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Trimethylamine N-oxide (TMAO), a metabolite, is a co-metabolite produced by

both gut microbiota and livers, originating from foods rich in choline or carnitine.

Emerging evidence suggests that TMAO may play a role in the pathogenesis of

various kidney diseases, including acute kidney injury and chronic kidney disease.

Research has demonstrated that heightened levels of TMAO are correlated with a

heightened likelihood of kidney disease advancement and cardiovascular

incidents among individuals with chronic kidney disease. Furthermore, TMAO

has been observed to stimulate inflammation, oxidative stress, and fibrosis in

animal models of kidney disease. Mechanistically, TMAO may contribute to

kidney disease pathogenesis by inhibiting autophagy, activating the NLRP3

inflammasome, and inducing mitochondrial dysfunction. Therefore, targeting

TMAO may represent a promising therapeutic strategy for the treatment of

kidney diseases. Future studies are needed to further investigate the role of

TMAO in kidney disease pathogenesis and to develop TMAO-targeted therapies

for the prevention and treatment of kidney diseases.
KEYWORDS

gut microbiome, TMAO, kidney injury, chronic kidney disease, end-stage renal disease,
inflammatory mechanisms
1 Introduction

Kidney disease poses a substantial public health concern, as approximately 10% of the

worldwide population is afflicted by chronic kidney disease (CKD) (Rosner et al., 2021).

The pathogenesis of kidney diseases is complex, involving interactions between genetic,

environmental, and lifestyle factors. Gut microbiota is an important regulator of the human

immune system, consequently, the concept of the kidney-gut axis has been proposed and is

gradually gaining attention (Figure 1) (Anand and Mande, 2022). During the course of

patients with kidney disease, due to the microinflammatory state caused by their immune

mechanisms, they are more likely to have abnormal distribution of intestinal bacteria and
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intestinal microecological disorders, which are called gut

microbiota dysbiosis (Belvoncikova et al., 2022). This state can

exacerbate the microinflammatory state of the patient’s body, thus

increasing the production of renal toxins, which affects the patient’s

prognosis avid continually recurring (Huang et al., 2022).

Recent research indicates that the gut microbiota and their

metabolites may significantly influence the onset and advancement

of kidney diseases. Of particular interest is trimethylamine N-oxide

(TMAO), a metabolite that has attracted growing attention for its

potential role in the progression of kidney diseases. TMAO is a

microbial metabolite originating from dietary sources rich in choline

and carnitine. Within the gastrointestinal tract, gut bacteria facilitate

the conversion of choline and carnitine into trimethylamine (TMA),

which is further metabolized in the liver to produce TMAO (Wang

et al., 2011). After its formation, TMAO is distributed in the blood and

accumulates in diverse tissues, notably the kidney. Extensive research

has substantiated a correlation between elevated levels of circulating

TMAO and the onset and advancement of kidney ailments such as

acute kidney injury (AKI), CKD, and end-stage renal disease (ESRD).

Furthermore, clinical investigations have revealed that the high level of

TMAO is linked to an augmented likelihood of unfavorable renal

outcomes, including deterioration in renal function and mortality in

individuals with kidney disorders (Kalantar-Zadeh et al., 2021).

While significant evidence connects TMAO to kidney disease,

the exact mechanisms of how it causes kidney injury remain

unclear. Experimental studies utilizing animal models have

elucidated that TMAO has the potential to induce oxidative

stress, inflammation, endothelial dysfunction, and fibrosis in the

kidneys, ultimately resulting in compromised renal function (Lau

et al., 2018). Furthermore, recent investigations have shown that

TMAO may influence intracellular signaling pathways and cellular

mechanisms within the kidney, such as autophagy, inflammasome

activation, and mitochondrial function, all of which play a role in

the development of kidney diseases (Wang et al., 2021). Therefore,

understanding the molecular pathways through which TMAO

affects renal homeostasis is essential for the development of

precise therapeutic strategies.

In conclusion, the gut microbial metabolite TMAO has emerged

as a potential contributor to the progression of kidney diseases.

Understanding the role of TMAO in kidney diseases may lead to the

development of novel therapeutic approaches that target TMAO
Abbreviations: TMAO, Trimethylamine N-oxide; CKD, Chronic renal failure;

AKI, Kidney injury; ESRD, End-stage renal disease; TMA, Trimethylamine; HD,

Hemodialysis; PD, Peritoneal dialysis; GFR, Glomerular filtration rate; CutC, An

enzyme that generates tr imethylamine; FMO, Flavin-containing

monooxygenases; LC-MS, Liquid Chromatography Mass Spectrometry; ELISA,

Enzyme Linked Immunosorbent Assay; NMR, Nuclear Magnetic Resonance;

MCP-1, Monocyte chemotactic protein-1; TNF-a, Tumor Necrosis Factor-alpha;

ROS, Reactive oxygen species; NOX4, NADPH oxidase 4; NLRP3, NOD-like

receptor protein 3; Smads3, Smads family proteins; AKT, Protein kinase B

phosphorylase; PI3K, Phosphatidylinositide 3-kinase; AAC, Abdominal aortic

calcification; CfPWV, Carotid-femoral pulse wave conduction velocity; PEW,

Protein energy wasting; MHD, Maintenance hemodialysis; IS, Indole sulfate.
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metabolism and signaling pathways for the prevention and

treatment of kidney diseases. Therefore, further investigation into

the interactions between TMAO and kidney function may advance

our understanding of the role of TMAO in kidney diseases and to

develop potential interventions to improve renal function.
2 The sources, metabolism, and
primary detection methods of TMAO

2.1 The source of TMAO

The human body has the capacity to acquire TMAO from

diverse origins, with dietary intake being a prominent source of

TMAO in the peripheral blood. Foods rich in choline, lecithin, and

L-carnitine, such as red meat, eggs, dairy products, and saltwater

fish, are metabolized by gut microbes during digestion to produce

TMAO in liver (Wang et al., 2011). The breakdown and metabolism

of nutrients by gut bacteria via microbial TMAO generation is

influenced significantly by an individual’s dietary choices,

ultimately impacting the levels of TMAO present in their

peripheral blood.

In addition to dietary sources, pharmaceutical products rich in

choline may also play a role in the synthesis of TMAO within the

body (Hampel et al., 2018). Certain medications or supplements

containing high concentrations of choline have the potential to

increase TMAO levels. Initially considered an insignificant

byproduct of choline metabolism, TMAO has since been linked

to hypertension, atherosclerosis, coronary artery disease, diabetes,

and renal failure. This highlights the need to study TMAO’s origins

and its health impacts (Nowiński and Ufnal, 2018).
2.2 Metabolism of TMAO

The metabolic pathway of TMAO is an intricate process involving

the enzymatic conversion of dietary choline to TMA by specific gut

microorganisms (Figure 2). These microorganisms harbor enzymes,

such as CutC and betaine reductase, which facilitate the breakdown of

cholineandsubsequent releaseofTMA.Following its formation,TMAis

absorbed into the bloodstream through the intestinal epithelium and

transported to the liver. Within the hepatic environment, TMA is

subjected to oxidation by flavin-containing monooxygenases (FMO),

resulting in the conversion of TMA to TMAO, the fully oxidized

derivative of the compound (Gatarek and Kaluzna-Czaplinska, 2021;

Benson et al., 2023).

