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SUMMARY

Cardiovascular diseases (CVD) account for a significant proportion of 
deaths worldwide. The common pathological feature underlying these 
diseases is atherosclerosis, which is characterized as an inflammatory 
condition driven by endothelial cell activation and dysfunction in its 
early stages. While the effects of the microbiota and its metabolites on 
various systems are being actively investigated, their impact on the 
cardiovascular system has attracted particular attention. Some of the most 
compelling data on the role of the intestinal microbiota in cardiovascular 
diseases have emerged from the identification of novel metabolites and 
pathways associated with cardiovascular risk, as well as metabolic 
analyses of plasma samples. However, the role of the microbiota in these 
diseases is still not fully understood. Through the digestion of certain 
foods, such as animal proteins, gut microbiota generate metabolites that 
can contribute to the development of several major diseases. TMAO is 
one such metabolite and has recently received considerable attention, as 
it may act as both a risk factor and a link between the gut microbiota 
and various diseases, including cardiovascular conditions. Elevated 
circulating TMAO levels have also been associated with chronic kidney 
disease (CKD), and impaired renal clearance is thought to contribute 
to TMAO accumulation, thereby further increasing the risk of 
cardiovascular disease. Recent evidence also suggests that TMAO may 
promote cardiovascular pathology through the activation of endoplasmic 
reticulum (ER) stress signaling pathways. ER stress, which occurs when 
protein folding homeostasis in the endoplasmic reticulum is disrupted, 
has been associated with endothelial dysfunction, inflammation, and 
apoptosis, processes that contribute to the development and progression 
of atherosclerosis. This review aims to address atherosclerosis from the 
perspective of TMAO and to highlight studies examining the relationship 
between TMAO, CKD, ER stress, and atherosclerosis.
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Trimetilamin N-Oksit’in Aterosklerozdaki Rolü: Enflamasyon, 
ER Stresi ve Ötesi

ÖZ

Kardiyovasküler hastalıklar (KVH), dünya genelinde ölümlerin önemli bir 
bölümünü oluşturmaktadır. Bu hastalıkların altında yatan ortak patolojik 
özellik, erken evrelerinde endotel hücre aktivasyonu ve disfonksiyonu 
tarafından yönlendirilen inflamatuar bir durum olarak tanımlanan 
aterosklerozdur. Mikrobiyota ve metabolitlerinin çeşitli sistemler üzerindeki 
etkileri aktif olarak araştırılırken, bunların kardiyovasküler sistem 
üzerindeki etkisi özellikle dikkat çekmiştir. Bağırsak mikrobiyotasının 
kardiyovasküler hastalıklardaki rolüne ilişkin en ikna edici verilerden 
bazıları, kardiyovasküler riskle ilişkili yeni metabolitlerin ve yolların 
tanımlanmasının yanı sıra plazma örneklerinin metabolik analizlerinden 
ortaya çıkmıştır. Bununla birlikte, mikrobiyotanın bu hastalıklardaki rolü 
hala tam olarak anlaşılamamıştır. Hayvansal proteinler gibi bazı gıdaların 
sindirimi yoluyla, yaygın bağırsak bakterileri (bağırsak mikrobiyotası), 
çeşitli önemli hastalıkların gelişimine katkıda bulunabilecek metabolitler 
üretmektedir. TMAO, bu metabolitlerden biri olup son zamanlarda 
hem risk faktörü niteliği taşıması hem de bağırsak mikrobiyotası ile 
kardiyovasküler durumlar da dahil olmak üzere çeşitli hastalıklar arasında 
bir bağlantı görevi görebileceği için önemli ölçüde ilgi görmüştür. Artmış 
dolaşımdaki TMAO düzeyleri ayrıca kronik böbrek hastalığı (KBH) ile de 
ilişkilendirilmiş olup, bozulmuş renal klirensin TMAO birikimine katkıda 
bulunarak kardiyovasküler riski daha da artırabileceği düşünülmektedir. Son 
kanıtlar, TMAO’nun endoplazmik retikulum (ER) stres sinyal yolaklarını 
aktive ederek kardiyovasküler patolojiyi destekleyebileceğini göstermektedir. 
Endoplazmik retikulumda protein katlanma homeostazının bozulması 
sonucu ortaya çıkan ER stresi; endotel disfonksiyonu, inflamasyon ve apoptoz 
ile ilişkilendirilmiş olup, bu süreçlerin aterosklerozun gelişim ve ilerlemesine 
katkıda bulunduğu belirtilmiştir. Bu derlemede, aterosklerozun TMAO 
perspektifinden ele alınması ve TMAO, KBH, ER stresi ve ateroskleroz 
arasındaki ilişkiyi inceleyen çalışmaların değerlendirilmesi amaçlanmıştır.

