a potential biomarker and therapeutic target for cardiometabolic disease[44]
5.1. Mechanistic Pathways of TMAO in Cardiovascular Pathogenesis
Through endothelial dysfunction and vascular inflammation atherosclerosis progressively damages large- and medium-sized arteries by creating accumulations of lipids, cholesterol, calcium and cellular debris within arterial walls.[45]. Atherosclerosis develops due to disrupted lipid balance together with faulty cholesterol processing and transportation and the build-up of foam cells within macrophages [46].Endothelial dysfunction leads to lipid accumulation and calcification while forming fibrous caps which block blood flow and result in inflammation [47].As the leading cause of cardiovascular diseases, atherosclerosis remains a global health burden despite efforts to control risk factors such as smoking, hypertension, hyperlipidemia, diabetes, and obesity[48]. The disease progresses through endothelial dysfunction, triggering lipid accumulation, calcification, and fibrous cap formation, which further restricts blood flow and induce inflammation[49].Recent studies  has identified TMAO as a key factor exacerbating these processes by promoting endothelial dysfunction, thrombosis, and plaque instability, further increasing cardiovascular risk[50].TMAO has been implicated in the development and progression of atherosclerosis, a key driver of cardiovascular diseases.[22]. TMAO exerts its pro-atherogenic effects through several mechanisms, including reduced bile acid biosynthesis, altered reverse cholesterol transport (RCT), and foam cell formation. Below, we explore these mechanisms in detail [51].
5.1.1 Endothelial Dysfunction and Inflammation
TMAO increases reactive oxygen species (ROS), inhibits the synthesis of nitric oxide (NO), and triggers inflammatory pathways, all of which lead to vascular injury. Endothelial nitric oxide synthase (eNOS) is uncoupled, which lowers NO availability and causes vasoconstriction[41, 52]. TMAO promotes the production of adhesion molecules and pro-inflammatory cytokines by simultaneously activating the NLRP3 inflammasome and NF-κB[53]. By binding to pattern recognition receptors (PRRs) on endothelial cells and macrophages, such as TLR4 and RAGE, TMAO causes IκB kinase (IKK) to phosphorylate and degrade IκBα[54]. Thus, the NF-κB heterodimer (p50/p65) is released, which moves to the nucleus and increases adhesion molecules (VCAM-1, ICAM-1), leukocyte recruitment, pro-inflammatory cytokines (TNF-α, IL-6) and chemokines (MCP-1, CXCL8), and NLRP3 inflammasome components, such as NLRP3 itself and pro-IL-1β/pro-IL-18[55].By transcriptional upregulation NF-κB primes the NLRP3 inflammasome, on the other hand while TMAO directly triggers its assembly through, mitochondrial dysfunction, generating reactive oxygen species (ROS), lysosomal destabilization, releasing cathepsins that activate NLRP3[33, 34]. Active caspase-1 cleaved from pro-caspase-1 by the assembled inflammasome processes pro-IL-1β and pro-IL-18 into mature cytokines, amplifying inflammation[56]. TMAO maintains vascular inflammation through a feed-forward loop between NF-κB and NLRP3, where NF-κB upregulates NLRP3 components and NLRP3-derived cytokines (such IL-1β) further activate NF-κB. This cycle (Figure 2) links metabolic abnormalities to the development of cardiovascular disease by causing endothelial dysfunction[57].
5.1.2 Disruption of Cholesterol metabolism
TMAO impairs cholesterol excretion and reduces bile acid synthesis through the suppression of hepatic cholesterol 7α-hydroxylase (CYP7A1)[58]. Additionally, TMAO promotes foam cell formation and plaque buildup by downregulating ATP-binding cassette ABCA1 and ABCG1 transporters in macrophages.[59]Simultaneously,It inhibits Farnesoid X receptor (FXR) which reduces bile acid synthesis and liver X receptors (LXR) which blocks cholesterol efflux pathways creating a self-perpetuating cycle of lipid accumulation that synergizes with NF-κB/MAPK-driven inflammation to  worsen endothelial dysfunction increase pro-inflammatory cytokines (IL-6, TNF-α), and promote plaque instability[60]. In addition, TMAO interferes with gut-liver FXR signaling, which raises systemic TMAO levels, increases intestinal permeability, and has long-lasting pro-atherogenic effects[61].A multifaceted strategy against atherosclerosis may be provided by targeting this system through microbiota manipulation or FXR/LXR activation, which would restore bile acid production, improve RCT, and decrease inflammation[62].
5.1.3 Platelet Hyperactivity and Thrombosis
Through the elevation of intracellular calcium, enhancement of fibrinogen binding, and the promotion of thrombus formation TMAO raises platelet activity. Furthermore, it contributes to a pro-thrombotic state by suppressing anticoagulant pathways and upregulating tissue factor expression[63]. According to previous research TMAO activates platelets via calcium signaling by increasing cytosolic Ca²⁺ by 40% (p<0.01) leading to activation of GPIIb/IIIa integrin (αIIbβ3) and calpain-mediated αIIbβ3 clustering[64, 65]. Additionally, TMAO has been shown to increase P-selectin surface expression, phosphatidylserine exposure, and fibrinogen binding (by a factor of 2.5) under arterial shear stress[66], This results in increased platelet aggregation, strengthened vWF-GPIb interactions, and accelerated occlusive thrombus formation (p<0.001)[65]. Furthermore, TMAO causes the hemostatic equilibrium to shift in favor of hypercoagulability, as evidenced by the fact that it amplifies factor Xa-dependent thrombin generation by 60%, doubles tissue factor (TF) expression (p<0.01) through NF-κB/MAPK, and increases TF activity in atherosclerotic plaques by 1.5 times[16, 67]. It also suppresses the anticoagulant pathway through the downregulation of thrombomodulin/EPCR expression and reduces Protein C activation (p<0.01) by 40-60%[68, 69]. Plasma TMAO >7.6 μM was linked by Tang WHW et al. to a 2.3-fold greater risk of venous thrombosis (p<0.001)[67], which may result in more unstable plaque. This emphasizes TMAO's dual function in thrombotic diseases as a therapeutic target and biomarker.