Onemechanismbywhich thebodymaintainsTMAOhomeostasis

is through excretion, the kidney is the prominent organ to eliminate

TMAO.While themajorityofTMAOisexcreted throughkidney in the

metabolic cycles, a small portion is also eliminated through alternative

routes such as sweat, feces, and respiratory metabolism. These

additional excretion pathways collectively contribute to maintain

TMAO balance in the body (Gessner et al., 2020).

In summary, TMAO metabolism involves converting dietary

choline to TMA by gut microbes, oxidizing TMA to TMAO in the
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FIGURE 2

TMAO metabolic pathway: Trimethylamine-containing nutrients are converted to trimethylamine N-oxide by a gut microbiota-dependent initial step,
followed by conversion to trimethylamine N-oxide by host liver flavin monooxygenase, which then enters the bloodstream to exert its effects on
various systems.
FIGURE 1

Interaction of intestinal structures with the renal system: The intestinal mucosa is where the gut microbiota is most active, and is often affected by
diet, toxins, medications, and other factors. Gut hormones and metabolites affect the kidneys through the bloodstream. The disruption of kidney
function will in turn exacerbate the microinflammatory state of the gut as well as disturbances in the gut microflora.
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liver, and primarily excreting TMAO via the kidney, with minor

elimination through sweat, feces, and breath. Understanding this

process is essential for researching TMAO’s physiological roles and

regulating its levels.
2.3 Primary detection methods of TMAO

The detection of TMAO can be achieved through various

methods, including enzyme-linked immunosorbent assay

(ELISA), Liquid chromatography-mass spectrometry (LC-MS/

MS), Nuclear magnetic resonance spectroscopy (NMR), gas

chromatography, and electrochemical sensors.

The ELISA is a frequently utilized method in the field of TMAO

investigation. This technique relies on the utilization of specialized

antibodies that have an affinity for TMAO, enabling its

identification and measurement. LC-MS/MS is commonly

employed in research investigations owing to its exceptional

sensitivity and specificity. NMR serves as a non-invasive

analytical tool for detecting TMAO, relying on the detection of

distinctive signals emitted by TMAO under the influence of a

powerful magnetic field. NMR offers valuable insights into the

structural and dynamic properties of TMAO, thereby

contributing to a comprehensive understanding of this compound

(Du et al., 2017; Rox et al., 2021; Yang et al., 2021; Aksoyalp et al.,

2023). Additionally, less common methods for detecting TMAO are

gas chromatography, which separates sample components via gas

phase partitioning, and electrochemical sensors, which identify

changes in electrical properties when TMAO reacts with specific

electrodes (Fiori et al., 2018; Çorman et al., 2022).

In conclusion, a variety of techniques can be utilized for the

detection of TMAO (Fabresse et al., 2020; Tang et al., 2022).

Ongoing enhancements and innovations in these methodologies

are anticipated to propel progress in TMAO investigation and its

prospective utility in the healthcare sector.
3 TMAO and kidney diseases

3.1 TMAO and AKI

Acute kidney injury (AKI) is characterized by a rapid decline in

renal function, frequently triggered by ischemia, nephrotoxic

medications, sepsis, or other insults to the kidneys. Numerous

mechanisms cause AKI , inc lud ing pro longed organ

underperfusion, systemic wasting disorders, toxins, infections, and

severe forms of primary glomerular disease (Devarajan, 2023).

Recent studies have suggested a potential link between TMAO

and AKI (Missailidis et al., 2016). Research conducted in animal

models has shown an increase in TMAO levels in the blood of AKI

animals. Furthermore, elevated TMAO levels have been detected in

AKI patients (Liu et al., 2024). The precise mechanism by which

TMAO contributes to AKI remains incompletely elucidated,

potentially involving multiple pathways (Figure 3).
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One potential mechanism is through the activation of

inflammatory responses. TMAO promotes the production of

pro-inflammatory cytokines like IL-6 and TNF-a, leading to

kidney inflammation and damage. It also induces apoptosis in

renal cells, disrupts autophagy, and increases oxidative stress,

contributing to AKI progression (Shi et al., 2022; Lee et al.,

2024). An additional potential mechanism involves the

interference with the regulation of renal blood flow. Studies

have demonstrated that TMAO can hinder endothelial function

and decrease the availability of nitric oxide (NO) (Querio et al.,

2022). The decreased bioavailability of NO caused by TMAO may

induce renal vasoconstriction and ischemia, ultimately resulting

inAKI. Moreover, TMAO disrupts the renal tubular transport

system by inhibiting organic cation and anion transporters (OCTs

and OATs), essential for reabsorbing and secreting various

compounds in the kidneys (Samodelov et al., 2020). TMAO up-

regulates NOX2, increasing fibronectin, p65, and Snail, which

blocks the G2/M cell cycle and heightens kidney inflammation via

the NOX/ROS pathway. Additionally, TMAO damages renal cells

through the PI3K/Akt/NF-kappa B pathway. Elevated TMAO in

mice also shows continuous CCR2 expression from monocytes,

indicating CCR2 as a potential target for TMAO (Ren et al., 2024).

In summary, recent studies indicate a possible connection

between TMAO and AKI, with elevated TMAO levels observed in

AKI patients. TMAO appears to induce renal inflammation,

apoptosis, oxidative stress, and disrupt kidney function. However,

more research is needed to confirm these findings and understand

the mechanisms involved. Future research should explore TMAO-

targeted interventions and its potential as an early biomarker

for AKI.
3.2 TMAO and CKD

Given the established link between TMAO and AKI, it is crucial to

explore the mechanisms by which TMAO may exacerbate CKD

progression. CKD is a chronic progressive disease. It is defined by

KDIGO as a persistent elevation of urinary albumin excretion (UAE)

(30 mg/g, or 3 mg/mmol) or a persistent decrease in glomerular

filtration rate (GFR) (less than 60 ml/min, or both) that lasts for

more than three months (KDIGO 2022 clinical practice guideline for

diabetes management in chronic kidney disease, 2022). In addition, in

global health statistics, CKD has gradually become an important cause

of death worldwide, affecting 15-20% of adults worldwide, and is often

associated with diabetes, hypertension, cardiovascular disease and

other chronic diseases (Jankowski et al., 2021; Matsushita et al.,

2022). The bidirectional relationship between TMAO and CKD is

evidenced by the influence of CKD on TMAO levels, as well as the

potential for elevated TMAO levels to contribute to the progression of

CKD (Xu et al., 2017; Jia et al., 2019; Pelletier et al., 2019; Lim et al.,

2021). Studies show that CKD patients have significantly higher

TMAO levels than healthy individuals, which are linked to increased

risk of cardiovascular events and mortality (Zeng et al., 2021;

Andrikopoulos et al., 2023; Wang et al., 2024). Interestingly, this
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elevated risk also varies by ethnicity, with a cohort study that CKD

patients with high plasma levels of TMAO had a higher mortality risk,

and that risk was higher among white people than blacks people (Tang

et al., 2015; Dai et al., 2022; Kalagi et al., 2023; Li et al., 2023).