Anahtar kelimeler: TMAO, KBH, ateroskleroz, inflamasyon, 
mikrobiyota, ER stresi.
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INTRODUCTION

Atherosclerosis, a major contributor to global 
mortality and morbidity, is linked to hyperlipidemia 
and inflammation, and its chronic progression is 
driven by metabolites derived from diverse metabolic 
pathways (Din et al., 2019). The etiology of atheroscle-
rotic vascular disease is generally classified into three 
major categories: genetic factors, environmental in-
fluences, and the microbiome (Brown & Hazen, 2014; 
Loscalzo, 2011). Numerous studies have demonstrat-
ed a link between genetic and environmental factors 
and cardiovascular risk. However, interest in the mi-
crobiome’s specific relationship with cardiovascular 
diseases is growing globally, attracting the attention of 
health systems as a potential target for new preventive 
strategies (Brown & Hazen, 2014). Recent research 
has focused on the role of commensal gut microor-
ganisms, also known as gut flora, in the metabolism of 
foods containing trimethylamine N-oxide (TMAO) 
precursors, which produce proteinogenic metabo-
lites with potential effects on the pathogenesis of ath-
erosclerosis (Mohammadi et al., 2018). Collectively, 
these findings suggest that the gut microbiota may act 
not only as a passive metabolic environment but also 
as an active regulator of cardiovascular homeostasis 
and disease progression.

Disruptions in the human gut microbiota are con-
sidered a critical factor in the development of ath-
erosclerosis. A key aspect underlying this concept is 
the pivotal role of TMAO in the pathogenesis of ath-
erosclerosis (Din et al., 2019). Evidence supporting 
the proatherogenic role of the microbiota has been 
demonstrated through studies on phosphatidylcho-
line metabolism. Specifically, TMAO, a metabolite 
produced in the liver from trimethylamine (TMA), 
is directly involved in atherosclerosis, inflammation, 
and platelet hyperreactivity. Recent findings have also 
emphasized the influence of diet, as the composition 
of the gut microbiota is strongly shaped by dietary 
intake (Li & Tang, 2017). Taken together, current evi-
dence supports a complex interaction among diet, gut 
microbiota composition, and TMAO metabolism in 

the progression of atherosclerosis. However, the rel-
ative contribution of TMAO as a direct pathogenic 
mediator versus a biomarker reflecting broader meta-
bolic disturbances remains controversial.

In humans, TMAO is a derivative of TMA, which 
is produced in the intestine from various nutrient pre-
cursors containing the TMA moiety, such as choline, 
L-carnitine, γ-butyrobetaine, and betaine. The TMA 
generated in the gut then enters the circulation and is 
subsequently converted into TMAO,  predominant-
ly in the liver by flavin-containing monooxygenase 3 
(FMO3) (Li & Tang, 2017). Studies have shown that 
the associations between TMAO precursor molecules, 
such as choline and L-carnitine, and disease risk are 
highly dependent on circulating TMAO levels, which 
serve as an indicator of alterations in the human gut 
microbiota (Fu et al., 2020; Wang et al., 2014). These 
observations indicate that cardiovascular risk associ-
ated with TMAO precursors may depend not only on 
dietary intake but also on interindividual differenc-
es in gut microbial composition and hepatic TMAO 
metabolism. Therefore, this review aims to provide an 
overview of the current evidence regarding the role of 
TMAO in the development and progression of ath-
erosclerosis, with particular emphasis on the contri-
bution of the gut microbiota.

TMAO, inflammation, and cardiovascular ef-
fects

TMAO was first identified as an independent risk 
factor for cardiovascular disease (CVD) in a study 
(Wang et al., 2011). Subsequent studies have con-
firmed the role of this metabolite as a risk factor for 
atherosclerosis, as well as the clinical prognostic sig-
nificance of its circulating levels for cardiovascular 
disease and related complications (Canyelles et al., 
2023; Thomas & Fernandez, 2021; Zhu, Li, & Jiang, 
2020). Other studies have demonstrated that TMAO 
disrupts the reverse cholesterol transport system and/
or affects various aspects of cellular cholesterol me-
tabolism, thereby facilitating foam cell formation and 
promoting atherosclerosis and other vascular events 
(Koeth et al., 2013; Oktaviono et al., 2023). It has been 
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suggested that the intestinal microbiota-driven TMA/
FMO3/TMAO pathway plays a key role in the regu-
lation of lipid metabolism and inflammation (War-
rier et al., 2015). It has been suggested that circulat-
ing TMAO levels may serve as a biomarker for renal 
dysfunction, as elevated plasma concentrations have 
been observed in individuals with end-stage renal 
disease (Bain, Faull, Fornasini, Milne, & Evans, 2006; 
Ren, Wang, & Xue, 2022). Collectively, these findings 
suggest that TMAO may represent a mechanistic link 
between gut microbiota dysbiosis, renal dysfunction, 
and cardiovascular disease. However, whether elevat-
ed TMAO levels act primarily as a causal mediator or 
reflect underlying metabolic and renal disturbances 
remains controversial.