5.2 TMAO in Cardiac Remodeling and heart failure 
Inflammation, fibrosis, mitochondrial dysfunction, and electrophysiological disturbances are reported mechanisms by which TMAO contributes to cardiac dysfunction[70].  For heart failure patients with reduced renal clearance the prognosis of adverse cardiac outcomes is indicated by elevated circulating TMAO levels. TMAO also serves as a prognostic marker for heart failure progression and atrial fibrillation recurrence since it can worsen ventricular compliance to promote pro-fibrotic signaling, contributes to atrial arrhythmogenesis[67]. Thus, targeting TMAO levels by microbial modulation (reducing TMAO production) and downstream pathway inhibition may disrupt the gut-heart axis and mitigate cardiac remodeling[70].  
5.2.1 Gut-Kidney-Herat Axis Dysfunction
TMAO builds up in heart failure due to decreased renal clearance. This prolongs cardiorenal decline by encouraging the release of inflammatory cytokines, the generation of ROS, and renal injury. TMAO raises cardiac mortality by activating the NLRP3 inflammasome and pathways linked to fibrosis. According to Zhang J Systemic buildup results from TMAO excretion being limited by a reduced glomerular filtration rate (GFR <60 mL/min/1.73 m²)[68]. Recent studies  by  Latkovskis, et al. that  reducing tubular secretion, loop diuretics increase plasma  TMAO retention by approximately by 30%.[69].In addition, heart fibrosis, oxidative stress leading to tubular damage, and NLRP3 inflammasome activation that releases IL-1β/IL-18 have all been associated with impaired TMAO clearnce.This creates a vicious cycle of  renal dysfunction and TMAO accumulation that may exacerbates the progression of cardiorenal syndrome.[71, 72]. Adverse cardiac remodeling and a 40% increase in mortality are associated with inflammation triggered by TMAO. Therefore, inhibiting the NLRP3 inflammasome and modifying the gut microbiota to target TMAO synthesis may upset the gut-kidney-heart axis and slow the progression of the disease[73].   
5.2.2 Molecular Drivers of Remodeling 
TMAO promotes cardiomyocyte hypertrophy and fibrosis by activating TGF-β1/Smad3 and MAPK/ERK pathways. Ventricular stiffness and diastolic dysfunction result from its impairment of mitochondrial function and ATP synthesis[74]. Through three interrelated mechanisms, TMAO causes unfavorable cardiac remodeling, including fibrotic and hypertrophic remodeling. TMAO causes a 50% rise in collagen I/III expression and an upregulation of ANP/BNP (hypertrophic markers) during MAPK/ERK activation, which results in 30% bigger cardiomyocytes and enhanced ventricular stiffness[74, 75].Preclinical studies demonstrate that TMAO promotes ECM deposition and fibroblast-to-myofibroblast differentiation through TGF-β1/Smad3 Pathway. It has also been shown to treble the expression of fibronectin/α-SMA and double the amount of collagen (p<0.01) in atrial tissue[76]. By reducing mitochondrial respiration and ATP synthesis by 40% and increasing ROS generation by 50%, TMAO induces oxidative damage and electrophysiological remodeling[75, 77]. Furthermore, it promotes RyR2 oxidation, which results in 40% glutathione depletion (p<0.05), increased delayed after depolarizations (DADs), and diastolic Ca2+ leakage[78].  Additionally, TMAO has been shown to enhance ectopic activity (p<0.05) by 40% and lengthen AP duration (p<0.01) by 20%, which results in cardiomyocyte-glial uncoupling, atrial fibrillation substrate development, and ventricular diastolic dysfunction[79]. In preclinical models, ROS scavengers and TGF-β1 inhibitors have demonstrated therapeutic efficacy[80].
5.2.3 Arrhythmogenic Remodeling and Atrial Fibrillation
By increasing oxidative stress and atrial fibrosis, TMAO hinders calcium handling and encourages electrophysiological instability. Susceptibility to atrial fibrillation is increased by these effects[81]. In contrast to traditional biomarkers (NT-proBNP, hs-CRP) and echocardiographic measures, high TMAO may be an undesirable prognostic indication in patients with heart failure, according to a meta-analysis study by Li X that sought to investigate the prognostic significance of TMAO in heart failure[82]. Additionally, blood TMAO levels act as a good predictor of the recurrence of atrial fibrillation recurrence[79]. In general, TMAO may make it possible to identify high-risk individuals early and support focused therapeutic interventions that direct individualized treatment plans[83].

5.2.4 Prognostic and Therapeutic Implications
Negative cardiac outcomes and the recurrence of atrial fibrillation are predicted by elevated TMAO[79]. Treatments like 3, 3-Dimethyl-1-butanol (DMB), which target TMAO production or signaling, have demonstrated preclinical effectiveness in reversing remodeling and enhancing survival[15, 84]. Kuka J et al. conducted the first investigation to demonstrate that meldonium administration might decrease the production of TMA/TMAO from quaternary amines by addressing bacterial TMA-generation. Moreover, they demonstrated that altering the microbial breakdown pattern of dietary or supplementary quaternary amines can inhibit the synthesis of pro-atherogenic TMAO[85].