TMAO may impact CKD development and progression

through various mechanisms (Figure 4). First, TMAO has been

demonstrated to stimulate inflammation and oxidative stress, both

of which are significant factors in the progression of CKD (Lau

et al., 2018). High TMAO levels can elevate inflammatory factors

like TNF-a, MCP-1, IL-1b, IL-6, and IL-18 by activating p38

phosphorylation and upregulating human antigen R (HuR). It is

well known that p38 is a core component of the MAPK pathway,

and phosphorylated p38 can turn on the transcription of many

target genes, such as TNF-a, MCP1, and NLRP3 inflammasome.

Cytoplasmic localization of HuR is also controlled by the p38/

MAPK pathway. HuR is an RNA-binding protein that binds to the

AU-rich element (ARE) of the 3’ untranslated region of mRNA. It

can maintain the stability of TNF-a, IL-6, IL-18 and other

inflammatory cytokines mRNA. TTP is another RNA binding

protein. However, TTP can promote the degradation of these

cytokines, while HuR can competitively inhibit TTP (Lai et al.,

2022). Second, it was shown that TMAO induces endothelial

dysfunction by inhibiting nitric oxide production, increasing

reactive oxygen species, and promoting smooth muscle cell

proliferation (Li et al., 2022). And TMAO could exacerbate

oxidat ive stress through upregulat ion of NOX4 and

downregulation of SOD. According to studies, TMAO may be
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elevated HuR to bind to the NOX4 promoter (Shi et al., 2020).

Third, TMAO may potentially disrupt the equilibrium of renal

electrolytes and water transport by inhibiting sodium and water

reabsorption in the kidneys, resulting in sodium retention and

volume expansion, characteristic features of chronic kidney disease

(Fang et al., 2023).

Besides, TMAO may directly harms kidney structure, causing

glomerular hypertrophy, tubulointerstitial fibrosis, and renal

inflammation in animals, which promoting the progression of

CKD. For instance, TMAO triggers NLRP3 inflammasome

formation and activates NF-kB signaling, Caspase-1, the PERK/

Akt/mTOR pathway, and IL-1b, leading to increased renal fibrosis

(El-Deeb et al., 2019; Zhang et al., 2020; Kapetanaki et al., 2021; Xie

et al., 2022). PERK knockdown consistently mitigated TMAO-

induced autophagy, apoptosis, and oxidative stress in renal cells.

Another study found that high TMAO levels significantly elevated

Smad3 in mice, leading to renal fibrosis (Zhang et al., 2021). Further

investigation showed that TMAO also increased Smad4, which

promotes fibrosis by inducing Smad3-regulated microRNAs and

Smad ubiquitination regulatory factor (Chen et al., 2018). TMAO

also influences renal cell autophagy and cell cycle regulation. For

instance, an in vitro study found that TMAO down-regulates

Gadd45a expression by mediating the nuclear translocation of Y-

box binding protein-1, thus inhibiting cell cycle progression (Wang

et al., 2021). In animal studies on hyperuricemic nephropathy,

TMAO accelerates renal fibrosis by activating PI3K/AKT/mTOR

pathway. Chlorogenic acid can counteract this effect (Dong et al.,
FIGURE 3

Model of TMAO effect on AKI: The figure mainly shows that TMAO can stimulate NLRP3 in macrophages and stimulate T cell differentiation, produce
a variety of inflammatory factors, and aggravate the inflammatory response. At the same time, by inducing the generation of reactive oxygen species
(ROS) and activating PI3K/Akt/NF-kB signaling pathway, the imbalance of autophagy process can lead to increased death of renal tubular epithelial
cells and damage kidney function. Secondly, it can affect the function of some transporters, such as organic anion transporters (OATs) and organic
cationic transporters (OCTs), leading to the accumulation of waste in the cell, further aggravating cell damage and inflammatory reaction.
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2022; Zhou et al., 2022). Current studies have shown that mTOR is

comprised of mTOR complex 1 (mTORC1) and mTOR complex 2

(mTORC2). mTORC1 accomplishes metabolic reprogramming by

enhancing the biosynthesis of glycolysis, proteins, lipids, and

nucleic acids through the activation of S6 kinase. mTORC2 is

located upstream of AKT kinase and regulates cell growth and

migration by phosphorylating the S473 site of AKT and modulating

cytoskeletal proteins. However, the specific mTOR complex that

TMAO affects is still under investigation.

In summary, TMAO contributes to CKD progression,

indicating that targeting TMAO could be a promising treatment

strategy. Reducing TMAO levels may mitigate inflammation,

oxidative stress, endothelial dysfunction, and renal abnormalities,

and improving patient outcomes. However, more research is

necessary to understand the mechanisms and develop effective

interventions for regulating TMAO in the blood of CKD patients.
3.3 TMAO and ESRD

Building on the understanding of TMAO’s role in CKD, we now

delve deeper into its implications for ESRD, highlighting the potential

pathways through which TMAO contributes to the complex health

challenges faced by ESRD patients. ESRD refers to the end stage of

chronic kidney disease caused by various causes. It usually presents

with pathological changes of glomerular filtration rate below 15 ml/
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(min·1.73m^2), accompanied by retention of metabolites and toxins,

and disturbance of water, electrolyte and acid-base balance as the main

clinical features (Wouk, 2021). ESRD often coexists with comorbidities

like cardiovascular disease, anemia, and bone disorders, significantly

affecting patient quality of life and survival. TMAO, a biomarker of

ESRD, is a co-metabolite produced by both microbiota and livers,

originating from choline- or carnitine-rich foods and entering the

bloodstream. While healthy kidney can remove TMAO efficiently, the

loss of kidney function in ESRD patients leads to its accumulation in

blood (Zhang et al., 2020; Zheng et al., 2020; Li et al., 2023).