The increased plasma TMAO levels varies accord-
ing to the composition of the gut microbiota. In germ-
free mice fed predominantly with L-carnitine, plasma 
TMAO levels remain undetectable or significantly de-
creased (Koeth et al., 2013).

TMAO promotes vascular inflammation, modu-
lates platelet function, and induces a prothrombotic 
phenotype in vivo, which is believed to contribute to 
the pathogenesis of cardiovascular disease (Liabeuf, 
Cheddani, & Massy, 2018). A study demonstrated that 
CKD elevates circulating TMAO levels, which in turn 
contribute to endothelial dysfunction and cardiovas-
cular disease associated with CKD by increasing vas-
cular oxidative stress and inflammation (Li, Gua, Wu, 
& Chen, 2018). Another study showed that TMAO 
promotes atherosclerosis by inhibiting reverse choles-
terol transport, activating macrophage, and enhanc-
ing platelet activity and thrombosis in mice. Further-
more, inhibition of TMAO production reduced the 
formation of atherosclerotic lesions. The study also 
found that elevated TMAO levels independently pre-
dicted worse cardiovascular outcomes and mortality 
in cardiology patients, beyond traditional risk factors 
(Yu et al., 2019). Two prospective clinical studies in-
vestigated the association between elevated fasting 
plasma TMAO levels and cardiovascular disease his-
tory. In one study, healthy volunteers received dietary 

phosphatidylcholine before and after a one-week an-
tibiotic regimen. TMAO was detected post-diet but 
was suppressed during antibiotic treatment. Follow-
ing microbiota recovery one month later, TMAO and 
labeled TMAO reappeared after phosphatidylcholine 
intake (Wang et al., 2014). In the second study, oral 
phosphatidylcholine intake was linked to TMAO 
production by the gut microbiota in humans. Addi-
tionally, elevated fasting plasma TMAO levels were as-
sociated with a doubled risk of major adverse cardio-
vascular events (MACE), including death, myocardial 
infarction, or stroke. These findings demonstrate that 
TMAO, derived from dietary phosphatidylcholine 
and the intestinal microbiota, acts as an atherogenic 
precursor (Tang et al., 2014). Multiple studies have 
consistently shown the contribution of TMAO to ath-
erogenesis (Nie et al., 2018). Taken together, both ex-
perimental and clinical studies support the hypothesis 
that TMAO contributes to cardiovascular pathology 
through interconnected mechanisms involving in-
flammation, oxidative stress, endothelial dysfunction, 
and altered cholesterol metabolism.

While the exact mechanisms remain unclear, it is 
possible that TMAO promotes the production of in-
flammatory cytokines such as tumor necrosis factor 
(TNF)-α, interleukin (IL)-1β, and IL-6, potentially 
aggravating myocardial fibrosis and microvascular 
dysfunction independent of its proatherogenic effects 
(Bozkurt et al., 1998; Stefania, Ashok, Geena, Katari-
na, & Isak, 2024), thereby worsening patient progno-
sis (Brown & Hazen, 2015). Moreover, it is known that 
TNF-α increases the overall intestinal permeability to 
IL-1β and IL-6, further enhancing the translocation 
of metabolites such as TMA and bacterial fragments 
such as lipopolysaccharide (LPS), which exert delete-
rious effects on the myocardium (Katsimichas et al., 
2019). In heart failure, microbiota-related shifts at the 
phylum level have been shown to promote not only 
TMAO production but also endotoxin (LPS) produc-
tion. Similar to TMAO, LPS exacerbates heart failure 
progression (Desai et al., 2023; Lu, Yeh, & Ohashi, 
2008). These observations further support the con-
cept that cardiovascular effects attributed to TMAO 
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may occur within a broader microbiota-derived in-
flammatory network rather than through a single iso-
lated pathway. Many different studies associate high 
TMAO levels with endothelial dysfunction, platelet 
hyperactivity and thrombosis, increase inflammato-
ry biomarkers, and affect the cardiovascular system 
(Barrea et al., 2018; Trøseid, Andersen, Broch, & Hov, 
2020; Winther et al., 2019). Some studies have also 
noted a link between poor prognosis and high TMAO 
in heart failure patients (Liabeuf et al., 2018; Wang 
et al., 2014). Nevertheless, variability among clinical 
findings suggests that the prognostic value of TMAO 
may be influenced by factors such as renal function, 
dietary habits, comorbidities, and interindividual dif-
ferences in gut microbiota composition.