5.3 TMAO in Chronic Kidney Disease (CKD)
5.3.1 TMAO Accumulation and Prognostic Value
Chronic kidney disease (CKD) increases plasma levels to increase two to four times, which hinders the clearance of TMAO. Compared to conventional kidney indicators, elevated TMAO is associated with a faster drop in eGFR, ESRD progression, and mortality[14]. A sustained glomerular filtration rate (GFR) < 60 mL/min/1.73 m² for ≥3 months is known as CKD, which affects 9.1% of the world's population and causes 1.2 million deaths annually, mostly from complications connected to diabetes and hypertension. Due to the sneaky nature of early-stage CKD, which is frequently asymptomatic until it is advanced, identification is delayed, and serious consequences including anemia and cardiovascular disease later occur. The urgent need for additional sensitive biomarkers is highlighted by the current diagnostic limits of conventional indicators (eGFR, serum creatinine). TMAO levels in CKD patients are elevated, reflecting both decreased renal clearance and the severity of the disease[80, 86]. These levels have a substantial correlation with declining eGFR, mortality, and an elevated risk of end-stage renal disease. Mechanistically, TMAO has been associated with fibrosis, oxidative stress, endothelial dysfunction, and vascular calcification, and it is linked to renal and cardiovascular disease through the dual activation of the NLRP3 inflammasome and NF-κB pathways in preclinical studies and clinical association data. This cycle is made worse by dietary factors, especially long-term ingestion of red meat, which increases the synthesis of TMAO[87]. Nevertheless, findings from Mendelian randomization analyses have not supported a causal effect. Hu et al. (2023) found that plasma TMAO was not causally associated with ischemic stroke. Wang et al. (2022) found that genetically predicted TMAO and its three precursors were positively associated with systolic blood pressure. These results show that it is crucial to differentiate between observational and causal inferences while interpreting TMAO's role in CKD and cardiovascular outcomes.[88, 89]
While therapeutic approaches that target TMAO generation (dietary modification, gut microbiota alteration) or downstream effects (NLRP3 inhibition) show promise for slowing the progression of CKD and lowering associated cardiovascular risks, emerging diagnostic techniques employing liquid chromatography-mass spectrometry (LC-MS) improve the sensitivity of TMAO detection. Given predictions that CKD will be a major cause of premature mortality by 2040, these developments are especially urgent[90].
5.3.2 Oxidative Stress and Tubular Apoptosis
TMAO depletes glutathione while increasing lipid peroxidation, ROS generation, and NADPH oxidase activity. These alterations encourage glomerulosclerosis and tubular apoptosis[71]. Through the twin processes of ROS overproduction and antioxidant depletion, TMAO exacerbates oxidative stress in CKD. When TMAO activates NADPH oxidase in renal tubular cells, ROS levels rise by 40% (p<0.01) and oxidative damage indicators such 8-hydroxy-2'-deoxyguanosine (8-OHdG) double[71, 91]. At the same time, TMAO causes a 30–50% reduction in glutathione (GSH), which upsets redox balance and encourages tubular cell death, DNA damage, and lipid peroxidation. According to preclinical research, these oxidative insults hasten tubulointerstitial damage and glomerulosclerosis, which propels the advancement of CKD[71].
5.3.3 Fibrotic Remodeling via TGF-β1 and NLRP3
By activating the TGF-β1/Smad3 and NLRP3 pathways, TMAO promotes the release of pro-inflammatory cytokines, EMT, and fibrotic gene expression. This leads to collagen deposition and CKD development. Through several interrelated mechanisms, TMAO encourages renal fibrosis. In preclinical models, TMAO increases collagen deposition by 60% and pro-fibrotic gene expression (COL1A1, FN1) by 2-3-fold (p<0.01) by activating the TGF-β1/Smad3 pathway[92]. The epithelial-mesenchymal transition (EMT), which is marked by vimentin upregulation and E-cadherin downregulation, intensifies this fibrotic process. ERK1/2 phosphorylation promotes fibroblast proliferation and α-smooth muscle actin (α-SMA) production, whereas concurrent NLRP3 inflammasome activation raises renal IL-1β and IL-18 levels by around 50% (p<0.05)[93]. TMAO also exacerbates tubular damage by lowering megalin expression by 40% (p<0.01), adding to proteinuria and CKD development. Clinically, a 2.5-fold higher risk of developing renal fibrosis is linked to elevated plasma TMAO levels. The dual role of TMAO as a pathogenic mediator and therapeutic target in CKD is demonstrated by therapeutic interventions that target TMAO pathways, such as DMB, which reduces fibrosis by 50% in preclinical studies, and antiproteinuric agents (candesartan, dapagliflozin), which lower urinary albumin-to-creatinine ratios by 30–40%[94].
5.3.4 Endothelial Dysfunction and Vascular Injury
TMAO inhibits eNOS signaling and increases leukocyte infiltration, resulting in renal hypoperfusion, inflammation, and hypertension. Vasoconstriction and renal hypoperfusion result from its disruption of the eNOS coupling, which lowers nitric oxide bioavailability by 35% (p<0.01) and increases superoxide production. Leukocyte infiltration and microvascular rarefaction are encouraged by TMAO activation of NF-κB signaling, which doubles the expression of pro-inflammatory cytokines (IL-6, TNF-α) and vascular adhesion molecules (VCAM-1, ICAM-1)[95]. According to clinical research, CKD patients with high TMAO levels experience arterial stiffness that is 1.7 times greater, which exacerbates hypertension and damages the kidneys through ischemia[68]. These results highlight the critical role that TMAO plays in maintaining endothelial dysfunction and vascular inflammation, two major causes of cardiovascular morbidity in CKD.
5.3.5 Therapeutic Potential
Microbial treatments such as DMB, SGLT2 inhibitors and dietary modification lower TMAO and decrease the course of CKD. Advanced diagnostics (LC-MS, MIP sensors) enhance monitoring and early detection[96].
5.4 TMAO in Neurodegenerative Disease Pathogenesis: 
Research shows that TMAO which originates from gut microbiota acts as an important factor in neurodegeneration by triggering neuroinflammation and causing protein misfolding and mitochondrial dysfunction[97].TMAO concentrations higher than 7.6 µM in humans worsen Alzheimer’s (AD) and Parkinson’s diseases (PD) while concentrations between 4 and 40 µM strengthen blood-brain barrier (BBB) integrity through tight junction protein enhancement (for example claudin-5 and occludin).This concentration-dependent duality underscores. TMAO dual role, necessitating mechanistic precision to disentangle its neurotoxic and context-dependent protective effects[98].