The elevated levels of TMAO in the blood of patients with

ESRD have profound implications for their health status and

comorbidities. Specifically, heightened TMAO levels have been

linked to a heightened risk of cardiovascular events, including

myocardial infarctions and cerebrovascular accidents (Stubbs

et al., 2016; Rodrigues et al., 2021). At high concentrations of

TMAO, microvascular tight junction proteins in subcutaneous

adipose tissue are significantly reduced in ESRD patients,

disrupting the intestinal barrier and blood-brain barrier,

ultimately leading to clinical manifestations such as depression

and cognitive decline. In addition, TMAO may accelerate the

process of atherosclerosis and increase the risk of cardiovascular

diseases through mechanisms such as promoting inflammation,

increasing the expression of scavenger receptors, inhibiting reverse

cholesterol transport, and enhancing vascular calcification (Chen

et al., 2017; Dicks, 2024; Luo et al., 2024). For instance,
FIGURE 4

Model of TMAO effect on CKD: Three main pathways are depicted: TMAO activates macrophages by stimulating NLRP3 (NOD-like receptor protein
3) and stimulates T cell differentiation to produce multiple inflammatory factors, such as TNF-a, IL-6, etc., which exacerbate the inflammatory
response; At the same time, it not only promotes the formation of NLRP3 inflammasome, but also activates the expression of NF-kB signaling
pathway, Caspase-1 activation, PERK/Akt/mTOR pathway, IL-1b and other inflammatory and fibrosis-related factors, thus significantly enhancing the
process of renal fibrosis. Finally, the function of the intrarenal transporters is affected, resulting in the accumulation of waste products in the kidney,
which may further exacerbate kidney injury and fibrosis.
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Hemodialysis (HD) patients had significantly higher serum TMAO

levels than healthy individuals, and HD patients with high

abdominal aortic calcification (AAC) scores had notably higher

TMAO levels than those with low AAC scores (He et al., 2022). In a

subsequent study, PY et al. discovered that elevated serum TMAO

levels in HD patients raise carotid-femoral pulse wave conduction

velocity (cfPWV), thereby increasing aortic stiffness and the risk of

cardiovascular disease (Shafi et al., 2017; Tomlinson and Wheeler,

2017; Huang et al., 2023). Vascular calcification also leads to HD

failure and poor prognosis in ESRD patients.

Moreover, studies have demonstrated that TMAO plays a role in

promoting inflammatory responses and oxidative stress in the body,

which are critical factors in the advancement of kidney disease. TMAO

may accelerate renal function decline and increase the risk of

complications like anemia, bone disorders, and mortality in ESRD

patients. Such as, the elevation of TMAOappears to be associated with

the occurrence of PD-associated peritonitis in patients treated with

peritoneal dialysis (PD) (Chang et al., 2022). The pathogenesis of

increased TMAO concentration on peritonitis may be that TMAO

increases PD-induced inflammatory cell infiltration and the

production of peritoneal inflammatory cytokines. In addition,

studies have shown that TMAO not only causes primary peritoneal

mesothelial cell necrosis, but also increases the synthesis of pro-

inflammatory cytokines such as CCL2-a, TNF-a, IL-6, and IL-1b
(Zhang et al., 2022). However, the specific mechanisms that cause

elevated inflammatory markers are still unclear.

The implications of TMAO for patientswith ESRD are not limited

to its direct influence on renal function. Elevated levels of TMAOhave

been associated with potential disruptions in the efficacy of dialysis

treatments, impacting the elimination of various harmful substances

(Hai et al., 2015; Kalim et al., 2018; Mair et al., 2018). Furthermore,

TMAO has been correlated with changes in the composition of gut

microbiota, adding another layer of complexity to the multifaceted

health challenges faced by individuals with ESRD (Bao et al., 2022).

Moreover, studies indicate that over 50% ofmaintenance HD patients

with ESRD experience protein energy wasting (PEW), which is linked

to poor clinical outcomes (Chan et al., 2012; Ikizler et al., 2013).MHD

patients with higher serum TMAO levels had lower BMI, triglyceride

levels, DPI, and PEW, while 34% of those with low TMAO levels did

not (Hu et al., 2022). Future studies must identify effective methods to

demonstrate the specific mechanisms of action of PEW and TMAO.

In conclusion, TMAO plays a crucial role in the management and

prognosis of ESRD. Elevated TMAO levels in ESRD patients not only

signify a more advanced disease status but also play a role in the

emergence and advancement of potentially fatal complications.

Ongoing research on TMAO and its impact on ESRD has the

potential to guide the development of more precise and efficient

treatment approaches for this susceptible patient group.
4 Diverse strategies for modulating
plasma TMAO levels

TMAO, derived from dietary choline, lecithin, and carnitine, is

linked to cardiovascular, kidney diseases, and metabolic disorders.
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High blood TMAO levels increase the risk of these conditions,

prompting research into interventions. Here, we explores strategies

to control plasma TMAO levels and their public health

implications (Table 1).
4.1 Dietary interventions

Dietary modifications play a significant role in influencing

TMAO levels, with consumption of foods high in choline and

carnitine. Reducing the intake of red and white meat (Wang

et al., 2019), introducing new dietary modalities such as a high-fat

ketogenic diet (LCHF) (Ang et al., 2020), dietary methionine

restriction (Lu et al., 2023) and the mediterranean diet (Estruch

et al., 2018) have all been found to be effective in reducing TMAO

level in recent studies. It suggesting that dietary shifts towards

plant-centric eating patterns could be beneficial. Additionally,

certain food components can influence TMAO levels.
4.2 Gut microbiota manipulation

The gut microbiota plays a pivotal role in converting dietary

components into TMAO, suggesting that modulation of the gut

microbiota could serve as a viable approach to regulating TMAO

levels. Probiotics like Lactobacillus plantarum ZDY01 and ZDY04

have demonstrated TMAO-lowering effects (Qiu et al., 2018; Tang

et al., 2021). Similarly, bifidobacterium could regulate mouse gut

microbiota (Wang et al., 2022). In addition, the intake of small

molecules such as resveratrol (Hsu et al., 2020), geraniol (Lin et al.,

2022), ligustrum robustum (Rxob) (Liu et al., 2021), allicin (Panyod

et al., 2022), and curcumin (Zhang et al., 2022), rhubarb enema (Ji

et al., 2021), implantation of human umbilical cord mesenchymal

stem cells (Li et al., 2021), and even the fecal microbiota

transplantation (FMT) (Smits et al., 2018) maintains a strikingly

similar efficacy. However, further rigorous research is necessary to

confirm safety, efficacy, and applicability of these interventions.
4.3 Related intermediate inhibitors

In TMAO metabolism, CutC/D & FMO3 are crucial. CutC/D

regulates choline anaerobiosis, while FMO3 converts TMA to

TMAO. Inhibiting these enzymes could inhibit the production of

TMAO. Choline analog DMBmitigates TMAO, reducing its plasma

levels and plaque formation (Wang et al., 2015; Brunt et al., 2022).