TMAO and atherosclerosis

Since its discovery, TMAO has attracted consider-
able attention from researchers due to its association 
with metabolic disorders. Strong positive associations 
have been reported between plasma TMAO levels and 
various cardiovascular conditions, including major 
adverse cardiovascular events (Guasti et al., 2021), 
acute coronary syndrome (Kong, Ma, Lin, & Chen, 
2022), heart failure (Jarmukhanov et al., 2024), ear-
ly atherosclerosis (Wang, Qiu, Lian, Yang, & Zhou, 
2021), and renal failure in chronic kidney disease 
(Tang et al., 2015). 

Recent studies emphasize the critical role of 
TMAO and hepatic FMO3 as key regulators of host 
lipid and sterol metabolism, as well as contributors to 
the development of atherosclerosis (Shih et al., 2015; 
Wang et al., 2011). Taken together, these findings sug-
gest that the gut microbiota–TMA–FMO3–TMAO 
axis may represent a central mechanistic pathway 
linking dietary factors to atherosclerotic cardiovascu-
lar disease.

In addition, recent microbial transfer studies 
have confirmed that both the choline diet–enhanced 
susceptibility to atherosclerosis and the formation 
of TMA/TMAO are transmissible traits (Gregory et 
al., 2015). Accordingly, recent studies targeting the 
metaorganismal pathway responsible for TMAO pro-

duction have demonstrated that inhibition of TMAO 
generation through antisense oligonucleotide ap-
proaches results in reduced circulating TMAO levels 
and attenuated diet-induced atherosclerosis in ani-
mal models  (Miao et al., 2015; Shih et al., 2015). The 
microbiota harbors enzymatic capacities that allow it 
to generate phosphatidylcholine, choline, carnitine, 
and TMA from dietary sources. The TMA produced 
through this process is subsequently oxidized in the 
liver and distributed throughout the host’s body via 
the bloodstream. TMAO has been shown to be athero-
genic and to influence not only cardiovascular risk but 
also the likelihood of developing heart failure (Tang, 
Li, & Hazen, 2019). Moreover, elevated circulating 
TMAO levels have been found to predict long-term 
mortality in patients with heart failure, independent 
of traditional cardiovascular risk factors (Wang et al., 
2014) and B-type natriuretic peptide (BNP) levels (Su-
zuki, Heaney, Bhandari, Jones, & Ng, 2016). These ob-
servations further support the hypothesis that TMAO 
may function not only as a metabolic byproduct but 
also as a clinically relevant mediator associated with 
adverse cardiovascular outcomes.

TMAO has been identified in several studies as a 
biomarker for atherosclerosis, thrombosis, heart fail-
ure, and insulin resistance (Brial, Le Lay, Dumas, & 
Gauguier, 2018; Tang et al., 2013; Wang et al., 2011). 
Metabolomic screening in a large cohort has shown 
that three important phosphatidylcholine derivative 
metabolites (betaine, choline, and TMAO) can be 
used as potential biomarkers in predicting cardio-
vascular disease risk (Tang et al., 2013). It has been 
observed that TMAO production and atherosclero-
sis progression increase in response to a choline-rich 
diet, underscoring the role of the intestinal microbiota 
in CVD. Furthermore, antibiotic administration has 
been shown to suppress TMAO production by alter-
ing gut microbiota composition, further supporting 
the microbiota-dependent nature of TMAO metab-
olism (Hayashi et al., 2018). In a study examining 
the levels of various metabolites, including TMAO, 
in patients either protected from atherosclerosis or 
presenting with unexplained atherosclerosis, lower 
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levels of these metabolites—including TMAO—were 
observed in the protected group. In contrast, patients 
with unexplained atherosclerosis exhibited elevated 
levels of gut microbiome–derived metabolites (Bo-
giatzi et al., 2018).