TMAO levels at or above 100 µM trigger microglial M1 polarization together with astrocytic A2 activation leading to heightened neuroinflammation specifically in the substantia nigra and hippocampus while these conditions also promote α-synuclein misfolding and mitochondrial dysfunction that speeds up the loss of dopaminergic neurons[99]. In preclinical models of Alzheimer's disease, TMAO at 10-50 µM stabilized Aβ protofibrils, promoted plaque formation, and caused tau hyperphosphorylation via mTOR and PERK–ER stress pathways. Both of these pathways are connected to deficits in synaptic plasticity and hippocampal memory Clinically, plasma TMAO >7.6 µM correlates with a 1.8-fold increased risk of cognitive decline in AD patients, though Mendelian randomization studies conflict on causality, highlighting unresolved mechanistic complexities[100].
The activation of redox imbalance by TMAO results in mitochondrial oxidative stress and neuronal cell death during dietary treatments which target gut bacteria or their byproducts. Neuronal damage reduction potential exists when TMAO (choline and carnitine) is utilized.[101].TMAO neurotoxic effects through neuroinflammatory cascades and metabolic dysregulation require extensive study about its molecular pathways to develop therapeutic strategies for both AD and PD.
5.5 TMAO-Driven Neuroinflammation in Alzheimer’s and Parkinson’s Diseases
5.5.1 Microglial Polarization and Inflammasome Activation
TMAO intensifies neuroinflammatory cascades as it activates microglia and astrocytes through NF-κB and MAPK signaling pathways. Exposure to TMAO at 100 µM concentrations or higher causes M1 microglia polarization and A2 astrocyte activation within the substantia nigra and striatum during Parkinson’s disease models that results in elevated levels of pro-inflammatory cytokines (IL-6 and TNF-α) and increased iNOS/COX-2 enzyme activity that leads to dopaminergic neuron damage.[102, 103].The inflammatory environment fosters α-synuclein misfolding and mitochondrial dysfunction which leads to faster progression of the disease. TMAO causes NLRP3 inflammasome activation in microglia during AD which initiates caspase-1-mediated pro-IL-1β cleavage followed by gasdermin D-triggered pyroptosis which directly relates to β-amyloid (Aβ) plaque accumulation in postmortem brain tissue[104].TMAO exposure leads to NLRP3 and ASC colocalization in endothelial cells which links inflammasome activation to lysosomal destabilization and redox imbalances[105].
5.5.2 Astrocytic Dysfunction and BBB Modulation
While pathological trimethylamine N-Oxide concentrations disrupt neurovascular units, physiological levels (4–40 µM) enhance BBB integrity via annexin A1-mediated stabilization of tight junction proteins (claudin-5,occludin). This dichotomy underscores the concentration-dependent duality of TMAO effects, where moderate levels may protect against cerebrovascular insult while elevated doses drive inflammatory breakdown[106].
5.5.3 Protein Misfolding and Aggregation Pathways
At concentrations of 10–50 µM TMAO directly strengthens the β-sheet-rich shapes of Aβ protofibrils and decreases the aggregation kinetic barrier by 40%. The PERK-ATF4-CHOP axis of the unfolded protein response (UPR) becomes active and leads to tau hyperphosphorylation through glycogen synthase kinase-3β (GSK-3β)[107].APP/PS1 mice demonstrate a strong statistical link between increased TMAO levels and hippocampal Aβ1-42 buildup (r = 0.72, p < 0.01) and enhanced β-secretase activity but exhibit reduced Aβ plaque formation by 30% and restored long-term potentiation following TMAO suppression through 3,3-dimethyl-1-butanol (DMB) administration[108].MAO disrupts ubiquitin-proteasome system (UPS) functionality which halves α-synuclein degradation efficiency in dopaminergic neurons, leading to increased Lewy body formation[109]. Murine models demonstrate that TMAO exposure increases striatal dopamine metabolism by 25% despite unchanged neuron counts, suggesting presynaptic dysfunction precedes cell death.
5.5.4 Mitochondrial Dysfunction and Synaptic Impairment
TMAO exacerbates mitochondrial oxidative stress by inhibiting complex I of the electron transport chain, increasing ROS production by 60% in hippocampal neurons. This is compounded by impaired pyruvate dehydrogenase flux and β-oxidation, leading to ATP depletion and neuronal senescence. In senescence-accelerated mice, chronic TMAO exposure reduces synaptic plasticity proteins (synaptophysin, PSD-95) by 40% via mTOR pathway inhibition[110]. Through PERK activation, TMAO induces endoplasmic reticulum stress, downregulating dendritic spine density by 35% in CA1 hippocampal neurons. This correlates with impaired spatial memory in Morri’s water maze tests (latency increase of 50%, p < 0.01), reversible upon DMB administration[111].
5.6 Therapeutic Strategies Targeting Trimethylamine N-Oxide Pathways
5.6.1 Gut Microbiota Targeted therapies 
Probiotic interventions with Lactobacillus rhamnosus reduce serum trimethylamine N-Oxide by 30% and rescue cognitive deficits in AD models, while DMB-a structural analog inhibiting microbial TMA lyase-ameliorates Aβ pathology and restores gut microbiota α-diversity (Shannon index increase of 1.8-fold). Phase I trials demonstrate DMB’s ability to lower plasma trimethylamine N-Oxide by 60% without adverse effects, highlighting translational potential[112, 113].
5.6.2 NLRP3 Inflammasome Antagonism
The selective inhibitor MCC950 attenuates TMAO-driven neuroinflammation, reducing hippocampal Aβ plaques by 40% and IL-1β levels by 55% in APP/PS1 mice. Combined with TMAO lowering strategies, this approach synergistically improves cognitive performance (novel object recognition score increase from 55% to 80%, p < 0.01)[114, 115]. 
5.6.3 Mitochondrial Rescue Therapies
Coenzyme Q10 supplementation restores complex I activity by 70% and reduces oxidative damage in PD models, complementing dietary interventions to preserve dopaminergic function. Emerging Nano delivery systems enhance BBB penetration of these compounds, achieving 90% hippocampal bioavailability in preclinical testing[116].