In addition, novel cholinergic inhibitors of TMA lyase include

iodomethylcholine (IMC) and fluoromethylcholine (FMC) could

inhibit the production of TMAO (Pathak et al., 2020; Benson et al.,

2023; Tain et al., 2023). In addition, choline analogs such as

phenylcholine can also reduce TMA production (Schugar et al.,

2022). Other choline analogs and compounds like DIM, I3C,

fenugreekine, PMFs, and chlorogenic acid can also inhibit FMO3,

decreasing TMAO levels (Anwar et al., 2018; Chen et al., 2019;

Iglesias-Carres et al., 2023; Lee et al., 2023).
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4.4 Pharmacological approaches

Although many drugs have been reported to target TMAO

production, but further studies and clinical trials are needed to
Frontiers in Cellular and Infection Microbiology 08
confirm their safety and efficacy. Fecal tests from metformin-treated

donormice showed that recipientmice had increased Bifidobacterium

bifidum and Akkermansia, and decreased CutC/D in their gut

microbiota (Su et al., 2021). Finasteride treatment may alleviate

symptoms by inhibiting liver Fmo3 (Wang et al., 2022). Rosuvastatin

may be associated with inhibition of HDL-cholesterol versus LDL-

cholesterol production (Xiong et al., 2022). Linacloroptide can reduce

TMAO levels, and improve kidney inflammation and fibrosis, as well

as cardiac fibrosis, and contribute to the amelioration of CKD (Nanto-

Hara et al., 2020). Besides, Suyin Detoxification Granule (SDG) have

been found to prevent the progression of CKDby regulating intestinal

microbiota, reducing circulating TMAO levels, inhibiting increased

renal tubular iron concentration, suppressing pro-fibrotic factor

secretion, and mitigating TMAO-induced renal fibrosis (Ge et al.,

2024).Moreover, an increasingbodyof researchhasdemonstrated that

some herbal medicines such as berberine (Li et al., 2021), naringenin,

paeoniflorin, beta-ecdysterone, 18beta-glycyrrhetinic acid, bitter

amygdalin, leucovorin, shiba hu saponin A (Yu et al., 2021), Perilla

frutescens L (Yong et al., 2023), and a number of herbal formulas (Ji

et al., 2020; Zhang et al., 2021) that amelioratemetabolic abnormalities

can also reduce the production of TMAO.

Regulating plasma TMAO levels requires a holistic approach,

including diet changes, gut microbiota adjustments and

medications. As research progresses, more effective interventions

will emerge. Healthcare providers should monitor TMAO levels to

better assess kidney, cardiovascular, and metabolic health,

potentially reducing risks and enhancing outcomes.
5 Conclusion

TMAO has garnered more and more attention in the field of

nephrology due to its essential role in many kidney diseases. The

processes of its production, metabolism, and detection indicate that

TMAO may be a valuable indicator of kidney health. TMAO has

been implicated in the pathogenesis of many kidney diseases

through mechanisms involving oxidative stress, inflammation,

and endothelial dysfunction. Consequently, strategies aimed at

modulating TMAO production or metabolism may be the novel

therapeutic avenues for the prevent and treatment of kidney

diseases. In conclusion, TMAO plays an essential role in the

progression of many kidney diseases, and targeting the

production or metabolism of TMAO may be an effective means

to treat various kidney diseases.
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Estruch, R., Ros, E., Salas-Salvadó, J., Covas, M. I., Corella, D., Arós, F., et al. (2018).
Primary prevention of cardiovascular disease with a Mediterranean diet supplemented
frontiersin.org

http://www.figdraw.com
https://doi.org/10.17179/excli2022-5617
https://doi.org/10.1038/s41522-022-00352-6
https://doi.org/10.1038/s41522-022-00352-6
https://doi.org/10.1038/s41467-023-39824-4
https://doi.org/10.1016/j.cell.2020.04.027
https://doi.org/10.1016/j.jpba.2018.06.027
https://doi.org/10.1016/j.jpba.2018.06.027
https://doi.org/10.1016/j.kint.2022.06.008
https://doi.org/10.3389/fcimb.2022.639624
https://doi.org/10.3390/ijms231810729
https://doi.org/10.1161/circulationaha.122.060573
https://doi.org/10.1152/japplphysiol.00350.2022
https://doi.org/10.1152/japplphysiol.00350.2022
https://doi.org/10.1053/j.jrn.2011.11.002
https://doi.org/10.1177/08968608211051809
https://doi.org/10.1177/08968608211051809
https://doi.org/10.1016/j.cmet.2019.08.021
https://doi.org/10.1016/j.biopha.2018.02.090
https://doi.org/10.1161/jaha.117.006347
https://doi.org/10.1016/j.talanta.2022.123689
https://doi.org/10.1016/j.talanta.2022.123689
https://doi.org/10.1093/ajcn/nqac278
https://doi.org/10.1097/mop.0000000000001215
https://doi.org/10.3390/ijms251910634
https://doi.org/10.1016/j.freeradbiomed.2021.11.010
https://doi.org/10.1021/acs.jproteome.7b00030
https://doi.org/10.1002/jcb.28707
https://doi.org/10.3389/fcimb.2025.1488264
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Su et al. 10.3389/fcimb.2025.1488264
with extra-virgin olive oil or nuts. New Engl. J. Med. 378, e34. doi: 10.1056/
NEJMoa1800389

Fabresse, N., Uteem, I., Lamy, E., Massy, Z., Larabi, I. A., and Alvarez, J. C. (2020).
Quantification of free and protein bound uremic toxins in human serum by LC-MS/
MS: Comparison of rapid equilibrium dialysis and ultrafiltration. Clinica chimica Acta
507, 228–235. doi: 10.1016/j.cca.2020.04.032

Fang, C., Lau, W. L., Sun, J., Chang, R., Vallejo, A., Lee, D., et al. (2023). Chronic
kidney disease promotes cerebral microhemorrhage formation. J. Neuroinflamm. 20,
51. doi: 10.1186/s12974-023-02703-2

Fiori, J., Turroni, S., Candela, M., Brigidi, P., and Gotti, R. (2018). Simultaneous HS-
SPME GC-MS determination of short chain fatty acids, trimethylamine and
trimethylamine N-oxide for gut microbiota metabolic profile. Talanta 189, 573–578.
doi: 10.1016/j.talanta.2018.07.051

Gatarek, P., and Kaluzna-Czaplinska, J. (2021). Trimethylamine N-oxide (TMAO) in
human health. EXCLI J. 20, 301–319. doi: 10.17179/excli2020-3239