Another aspect addressed in relation to atheroscle-
rosis is its connection to the endoplasmic reticulum. 
ER stress, triggered by various risk factors, is thought 
to be involved in all stages of atherosclerosis and is 
characteristic of lipid-laden macrophages within ath-
erosclerotic lesions (Feng et al., 2003; Hotamisligil, 
2010; Myoishi et al., 2007; Zhou, Lhoták, Hilditch, & 
Austin, 2005). Furthermore, ER stress has been iden-
tified as a key trigger for abnormal macrophage ac-
tivation, pathological inflammatory responses, and 
ultimately macrophage apoptosis, all of which play 
critical roles in the pathogenesis of atherosclerosis 
(Coope et al., 2012). Considering the proatherogenic 
potential of TMAO as a risk factor, a study was con-
ducted to assess possible TMAO-induced ER stress 
by measuring GRP94 and HSP70 protein levels fol-
lowing trimethylamine N-oxide exposure in J774A.1 
murine macrophage cell. The findings demonstrated 
that TMAO, a potent contributor to atherosclerosis, 
significantly enhanced GRP94 uptake and HSP70 ex-
pression, suggesting that TMAO can act as a stress-in-
ducing agent in J774A.1 macrophage (Mohammadi 
et al., 2018). Consequently, it has been proposed that 
TMAO may contribute to abnormal macrophage acti-
vation and immunoinflammatory responses involved 
in foam cell formation (Din et al., 2019). To further 
demonstrate the transmissibility of TMAO-induced 
effects, fecal transplantation experiments in mice have 
shown that traits such as atherosclerosis and platelet 
hyperreactivity can indeed be transmitted (Zhu et al., 
2016; Zhu, Wang, Tang, & Hazen, 2017).

TMAO is thought to be produced through a three-
step process: first, the dietary intake of carnitine or 
phosphatidylcholine; second, the microbial conver-
sion of these compounds into TMA by the intestinal 
microbiota; and third, the hepatic oxidation of TMA 
into TMAO by liver-expressed monooxygenases 

(Wang et al., 2011). Recently, an alternative micro-
biota-dependent pathway involving the intermediate 
metabolite γ-butyrobetaine (γBB) in the conversion 
of carnitine to TMAO has also been proposed. In 
that study, animals fed with γBB exhibited increased 
atherosclerotic lesion formation (Koeth et al., 2014). 
Given the proposed proatherogenic properties of γBB 
and its biochemical relationship with carnitine and 
TMAO, a group of researchers hypothesized that γBB 
might be associated with the presence and complica-
tions of carotid atherosclerosis. Their findings indicat-
ed that patients with carotid atherosclerosis exhibited 
elevated levels of γBB and its precursor, trimethyl-
lysine, which were also associated with increased car-
diovascular mortality (Skagen et al., 2016). A study 
investigating the oxidation of TMA by flavin mono-
oxygenases demonstrated that FMO3 plays a pre-
dominant role in TMAO formation. Increased FMO3 
expression elevated plasma TMAO levels, whereas 
FMO3 silencing reduced TMAO concentrations and 
was associated with differences in atherosclerosis sus-
ceptibility among mouse strains (Bennett et al., 2013).

Although numerous studies have shown a positive 
association between TMAO and cardiometabolic risk 
factors, particularly large population-based studies 
have reported inconsistencies in the association be-
tween circulating TMAO or its dietary precursors, 
choline and betaine, and increased cardiovascular risk 
(Cho et al., 2017; Janeiro, Ramírez, Milagro, Martínez, 
& Solas, 2018). It has been proposed that these rela-
tionships should be evaluated in a dose-dependent 
manner. One study reported a nonlinear, dose-de-
pendent association between rising TMAO concen-
trations and heart failure mortality (Farhangi, 2020), 
a finding supported by additional investigations (Na-
gata et al., 2015; Skagen et al., 2016). Furthermore, 
some studies suggest that TMAO may function more 
as a potential disease biomarker rather than a direct 
pathogenic agent. Indeed, it has been proposed that 
TMAO accumulation in disease states could reflect a 
cellular adaptive response to stress (Barrea et al., 2019; 
Friedrich et al., 2015) (Table 1.) shows some import-
ant studies from the past five years related to TMAO 
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and cardiovascular processes. These inconsistencies 
may be explained by differences in renal function, di-
etary habits, gut microbiota composition, population 
heterogeneity, and methodological variability among 
studies. Therefore, the biological significance of ele-
vated TMAO levels likely depends on the clinical and 
metabolic context in which they are evaluated.