6. Protective Roles of TMAO
6.1 Osmolyte and Protein Stabilizer
TMAO keeps water out of hydrated shells, stabilizing proteins and membranes under osmotic stress. At high quantities, it can cause fibrosis, however it is particularly protective in renal medullary cells. The evolutionarily conserved osmo-protectant TMAO serves dual roles in renal physiology and pathology: it stabilizes proteins by preferentially excluding hydration shells, lowers conformational entropy, and encourages native folding, a mechanism that is essential for preserving renal tubular integrity under osmotic stress, especially in proximal tubules[117, 118]. By preventing urea-induced denaturation, this chaperone-like activity maintains cellular homeostasis and enzymatic performance. By preventing urea-induced denaturation, this chaperone-like activity maintains cellular homeostasis and enzymatic performance[119].  However, in CKD, chronic TMAO accumulation overrides its protective properties, associating with glomerular filtration rate (GFR) decline, tubulointerstitial fibrosis (by TGF-β/Smad3 activation), and inflammasome-driven inflammation (NLRP3/IL-1β)[120]. A threshold effect is seen in the concentration-dependent duality of TMAO. It functions as a chemical chaperone at physiological levels (≤5 μM), preserving cardiovascular-metabolic homeostasis and fluid-electrolyte balance[121, 122]. Through protein carbamylation, mitochondrial malfunction, and redox imbalance, it enhances uremic toxicity at pathological levels (>10 μM)[123, 124]. More investigation into the molecular switch controlling TMAO function in the development of CKD is necessary because this shift from cytoprotective osmolyte to disease mediator is still not fully understood[124].  
6.2 Protection in Acute Kidney Injury (AKI)
TMAO lowers histological kidney damage, increases antioxidant defenses, and maintains mitochondrial function in AKI. Preclinical investigations suggest TMAO preserves mitochondrial integrity through several pathways, stabilizing membrane potential, preventing permeability transition pore opening, and increasing antioxidant defenses (SOD activity ↑40%, GPx ↑35%), thereby minimizing tubular epithelial damage[124]. In animal models, these cytoprotective effects are associated with a reduction in histopathological AKI markers. Clinical findings, however, show a paradoxical link between high levels of circulating TMAO (≥10 μM) and poor cardiorenal outcomes, such as a 2.1-fold higher risk of death (95% CI 1.4-3.2) and a faster deterioration in renal function (eGFR slope -4.2 mL/min/year vs -2.1 in controls)[68]. This contradiction implies a concentration-dependent change in TMAO's function, from protective (≤5 μM) by preserving redox balance and mitochondrial activity to harmful (≥10 μM) by promoting cellular dysfunction and the advancement of disease. Because the exact molecular mechanisms underlying this change are yet unknown, mechanistic study on the threshold effects of TMAO, dose-response studies in human AKI models, and context-specific assessments of TMAO's therapeutic potential are all necessary.

6.3. Anti-inflammatory Effects
With acute inflammation, TMAO inhibits NF-κB activation and lowers cytokine expression; however, with chronic exposure, this impact may be reversed. TMAO has concentration-dependent anti-inflammatory activity through two main mechanisms; mitochondrial stabilization, which maintains membrane potential (ΔΨm) while reducing ROS production by about 35%; and NF-κB pathway inhibition through stabilization of IκBα (blocking IKK-mediated phosphorylation and subsequent nuclear translocation), which reduces pro-inflammatory cytokine production (TNF-α, IL-6) and adhesion molecule expression (VCAM-1, ICAM-1) by 40–60%.  In preclinical settings, these combined effects decrease leukocyte infiltration by two to three times and attenuate acute inflammatory responses to oxidative/osmotic stress[69]. Nonetheless, the pleiotropic effects of TMAO exhibit a biphasic dose-response, with elevated levels (>10 μM) promoting fibrotic/atherogenic pathways and low concentrations(1–5 μM) exhibiting cytoprotective advantages[125]. Targeted inflammasome inhibition (e.g., dapansutrile), tissue-specific delivery systems, and precision dosing techniques (low-dose TMAO regimens) can all help achieve therapeutic potential. Developing biomarkers for treatment monitoring, identifying tissue-specific response variations, defining appropriate therapeutic windows, and establishing pharmacokinetic-pharmacodynamic connections are critical research topics. Although further preclinical validation is required prior to clinical translation, current evidence indicates that TMAO-based therapies could minimize inflammatory damage by 50–70% while preserving redox equilibrium[16].
6.4. Mitochondrial Protection
TMAO preserves mitochondrial membrane potential and boosts ATP production while lowering ROS through NADPH oxidase inhibition. By improving antioxidant defenses (35–50% increase in superoxide dismutase activity, 2-fold catalase upregulation) and inhibiting ROS generation (40–45% decrease in mitochondrial ROS production, 40% reduction in NADPH oxidase activity), TMAO concurrently controls redox balance[126]. These benefits also include anti-inflammatory properties, since TMAO ability to scavenge ROS inhibits the activation of the IKK complex, which lowers IκBα phosphorylation by 60% and the subsequent nuclear translocation of NF-κB, which in turn lowers pro-inflammatory cytokine release (TNF-α, IL-6) by 50–70%[127]. TMAO shields endothelial cells and renal tubular cells from oxidative damage by preserving cellular energy balance (ATP/ADP ratio >5:1) and lowering apoptotic markers (40 percent reduction in caspase-3 activity). Because of these pleiotropic effects, TMAO may be used as a therapeutic target to treat chronic kidney disease by reducing mitochondrial dysfunction and metabolic disorders by preventing the oxidative stress-inflammation cycle[128]. The compound's distinct function in cellular defense is highlighted by its capacity to concurrently address structural, energetic, and signaling pathways.
6.5. Antioxidant Activity 
Through its ability to remove ROS, TMAO protects lipids, proteins, and DNA from oxidative damage with its antioxidant properties. The above-mentioned action shows potential in decreasing the risk of developing atherosclerosis and insulin resistance along with other conditions related to oxidative stress. The compound TMAO shows strong antioxidant effects by eliminating ROS such as hydroxyl radicals (•OH) and superoxide anions (O₂•⁻) directly. The redox-modulating activity reduces oxidative harm to key biomolecules by preventing lipid peroxidation in membrane lipids and minimizing oxidative lesions in genomic DNA while decreasing carbonylation in structural and enzymatic proteins. TMAO protects against atherosclerosis development by decreasing LDL oxidation and endothelial dysfunction while preserving insulin signaling pathways to combat insulin resistance and shields against various diseases caused by oxidative stress. The data indicates that TMAO functions as an endogenous cytoprotectant, but its biological effects vary according to both its concentration and tissue microenvironment conditions[129].