Ge, H., Wei, Y., Zhang, W., Yong, C., Chen, Y., and Zhou, E. (2024). Suyin
Detoxification Granule alleviates trimethylamine N-oxide-induced tubular ferroptosis
and renal fibrosis to prevent chronic kidney disease progression. Phytomedicine 135,
156195. doi: 10.1016/j.phymed.2024.156195

Gessner, A., di Giuseppe, R., Koch, M., Fromm, M. F., Lieb, W., and Maas, R. (2020).
Trimethylamine-N-oxide (TMAO) determined by LC-MS/MS: distribution and
correlates in the population-based PopGen cohort. Clin. Chem. Lab. Med. 58, 733–
740. doi: 10.1515/cclm-2019-1146

Hai, X., Landeras, V., Dobre, M. A., DeOreo, P., Meyer, T. W., and Hostetter, T. H.
(2015). Mechanism of prominent trimethylamine oxide (TMAO) accumulation in
hemodialysis patients. PloS One 10, e0143731. doi: 10.1371/journal.pone.0143731

Hampel, H., Mesulam, M. M., Cuello, A. C., Farlow, M. R., Giacobini, E., Grossberg,
G. T., et al. (2018). The cholinergic system in the pathophysiology and treatment of
Alzheimer’s disease. Brain: J. Neurol. 141, 1917–1933. doi: 10.1093/brain/awy132

He, L., Yang, W., Yang, P., Zhang, X., and Zhang, A. (2022). Higher serum
trimethylamine-N-oxide levels are associated with increased abdominal aortic
calcification in hemodialysis patients. Renal failure 44, 2019–2027. doi: 10.1080/
0886022x.2022.2145971

Hsu, C. N., Hou, C. Y., Chang-Chien, G. P., Lin, S., Yang, H. W., and Tain, Y. L.
(2020). Perinatal resveratrol therapy prevents hypertension programmed by maternal
chronic kidney disease in adult male offspring: implications of the gut microbiome and
their metabolites. Biomedicines 8, 12. doi: 10.3390/biomedicines8120567

Hu, C., Zhang, Y., Bi, X., Yao, L., Zhou, Y., and Ding, W. (2022). Correlation between
serum trimethylamine-N-oxide concentration and protein energy wasting in patients
on maintenance hemodialysis. Renal failure 44, 1669–1676. doi: 10.1080/
0886022x.2022.2131572

Huang, P. Y., Hsu, B. G., Lai, Y. H., Wang, C. H., and Tsai, J. P. (2023). Serum
trimethylamine N-oxide level is positively associated with aortic stiffness measured by
carotid-femoral pulse wave velocity in patients undergoing maintenance hemodialysis.
Toxins 15, 9. doi: 10.3390/toxins15090572

Huang, Y., Xin, W., Xiong, J., Yao, M., Zhang, B., and Zhao, J. (2022). The intestinal
microbiota and metabolites in the gut-kidney-heart axis of chronic kidney disease.
Front. Pharmacol. 13. doi: 10.3389/fphar.2022.837500

Iglesias-Carres, L., Chadwick-Corbin, S. A., Sweet, M. G., and Neilson, A. P. (2023).
Dietary phenolics and their microbial metabolites are poor inhibitors of
trimethylamine oxidation to trimethylamine N-oxide by hepatic flavin
monooxygenase 3. J. Nutr. Biochem. 120, 109428. doi: 10.1016/j.jnutbio.2023.109428

Ikizler, T. A., Cano, N. J., Franch, H., Fouque, D., Himmelfarb, J., Kalantar-Zadeh, K.,
et al. (2013). Prevention and treatment of protein energy wasting in chronic kidney
disease patients: a consensus statement by the International Society of Renal Nutrition
and Metabolism. Kidney Int. 84, 1096–1107. doi: 10.1038/ki.2013.147

Jankowski, J., Floege, J., Fliser, D., Böhm, M., and Marx, N. (2021). Cardiovascular
disease in chronic kidney disease: pathophysiological insights and therapeutic options.
Circulation 143, 1157–1172. doi: 10.1161/circulationaha.120.050686

Ji, W., Jiang, T., Sun, Z., Teng, F., Ma, C., Huang, S., et al. (2020). The enhanced
pharmacological effects of modified traditional Chinese medicine in attenuation of
atherosclerosis is driven by modulation of gut microbiota. Front. Pharmacol. 11.
doi: 10.3389/fphar.2020.546589

Ji, C., Li, Y., Mo, Y., Lu, Z., Lu, F., Lin, Q., et al. (2021). Rhubarb enema decreases
circulating trimethylamine N-oxide level and improves renal fibrosis accompanied with
gut microbiota change in chronic kidney disease rats. Front. Pharmacol. 12.
doi: 10.3389/fphar.2021.780924

Jia, J., Dou, P., Gao, M., Kong, X., Li, C., Liu, Z., et al. (2019). Assessment of causal
direction between gut microbiota-dependent metabolites and cardiometabolic health:
A bidirectional Mendelian randomization analysis. Diabetes 68, 1747–1755.
doi: 10.2337/db19-0153

Kalagi, N. A., Thota, R. N., Stojanovski, E., Alburikan, K. A., and Garg, M. L. (2023).
Plasma trimethylamine N-oxide levels are associated with poor kidney function in
people with type 2 diabetes. Nutrients 15, 4. doi: 10.3390/nu15040812

Kalantar-Zadeh, K., Jafar, T. H., Nitsch, D., Neuen, B. L., and Perkovic, V. (2021).
Chronic kidney disease. Lancet (London England) 398, 786–802. doi: 10.1016/s0140-
6736(21)00519-5
Frontiers in Cellular and Infection Microbiology 10
Kalim, S., Wald, R., Yan, A. T., Goldstein, M. B., Kiaii, M., Xu, D., et al. (2018).
Extended duration nocturnal hemodialysis and changes in plasma metabolite profiles.
Clin. J. Am. Soc. Nephrology: CJASN 13, 436–444. doi: 10.2215/cjn.08790817

Kapetanaki, S., Kumawat, A. K., Persson, K., and Demirel, I. (2021). The fibrotic
effects of TMAO on human renal fibroblasts is mediated by NLRP3, caspase-1 and the
PERK/Akt/mTOR pathway. Int. J. Mol. Sci. 22, 21. doi: 10.3390/ijms222111864

Lai, Y., Tang, H., Zhang, X., Zhou, Z., Zhou, M., Hu, Z., et al. (2022).
Trimethylamine-N-Oxide Aggravates Kidney Injury via Activation of p38/MAPK
Signaling and Upregulation of HuR. Kidney Blood Pressure Res. 47, 61–71.
doi: 10.1159/000519603