TMAO and renal diseases 

TMAO, a metabolite produced by gut microbiota, 
has garnered significant attention due to its association 
with various chronic diseases, including cardiovascu-
lar disease, type 2 diabetes, and particularly CKD. El-
evated TMAO levels are commonly observed in CKD 
patients and are believed to contribute to disease pro-
gression. Recent studies have increasingly focused on 
elucidating the pathogenic role of TMAO in CKD and 
on exploring therapeutic strategies that target TMAO 
metabolism. This review outlines the link between 
TMAO and CKD and highlights advances in the de-
velopment of TMAO-targeting agents as potential 
treatments for CKD (Zixin et al., 2022). Collectively, 
current evidence suggests a bidirectional relationship 
between TMAO and CKD, in which impaired renal 
clearance promotes TMAO accumulation, while ele-
vated TMAO levels may further aggravate renal and 
cardiovascular pathology.

Plasma TMAO levels are elevated in patients with 
CKD and are associated with poorer long-term out-
comes. Moreover, chronic dietary exposure leading to 
increased TMAO has been shown to directly promote 
renal fibrosis and dysfunction in animal models, fur-
ther supporting its pathogenic role in CKD progres-
sion (Tang et al., 2015).

In a study investigating renal handling of TMAO, 
plasma TMAO levels were found to inversely correlate 
with measured glomerular filtration rate (mGFR), 
confirming their elevation in CKD. The findings in-
dicated that TMAO is primarily eliminated via glo-
merular filtration, with minimal tubular secretion or 
reabsorption, and is efficiently cleared by hemodiafil-
tration (Pelletier et al., 2019).

In another study, a mouse model of CKD induced 
by adenine feeding, elevated plasma TMAO levels 
were associated with renal dysfunction and cardiac 
hypertrophy. Treatment with iodomethylcholine, a 
gut microbial TMA formation inhibitor, significantly 
reduced TMAO levels, improved renal injury mark-
ers, and prevented cardiac hypertrophy, suggesting 
that targeting TMAO production may offer therapeu-
tic benefit in CKD and its cardiovascular complica-
tions (Zhang et al., 2021).

In a prospective cohort study of 5,469 individu-
als followed for a median of 8.3 years, higher plasma 
TMAO levels were associated with increased all-cause 
mortality. This association was particularly significant 
in individuals with impaired renal function (eGFR 
<90 mL/min/1.73 m²), suggesting that reduced kidney 
function modifies the mortality risk linked to elevated 
TMAO levels (Gruppen et al., 2017). Nevertheless, it 
remains unclear whether elevated TMAO levels di-
rectly contribute to CKD progression and mortality or 
primarily reflect impaired renal clearance and broader 
metabolic disturbances. Therefore, further mechanis-
tic and longitudinal studies are needed to clarify the 
causal role of TMAO in CKD.

TMAO and ER stress

The endoplasmic reticulum (ER), a vital organelle 
of the cell, plays essential roles in protein folding, syn-
thesis, translocation, and lipid metabolism (Stevens 
& Argon, 1999). Disruption of ER homeostasis can 
lead to misfolded or improperly synthesized proteins, 
thereby increasing ER stress (Baba, Caliskan, Boyuk, 
& Hacisevki, 2021). Studies have demonstrated a link 
between ER stress pathways and various conditions 
such as cardiovascular diseases, diabetes mellitus, 
obesity and neurodegenerative disorders (Baba et al., 
2021; Minamino & Kitakaze, 2010; Oyadomari et al., 
2002). Prolonged ER stress contributes to cardiomyo-
cyte dysfunction and apoptosis, ultimately resulting 
in cardiovascular diseases. Understanding the role of 
ER stress in the pathophysiology of these diseases has 
spurred therapeutic research in this area, which con-
tinues to evolve (Wang et al., 2018).
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TMAO is known to promote the progression of 
cardiovascular and metabolic disorders by activating 
ER stress signaling, particularly through its interaction 
with the ER stress sensor protein PERK (Chen et al., 
2019). These observations suggest that activation of ER 
stress signaling may constitute one of the central mo-
lecular pathways through which TMAO contributes 
to cardiovascular and metabolic disorders. In a study, 
TMA produced by gut microbiota was shown to be ox-
idized into TMAO in non-liver tissues, where TMAO 
promoted inflammation by activating ER stress and 
trained immunity pathways via the PERK receptor. 
TMAO induced endothelial cell activation, metabolic 
reprogramming, and innate immune transdifferenti-
ation, contributing to vascular inflammation. These 
findings highlight new therapeutic targets for cardio-
vascular diseases, chronic kidney disease-related com-
plications, and other inflammatory conditions (Saaoud 
et al., 2023). In a study, researchers showed that dietary 
TMAO supplementation accelerates atherosclerosis in 
ApoE−/− mice by upregulating the enzyme MBOAT2, 
which disrupts glycerophospholipid metabolism and 
induces endothelial cell pyroptosis through ER stress. 
This work highlights the role of TMAO-induced ER 
stress in cardiovascular disease progression (Yu et 
al., 2024). In another study using a murine model of 
flow-induced atherosclerosis, researchers investigat-
ed the effect of elevated TMAO on vascular injury 
and neointimal formation. Mice fed high-TMAO or 
high-choline diets showed increased atherosclero-
sis, inflammation, ER stress, and activation of NF-κB 
and the NLRP3 inflammasome, while treatment with 
3,3-Dimethyl-1-butanol (DMB) reduced TMAO levels 
and attenuated these effects. Experiments with human 
aortic smooth muscle cells confirmed that TMAO-in-
duced inflammation is mediated by ER stress, high-
lighting TMAO’s role in vascular remodeling and sug-
gesting ER stress inhibition as a therapeutic strategy 
for atherosclerosis (Chen et al., 2023).