6.6. Lipid Metabolism Modulation
The compound TMAO modifies lipid metabolism through its control over cholesterol balance and lipoprotein movement. The process of reverse cholesterol transport (RCT) may improve to enable excess cholesterol removal from peripheral tissues while promoting liver excretion. This biological pathway could serve as a protective factor against the development of atherosclerosis and various lipid-related diseases. TMAO maintains cholesterol balance through the enhancement of ABCA1-driven macrophage cholesterol discharge toward apo A-I and increasing hepatic bile acid elimination which results in reverse cholesterol transport activation. Through its impact on VLDL assembly and LDLR expression it affects overall systemic lipoprotein metabolism. These mechanisms might reduce atherosclerosis development but understanding TMAO's concentration-driven effects and its cardiovascular effects requires context-specific analysis[51].
6.7. Neuroprotective Potential
Recent meta-analyses indicate that moderate TMAO concentrations might be associated with decreased risk or slower progression of cognitive impairment by modulating synaptic plasticity and diminishing neuroinflammation through the AMPK/SIRT1 pathway. When TMAO reaches levels that exceed physiological limits it contributes to neurodegenerative processes through dose-dependent responses[19].
7.0. Factors Influencing TMAO’s Roles
7.1. Dietary and microbial modulation:
Animal-based foods provide choline and carnitine which gut bacteria convert into TMA while plant-based foods decrease precursor availability and support microbes that ferment fiber to block TMA-lyase activity. Plasma TMAO levels increase threefold through omnivorous diets but vegetarian/vegan diets decrease them by 40–60%. Suppression of hepatic FMO3 expression by long-chain omega-3 fatty acids leads to reduced TMAO synthesis while saturated fats result in increased TMAO accumulation. Trimethylamine N-oxide levels exceeding 7.6 µM serve as independent predictors of negative outcomes relating to renal function and neurodegeneration[130]. Patients with CKD suffer an extended TMAO half-life of 8–12 hours instead of 4–6 hours which leads to TMAO concentrations being 2- to 4-fold higher and causes a 2.5-fold greater risk of developing end-stage renal disease[131].TMAO concentrations between 10–50 µM speed up amyloid-β aggregation and tau pathology in neurodegenerative situations but levels above 100 µM lead to neuroinflammation and neuronal death which causes cognitive and motor deficits in both Alzheimer’s and Parkinson’s disease[132]. These findings necessitate precision nutrition and microbial interventions such as probiotics, prebiotic fibers, and TMA-lyase inhibitors to reduce pathogenic TMAO accumulation while preserving its Osmo protective roles.
7.2. Host genetics and metabolic state
Host genetic determinants (e.g., FMO3 polymorphisms) and dysmetabolic states (obesity, insulin resistance) modulate hepatic conversion from TMA into TMAO biosynthetic flux and gut microbial TMA generation, dictating TMAO pathophysiological duality [107]. Tissue-specific TMAO effects range from cytoprotective (osmoprotective, antioxidant) to proatherogenic, contingent on host-microbe crosstalk and metabolic homeostasis [4,108]. This mechanistic complexity necessitates genotype and phenotype-stratified frameworks for TMAO-targeted Cardiometabolic interventions.


7.3. Genetic variants in FMO3
The activity of FMO3 which converts Trimethylamine to Trimethylamine N-oxide changes due to genetic variants that affect TMAO concentrations. While loss-of-function mutations lead to decreased TMAO production which may reduce atherogenic risk gain-of-function variants result in higher TMAO levels thereby worsening Cardiometabolic risks [2]. The same genetic susceptibility patterns appear in other conditions like HLA-DQ2/DQ8 related to celiac disease [78].
7.4. Metabolic Conditions Amplifying TMAO’s Effects
Diabetes and obesity create a dysbiotic gut environment which triggers increased FMO3 activity and TMA-producing bacteria populations resulting in higher TMAO levels [79]. The rise in TMAO levels leads to greater endothelial dysfunction and inflammation and oxidative stress which sets off a harmful cycle that intensifies cardiometabolic damage.[133]. This mirrors "noise-based defenses," where adaptive mechanisms backfire under pathological conditions, leading to detrimental outcomes.
8.0 Therapeutic Implications and Future Directions
The emergence of new therapeutic approaches targeting trimethylamine N-oxide modulation reflects our growing understanding of its significance in cardiovascular and cerebrovascular diseases. This section examines existing and prospective therapeutic strategies to target TMAO with a focus on individualized treatment plans and comprehensive understanding of TMAO intricate biological functions.
8.1 Targeting TMAO Production
8.1.1 Probiotic and Prebiotic Interventions
By adjusting gut microbial activity, probiotics (such Lactobacillus plantarum) and prebiotics lower TMAO. Gut microbiota modulation via specific probiotics (e.g., Lactobacillus rhamnosus GG, L. plantarumstrains) reduces plasma TMAO by competitively inhibiting TMA-producing bacteria or disrupting microbial trimethylamine synthesis pathways [111–112]. These interventions show translational potential for mitigating TMAO linked cardiovascular risks through targeted microbial ecology adjustments [113]. Mechanistic parallels exist with microbiota-targeted therapies addressing dysbiosis-related pathologies.