Lau, W. L., Savoj, J., Nakata, M. B., and Vaziri, N. D. (2018). Altered microbiome in
chronic kidney disease: systemic effects of gut-derived uremic toxins. Clin. Sci. (London
England: 1979) 132, 509–522. doi: 10.1042/cs20171107

Lee, J., Lee, J., Kim, K., Lee, J., Jung, Y., Hyeon, J. S., et al. (2024). Antibiotic-induced
intestinal microbiota depletion can attenuate the acute kidney injury to chronic kidney
disease transition via NADPH oxidase 2 and trimethylamine-N-oxide inhibition.
Kidney Int. 105, 1239–1253. doi: 10.1016/j.kint.2024.01.040

Lee, H., Liu, X., An, J. P., andWang, Y. (2023). Identification of Polymethoxyflavones
(PMFs) from Orange Peel and Their Inhibitory Effects on the Formation of
Trimethylamine (TMA) and Trimethylamine-N-oxide (TMAO) Using cntA/B and
cutC/D Enzymes and Molecular Docking. J. Agric. Food Chem. 71, 16114–16124.
doi: 10.1021/acs.jafc.3c04462

Li, Y., Lu, H., Guo, J., Zhang, M., Zheng, H., Liu, Y., et al. (2023). Gut microbiota-
derived trimethylamine N-oxide is associated with the risk of all-cause and
cardiovascular mortality in patients with chronic kidney disease: a systematic review
and dose-response meta-analysis. Ann. Med. 55, 2215542. doi: 10.1080/
07853890.2023.2215542

Li, Y., Shi, G., Han, Y., Shang, H., Li, H., Liang, W., et al. (2021). Therapeutic
potential of human umbilical cord mesenchymal stem cells on aortic atherosclerotic
plaque in a high-fat diet rabbit model. Stem Cell Res. Ther. 12, 407. doi: 10.1186/s13287-
021-02490-8

Li, X., Su, C., Jiang, Z., Yang, Y., Zhang, Y., Yang, M., et al. (2021). Berberine
attenuates choline-induced atherosclerosis by inhibiting trimethylamine and
trimethylamine-N-oxide production via manipulating the gut microbiome. NPJ
biofilms microbiomes 7, 36. doi: 10.1038/s41522-021-00205-8

Li, X., Zheng, J., Wang, J., Tang, X., Zhang, F., Liu, S., et al. (2022). Effects of uremic
clearance granules on p38 MAPK/NF-kB signaling pathway, microbial and metabolic
profiles in end-stage renal disease rats receiving peritoneal dialysis. Drug design Dev.
Ther. 16, 2529–2544. doi: 10.2147/dddt.S364069

Lim, Y. J., Sidor, N. A., Tonial, N. C., Che, A., and Urquhart, B. L. (2021). Uremic
toxins in the progression of chronic kidney disease and cardiovascular disease:
mechanisms and therapeutic targets. Toxins 13, 2. doi: 10.3390/toxins13020142

Lin, K., Wang, X., Li, J., Zhao, P., Xi, X., Feng, Y., et al. (2022). Anti-atherosclerotic
effects of geraniin through the gut microbiota-dependent trimethylamine N-oxide
(TMAO) pathway in mice. Phytomedicine 101, 154104. doi: 10.1016/j.phymed.
2022.154104

Liu, S., He, F., Zheng, T., Wan, S., Chen, J., Yang, F., et al. (2021). Ligustrum
robustum alleviates atherosclerosis by decreasing serum TMAO, modulating gut
microbiota, and decreasing bile acid and cholesterol absorption in mice. Mol. Nutr.
Food Res. 65, e2100014. doi: 10.1002/mnfr.202100014

Liu, Z., Li, X., Wang, T., Zhang, H., Li, X., Xu, J., et al. (2024). SAH and SAM/SAH
ratio associate with acute kidney injury in critically ill patients: A case-control study.
Clinica chimica Acta 553, 117726. doi: 10.1016/j.cca.2023.117726

Lu, M., Yang, Y., Xu, Y., Wang, X., Li, B., Le, G., et al. (2023). Dietary methionine
restriction alleviates choline-induced tri-methylamine-N-oxide (TMAO) elevation by
manipulating gut microbiota in mice. Nutrients 15, 1. doi: 10.3390/nu15010206

Luo, Z., Yu, X., Wang, C., Zhao, H., Wang, X., and Guan, X. (2024). Trimethylamine
N-oxide promotes oxidative stress and lipid accumulation in macrophage foam cells via
the Nrf2/ABCA1 pathway. J. Physiol. Biochem. 80, 67–79. doi: 10.1007/s13105-023-
00984-y

Mair, R. D., Sirich, T. L., and Meyer, T. W. (2018). Uremic toxin clearance and
cardiovascular toxicities. Toxins 10, 6. doi: 10.3390/toxins10060226

Matsushita, K., Ballew, S. H., Wang, A. Y., Kalyesubula, R., Schaeffner, E., and
Agarwal, R. (2022). Epidemiology and risk of cardiovascular disease in populations
with chronic kidney disease. Nat. Rev. Nephrol. 18, 696–707. doi: 10.1038/s41581-022-
00616-6

Missailidis, C., Hällqvist, J., Qureshi, A. R., Barany, P., Heimbürger, O., Lindholm, B.,
et al. (2016). Serum trimethylamine-N-oxide is strongly related to renal function and
predicts outcome in chronic kidney disease. PloS One 11, e0141738. doi: 10.1371/
journal.pone.0141738

Nanto-Hara, F., Kanemitsu, Y., Fukuda, S., Kikuchi, K., Asaji, K., Saigusa, D., et al.
(2020). The guanylate cyclase C agonist linaclotide ameliorates the gut-cardio-renal
axis in an adenine-induced mouse model of chronic kidney disease. Nephrology dialysis
Transplant. 35, 250–264. doi: 10.1093/ndt/gfz126