ER stress, triggered by elevated levels of TMAO, 
plays a critical role in the development of cardiovascu-
lar diseases (CVD) as well as other complications such 
as cognitive decline. For example, in a study, increased 

TMAO levels were detected in both the plasma and 
brain of Alzheimer’s (3×Tg-AD) and insulin-resis-
tant (db/db) mice compared to wild-type controls, 
with levels rising further with age. The study also 
demonstrated that TMAO impairs synaptic plasticity 
by activating the ER stress-mediated PERK signaling 
pathway, suggesting a potential mechanism underly-
ing TMAO-induced cognitive decline (Govindarajulu 
et al., 2020). These findings further suggest that the 
biological effects of TMAO-induced ER stress may ex-
tend beyond the cardiovascular system and contribute 
to multisystem inflammatory and degenerative pro-
cesses.

However, despite growing experimental evidence, 
the precise causal relationship between TMAO-in-
duced ER stress and human cardiovascular disease 
progression remains to be fully clarified.

CONCLUSION

Growing evidence indicates that TMAO, a metab-
olite derived from gut microbiota, plays an import-
ant role in the development and progression of ath-
erosclerosis. Through its effects on lipid metabolism, 
inflammatory signaling pathways, platelet activation, 
and endothelial dysfunction, TMAO has emerged as a 
potential contributor to cardiovascular pathology. Re-
cent studies further suggest that TMAO may promote 
vascular injury and metabolic dysfunction through 
the activation of ER stress pathways, linking micro-
biota-derived metabolites to cellular stress responses 
involved in atherogenesis.

Despite the increasing number of studies support-
ing the association between circulating TMAO levels 
and cardiovascular risk, the causal role of TMAO in 
atherosclerosis remains a subject of ongoing debate. 
Some findings indicate that TMAO may function 
primarily as a biomarker reflecting alterations in gut 
microbiota composition, dietary patterns, or renal 
function rather than as a direct pathogenic factor. The 
biological significance of elevated TMAO levels likely 
depends on the interaction among renal function, di-
etary habits, gut microbiota composition, and overall 
cardiometabolic status.
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Future research should therefore focus on clarify-
ing the mechanistic pathways underlying TMAO-me-
diated cardiovascular effects and determining wheth-
er modulation of gut microbiota, dietary interven-
tions, or pharmacological inhibition of TMAO pro-
duction may represent effective strategies for reducing 
cardiovascular risk. In addition, further large-scale 

longitudinal and mechanistic studies are needed to 
clarify whether TMAO represents a modifiable thera-
peutic target or primarily a biomarker associated with 
disease progression. A better understanding of the 
microbiota–TMAO–ER stress axis may provide new 
insights into the prevention and treatment of athero-
sclerotic cardiovascular diseases.

Table 1. Summary of studies from the last five years investigating the role of TMAO in cardiovascular and 
renal outcomes

Year Author(s) Population / Model Key Findings Notes

2025 Zhong et al., 
2025

Aged rats (normal 
physiology), young 

rats with 5/6 
nephrectomy (CKD 
model); HUVECs 

and vascular smooth 
muscle cells

TMAO induces vascular 
aging and exacerbates 
it in CKD model rats; 
antibiotic treatment 

reduces vascular aging 
by lowering TMAO; 