8.1.2 Inhibition of Microbial TMA Lyases
By preventing the microbial production of TMA, DMB and other inhibitors reduce TMAO levels and enhance cardiometabolic profiles. DMB, a natural compound in extra-virgin olive oil, inhibits microbial choline trimethylamine lyase, blocking trimethylamine synthesis from dietary precursors [114]. Animal studies demonstrate reduced plasma TMAO levels and attenuated platelet aggregation following DMB administration [115]. This targeted enzymatic inhibition offers a precise therapeutic strategy against TMAO mediated cardiovascular risks without requiring microbiome-wide modifications. In addition to these mechanistic approaches, interventional evidence is also emerging. Brunt et al. (2022) found that the inhibition of TMAO formation by 3,3-dimethyl-1-butanol (DMB) ameliorated vascular dysfunction, exercise intolerance, and frailty in mice fed a Western diet [94].Luo et al. (2024) reviewed microbiome-based therapeutic strategies including probiotics, engineered microbial consortia, and dietary modulation, all of which show translational potential in reducing TMAO and attenuating cardiometabolic complications. Overall, these studies highlight the potential for translating preclinical interventions into precision clinical applications that target the gut–microbiota–liver–kidney axis[134].


8.2 Personalized Therapeutic Approaches.
8.2.1 Diet-Based Modulation
TMAO is decreased by eating less red meat and more plant-based foods. Resveratrol and other polyphenols inhibit the enzymes involved in TMA production. New interventions aiming to control TMAO biosynthesis utilize dietary changes alongside pharmacological treatments and microbial modifications. When individuals with high baseline TMAO levels (>5 µM) substitute red meat for plant-based proteins they see a 45% decrease in plasma TMAO levels[1].Bioactive compounds like resveratrol inhibit microbial trimethylamine synthesis by 30% via CutC/D lyase suppression [2].The atherosclerosis progression was reduced by 57% through the use of 3,3-dimethyl-1-butanol (DMB) in preclinical models whereas choline analogs such as iodomethylcholine decreased fecal trimethylamine by 70% in clinical trials but resulted in gastrointestinal side effects for 20% of participants. [3,4]. Probiotic efficacy varies by strain: Bifidobacterium longum lowers circulating TMAO by 25% in cardiovascular patients, whereas Akkermansia muciniphila shows negligible impact, emphasizing the need for precision in microbial therapeutics [5]. These findings advocate integrated strategies to disrupt TMAO pathways and mitigate associated pathologies.
8.2.2 Host and Microbial Stratification
Individual variations in gut microbiota and FMO3 activity call for customized treatment regimens.
The behavior of TMAO varies based on its environmental context within renal and immune system pathophysiology. Supplementation of 50 mg/kg/day demonstrated a protective effect against ischemia-reperfusion damage in acute kidney injury (AKI) in rodents by reducing damage by 40%, likely through osmolyte-mediated cellular stabilization. Clinical studies have found that high levels of TMAO cause faster progression of chronic kidney disease that emphasizing differences between species and stages of disease [2]. When TMAO concentrations remain within physiological levels between 1–5 µM it decreases IL-17 production which leads to a 35% reduction in renal inflammation in mouse models of lupus [3]. High concentrations of TMAO above 10 µM trigger NLRP3 inflammasome activation which leads to increased Proinflammatory cytokine release in human macrophages. The dual-natured effects of this substance that protect kidneys at low levels but promote inflammation at high levels demonstrate the necessity for developing treatment approaches that consider metabolic conditions together with specific tissue targets and disease origins[1]. Addressing inconsistencies between preclinical and clinical research findings is essential to utilize trimethylamine N-oxide dual therapeutic functions effectively.
8.2.3 Balancing Risk and Benefit
To maintain its physiological activities, TMAO lowering should be vigorous in high-risk patients and prudent in low-risk ones. TMAO-reducing interventions demonstrate variable effectiveness across people due to differences in genetics, gut microbiota composition and dietary habits. TMAO targeted therapeutic strategies require individualized treatment plans[135]. Through its mechanisms of energy extraction and nutrient supply the gut microbiota affects nutritional status of its host which indicates potential for individual microbiota modifications to address specific nutritional needs and TMAO related health risks[15]. Such a stratified method reflects successful approaches used in other biological systems where tailored interventions yield superior results compared to generic solutions. The diverse ways individuals produce TMAO and respond to treatment underscore the requirement for therapeutic approaches tailored to personal genetic makeup and microbiota profiles in conjunction with environmental influences[136].
8.2.4 Integrating Multi-Omics Approaches
The development of future TMAO -targeted therapy strategies will likely involve the integration of multi-omics data through genomics, metabolomics, and microbiome analysis to create individualized treatment plans[137]. The proposed method enables the identification of patients who would gain maximum benefit from TMAO -reducing interventions while allowing healthcare providers to tailor treatment plans for optimal outcomes[15].
8.3 Advanced Strategies
8.3.1 Multi-Omics Integration
Precision targeting of TMAO pathways is made possible by the integration of genomes, metabolomics, and microbiomics. While elevated TMAO levels correlate with increased cardiovascular risk, indiscriminate suppression of TMAO may not be universally beneficial. TMAO plays important physiological roles, particularly in osmotic regulation and potentially in protein stabilization, that warrant careful consideration when developing therapeutic strategies[138].Research on TMAO effects on lipid self-assembly has demonstrated that it exhibits different effects depending on water content and lipid phase states. At higher water contents, TMAO causes increased swelling of lipid membranes in the liquid crystalline phase, suggesting important biophysical roles that could be disrupted by complete TMAO elimination.[139].
8.3.2 Engineered Microbiota
Probiotics with CRISPR modifications can specifically inhibit TMA synthesis without causing widespread microbial disturbance. TMAO-targeted interventions must align with clinical risk aggressive reduction (via pharmacotherapy) benefits high cardiovascular/stroke-risk patients (34-68% elevated risk with elevated TMAO), while low-risk individuals should prioritize dietary adjustments. This stratified approach balances cardiovascular protection against preserving TMAO homeostatic roles (protein stabilization, osmoregulation), minimizing unintended metabolic disruptions.[140, 141]

8.3.3 Novel FMO3 Inhibitors
To specifically lower the synthesis of TMAO in the liver, isoform-specific inhibitors are being developed. Advancing the understanding of trimethylamine N-oxide requires prioritizing precision in defining concentration and tissue-dependent thresholds that demarcate its transition from protective Osmolyte to pathogenic mediator, leveraging single-cell sequencing and spatially resolved metabolomics to resolve its divergent roles in renal, cardiovascular, and neurological systems. Concurrently, elucidating genetic (e.g., FMO3 polymorphisms like rs2266782) and microbial modulators (e.g., Clostridium, Enterococcus) through Mendelian randomization and Gnotobiotic models will clarify causal links to disease, while therapeutic innovation must focus on isoform-specific FMO3 inhibitors, CRISPR-engineered probiotics, and microbiome-targeted dietary strategies (e.g.,low choline/omega-3 diets) to suppress pathogenic TMAO without disrupting commensal functions. 