Nowiński, A., and Ufnal, M. (2018). Trimethylamine N-oxide: A harmful, protective
or diagnostic marker in lifestyle diseases? Nutr. (Burbank Los Angeles County Calif.) 46,
7–12. doi: 10.1016/j.nut.2017.08.001
frontiersin.org

https://doi.org/10.1056/NEJMoa1800389
https://doi.org/10.1056/NEJMoa1800389
https://doi.org/10.1016/j.cca.2020.04.032
https://doi.org/10.1186/s12974-023-02703-2
https://doi.org/10.1016/j.talanta.2018.07.051
https://doi.org/10.17179/excli2020-3239
https://doi.org/10.1016/j.phymed.2024.156195
https://doi.org/10.1515/cclm-2019-1146
https://doi.org/10.1371/journal.pone.0143731
https://doi.org/10.1093/brain/awy132
https://doi.org/10.1080/0886022x.2022.2145971
https://doi.org/10.1080/0886022x.2022.2145971
https://doi.org/10.3390/biomedicines8120567
https://doi.org/10.1080/0886022x.2022.2131572
https://doi.org/10.1080/0886022x.2022.2131572
https://doi.org/10.3390/toxins15090572
https://doi.org/10.3389/fphar.2022.837500
https://doi.org/10.1016/j.jnutbio.2023.109428
https://doi.org/10.1038/ki.2013.147
https://doi.org/10.1161/circulationaha.120.050686
https://doi.org/10.3389/fphar.2020.546589
https://doi.org/10.3389/fphar.2021.780924
https://doi.org/10.2337/db19-0153
https://doi.org/10.3390/nu15040812
https://doi.org/10.1016/s0140-6736(21)00519-5
https://doi.org/10.1016/s0140-6736(21)00519-5
https://doi.org/10.2215/cjn.08790817
https://doi.org/10.3390/ijms222111864
https://doi.org/10.1159/000519603
https://doi.org/10.1042/cs20171107
https://doi.org/10.1016/j.kint.2024.01.040
https://doi.org/10.1021/acs.jafc.3c04462
https://doi.org/10.1080/07853890.2023.2215542
https://doi.org/10.1080/07853890.2023.2215542
https://doi.org/10.1186/s13287-021-02490-8
https://doi.org/10.1186/s13287-021-02490-8
https://doi.org/10.1038/s41522-021-00205-8
https://doi.org/10.2147/dddt.S364069
https://doi.org/10.3390/toxins13020142
https://doi.org/10.1016/j.phymed.2022.154104
https://doi.org/10.1016/j.phymed.2022.154104
https://doi.org/10.1002/mnfr.202100014
https://doi.org/10.1016/j.cca.2023.117726
https://doi.org/10.3390/nu15010206
https://doi.org/10.1007/s13105-023-00984-y
https://doi.org/10.1007/s13105-023-00984-y
https://doi.org/10.3390/toxins10060226
https://doi.org/10.1038/s41581-022-00616-6
https://doi.org/10.1038/s41581-022-00616-6
https://doi.org/10.1371/journal.pone.0141738
https://doi.org/10.1371/journal.pone.0141738
https://doi.org/10.1093/ndt/gfz126
https://doi.org/10.1016/j.nut.2017.08.001
https://doi.org/10.3389/fcimb.2025.1488264
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Su et al. 10.3389/fcimb.2025.1488264
Panyod, S., Wu, W. K., Chen, P. C., Chong, K. V., Yang, Y. T., Chuang, H. L., et al.
(2022). Atherosclerosis amelioration by allicin in raw garlic through gut microbiota and
trimethylamine-N-oxide modulation. NPJ biofilms microbiomes 8, 4. doi: 10.1038/
s41522-022-00266-3

Pathak, P., Helsley, R. N., Brown, A. L., Buffa, J. A., Choucair, I., Nemet, I., et al.
(2020). Small molecule inhibition of gut microbial choline trimethylamine lyase activity
alters host cholesterol and bile acid metabolism. Am. J. Physiol. Heart Circulatory
Physiol. 318, H1474–h1486. doi: 10.1152/ajpheart.00584.2019

Pelletier, C. C., Croyal, M., Ene, L., Aguesse, A., Billon-Crossouard, S., Krempf, M.,
et al. (2019). Elevation of trimethylamine-N-oxide in chronic kidney disease:
contribution of decreased glomerular filtration rate. Toxins 11, 11. doi: 10.3390/
toxins11110635

Qiu, L., Tao, X., Xiong, H., Yu, J., and Wei, H. (2018). Lactobacillus plantarum
ZDY04 exhibits a strain-specific property of lowering TMAO via the modulation of gut
microbiota in mice. Food Funct. 9, 4299–4309. doi: 10.1039/c8fo00349a

Querio, G., Antoniotti, S., Geddo, F., Levi, R., and Gallo, M. P. (2022).
Trimethylamine N-oxide (TMAO) impairs purinergic induced intracellular calcium
increase and nitric oxide release in endothelial cells. Int. J. Mol. Sci. 23, 7. doi: 10.3390/
ijms23073982

Ren, Y., Wang, Z., You, L., Zhou, J., Huang, H., Chang, S., et al. (2024). Gut-
Derived Trimethylamine N-Oxide Promotes CCR2-Mediated Macrophage Infiltration
in acute kidney injury. Nephrology dialysis Transplant. 39, 1876–1889. doi: 10.1093/
ndt/gfae082

Rodrigues, F. G., Ormanji, M. S., Heilberg, I. P., Bakker, S. J. L., and de Borst, M. H.
(2021). Interplay between gut microbiota, bone health and vascular calcification in
chronic kidney disease. Eur. J. Clin. Invest. 51, e13588. doi: 10.1111/eci.13588

Rosner, M. H., Jhaveri, K. D., McMahon, B. A., and Perazella, M. A. (2021).
Onconephrology: The intersections between the kidney and cancer. CA: Cancer J.
Clin. 71, 47–77. doi: 10.3322/caac.21636

Rox, K., Rath, S., Pieper, D. H., Vital, M., and Brönstrup, M. (2021). A simplified LC-
MS/MS method for the quantification of the cardiovascular disease biomarker
trimethylamine-N-oxide and its precursors. J. Pharm. Anal. 11, 523–528.
doi: 10.1016/j.jpha.2021.03.007

Samodelov, S. L., Kullak-Ublick, G. A., Gai, Z., and Visentin, M. (2020). Organic
cation transporters in human physiology, pharmacology, and toxicology. Int. J. Mol.
Sci. 21, 21. doi: 10.3390/ijms21217890

Schugar, R. C., Gliniak, C. M., Osborn, L. J., Massey, W., Sangwan, N., Horak, A.,
et al. (2022). Gut microbe-targeted choline trimethylamine lyase inhibition improves
obesity via rewiring of host circadian rhythms. eLife 11. doi: 10.7554/eLife.63998

Shafi, T., Powe, N. R., Meyer, T. W., Hwang, S., Hai, X., Melamed, M. L., et al. (2017).
Trimethylamine N-oxide and cardiovascular events in hemodialysis patients. J. Am.
Soc. Nephrology: JASN 28, 321–331. doi: 10.1681/asn.2016030374

Shi, H. H., Chen, L. P., Wang, C. C., Zhao, Y. C., Wang, Y. M., Xue, C. H., et al.
(2022). Docosahexaenoic acid-acylated curcumin diester alleviates cisplatin-induced
acute kidney injury by regulating the effect of gut microbiota on the lipopolysaccharide-
and trimethylamine-N-oxide-mediated PI3K/Akt/NF-kB signaling pathway in mice.
Food Funct. 13, 6103–6117. doi: 10.1039/d1fo04178a
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