Future Directions
The prevention and treatment of diseases linked to TMAO will be enhanced by defining tissue-specific TMAO thresholds, incorporating biomarkers into risk models, and investigating ethnic variability. Mechanistic studies should unravel TMAO contribution to neurodegenerative pathology (α-synuclein aggregation, tau hyperphosphorylation) and cardiorenal syndromes (vascular calcification, uremic toxin synergy), supported by advanced sensors (MIP-based LC-MS) for early disease detection. Public health efforts must integrate TMAO into cardiovascular risk assessments, establish evidence-based dietary guidelines, and address ethnic disparities in metabolism through population studies, ultimately bridging gene-microbe-diet interactions to personalized therapies and preventive frameworks.

Conclusion
TMAO which functions as a pathophysiological mediator as well as a physiological stabilizer, is a prime example of the intricate relationships between microbes and their hosts. Under typical circumstances, TMAO protects against acute stress response, protein folding, mitochondrial activity, and cellular osmoregulation. However, its function changes to promote inflammation, endothelial dysfunction, fibrosis, and oxidative stress when it is elevated over an extended period due to dietary variables, dysbiosis, genetic predispositions, and decreased renal clearance.
Nowadays, TMAO is acknowledged as a predictive biomarker and mechanistic contributor in a variety of illnesses, such as neurological diseases, chronic renal disease, and cardiovascular disease. Because of these dualistic effects, TMAO is a valuable yet difficult therapeutic target. Although current approaches like dietary intervention, FMO3 inhibition, and microbiota manipulation show great promise, they must be carefully tailored to maintain the physiological advantages of TMAO while reducing its pathological effects.
The goal of future studies should be to precisely identify tissue- and concentration-specific thresholds that distinguish the beneficial effects of TMAO from its detrimental effects. Personalized medical techniques will require the integration of genetic profiling, microbiome-based treatments, and multi-omics tools. In the end, converting these discoveries into focused, secure, and efficient treatments may lessen the prevalence of chronic illnesses worldwide while maintaining the delicate equilibrium between microbial ecology and host biology.
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Table 1: Key dietary substrates of trimethylamine N-oxide (TMAO), their food sources, enzymatic conversion pathways, and associated gut microbiota
	Substrate
	Food Sources/Origin
	Key Enzymes
	Microbial Examples & Notes
	References

	Choline
	Eggs, liver, soy, beef, poultry, fish; plant sources (cauliflower, cabbage, whole grains)
	Choline TMA lyase (CutC/D); choline kinase/phospholipase D
	Lactobacillus spp., Clostridium spp.
	[21, 22]

	Phosphatidyl-choline
	Eggs, soy, liver, dairy, dairy; supplements/pharmaceuticals
	Phospholipase D; choline kinase
	Free choline converted to TMA by gut microbiota (e.g., Clostridium spp.)
	[21, 23, 24]

	L-Carnitine
	Red meat, dairy; minor amounts in plants
	Carnitine oxidoreductase (CntA/B); L-carnitine dehydrogenase
	Escherichia coli; red meat elevates TMAO
	[21, 23]

	Betaine
	Grains, beets, spinach
	Betaine reductase; choline dehydrogenase
	Minor contributor; influenced by gut microbiota
	[21, 23]

	Ergothioneine
	Mushrooms, beans, organ meats (liver, kidney)
	Ergothioneine-converting enzyme
	Role varies inter-individually
	[21, 23]
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Figure 1: Schematic overview of the gut microbiota–host co-metabolism of dietary quaternary amines leading to trimethylamine N-oxide (TMAO) formation. Dietary phosphatidylcholine, choline, L-carnitine, γ-butyrobetaine, betaine and ergothioneine (left) are metabolized by intestinal bacteria via specific TMA lyases (choline TMA lyase, carnitine TMA lyase, betaine reductase, etc.) to produce trimethylamine (TMA) in the colonic lumen. TMA is absorbed across the intestinal epithelium, enters portal circulation, and is oxidized by hepatic flavin-containing monooxygenase 3 (FMO3) to TMAO. TMAO is then released into systemic circulation and eliminated primarily via the kidneys (≈95%), with minor fecal (≈4%) and pulmonary (≈1%) excretion pathways. This pathway underlies the link between dietary quaternary amines, microbiota activity, and host cardiometabolic health.
[image: ]

Figure:2: The diagram shows the molecular pathway by which TMAO from the gut induces inflammatory responses. TMAO originates from the gut microbiota and liver to enhance oxidative stress through ROS production which turns on signaling pathways such as MAPK and NF-κB. The process initiates key molecular interactions that activate the inflammasome leading to IL-1β and IL-18 release which causes cardiovascular risks and atrial fibrillation.
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Figure 3: The Dual Role of Trimethylamine N-oxide (TMAO) in Human Health and Disease. This diagram elucidates the paradoxical effects of TMAO, showcasing its harmful roles (left panel) in promoting cardiovascular, renal, and neurodegenerative diseases through mechanisms such as inflammation, endothelial dysfunction, fibrosis, and tau hyperphosphorylation. Simultaneously, TMAO exhibits protective roles (right panel) including acute kidney protection, anti-inflammatory effects, reactive oxygen species (ROS) scavenging, inhibition of atherogenesis, and stabilization of the blood-brain barrier. These findings highlight the complex and context-dependent biological impact of TMAO.
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