TMAO inhibits GATA4 
degradation, activating 
NF-κB signaling and 
promoting cellular 

senescence

TMAO is a key 
contributor and potential 

therapeutic target in 
CKD-associated vascular 

aging

Blocking the GATA4 
pathway attenuates 

TMAO-induced 
senescence a promising 
therapeutic approach

2025 Obeid et al., 
2025

Patients from 27 
SRs/meta-analyses 

covering stroke, 
CVD, and mortality 

outcomes

Most included studies 
reported higher TMAO 

levels in patients 
with CVD, stroke, or 
mortality; however, 
causality remains 

unproven due to poor 
methodological quality

TMAO may be a 
prognostic marker, but 
evidence is insufficient 

to confirm causal 
relationship

Serious methodological 
and reporting flaws 
in existing SRs; no 

prospective studies in 
healthy populations

2025 Cheng, Hung, 
& Lin, 2025

152 nondialysis 
CKD patients (stages 
3–5); median follow-

up: 3.3 years

Higher plasma TMAO 
levels independently 
associated with rapid 
eGFR decline; other 
metabolites (TMA, 

choline, carnitine) not 
associated

TMAO linked to 
accelerated kidney 

function loss in CKD

Distinct gut microbiota 
in rapid decliners; 
increased TMA-

producing bacteria and 
enzymes (e.g., cutC, 

bbuA proteins)

2025 Zhang et al., 
2025

Experimental (in 
vivo/in vitro)

Male mice (APAP- 
or MCT-induced 

liver injury), human 
DILI samples

FMO3 expression 
is elevated in DILI; 

overexpression worsens 
liver injury by inducing 
ER stress via CREB3/
P4HB axis. TMAO, as 
an FMO3 metabolite, 

triggers ER stress 
through the PERK 
pathway; inhibiting 

TMAO mitigates injury.

Indirect (via TMAO → 
ER stress)

Highlights a novel 
TMAO-mediated 

mechanism of drug-
induced liver injury; 

ER stress as key 
pathway.

2024 Aleksova et al., 
2024

149 patients with 
acute myocardial 
infarction (AMI)

Patients with persistently 
high or rising TMAO 
during hospitalization 
had >2x higher MACE 
risk over 30 months vs. 
those with decreasing/

stable levels

Elevated in-hospital 
TMAO dynamics predict 

worse cardiovascular 
outcomes (MACE)

Independent predictors 
of MACE included age, 
poor LV function, and 

TMAO trajectory
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2024  Zou et al., 
2024

100 patients 
undergoing partial 
nephrectomy (PN)

TMAO, IS, and PCS 
levels increased post-
PN; TMAO showed 

strongest and sustained 
rise; TMAO and reduced 

GFR independently 
associated with increased 

10-year CV event risk 
(Framingham score)

TMAO is an 
independent predictor 
of CV risk post-partial 

nephrectomy

RPVP loss (not 
ischemia) predicted 

elevated post-PN 
TMAO; TMAO 

remained elevated up 
to 5 years

2024 Obeid et al., 
2024

478 CKD patients 
(stages G2–G4), 

mean follow-up: 5.1 
years

TMAO levels were higher 
in CKD and in patients 

with existing CVD, 
but not independently 
predictive of CVD or 
renal outcomes after 

adjustment

TMAO elevated due 
to lower GFR; not an 

independent predictor of 
CVD or kidney outcome 

in CKD

Betaine (not TMAO) 
was associated with 

worse cardiovascular 
and renal outcomes; 

challenges role of 
TMAO as therapeutic 

target

2024  Wiese et al., 
2024

Controlled feeding 
study (secondary 

analysis).

8 adults with 
moderate CKD 

matched with 8 non-
CKD controls (age, 

sex, race); 6-day diet

Serum TMAO, IS, 
PCS levels 2.8–4.9× 
higher in CKD; no 

major differences in gut 
microbiota composition; 

only urine TMAO 
significantly higher in 

CKD

Elevated TMAO in 
CKD linked to reduced 
eGFR; independent of 
microbiota diversity

Uniform diet 
controlled confounding 

suggests microbiota-
independent 

accumulation of 
TMAO and other URS 

in CKD

2024 Shea et al., 
2024

Prospective cohort 
(CARDIA)

3444 adults (Black 
and White, aged 

33–45), free of CVD 
at baseline; 19-year 

follow-up; U.S. 
population-based 

cohort

Plasma choline positively 
associated with incident 

CVD; TMAO and 
betaine not associated 

overall. However, at lower 
eGFR, TMAO positively 
and betaine negatively 
associated with CVD

Kidney function 
modifies the relationship: 

low eGFR enhances 
TMAO-CVD link and 
reverses betaine’s effect

Long-term data; adds 
nuance on choline 

metabolism and renal 
modulation of CVD 

risk

2023  Yuan et al., 
2023

Retrospective 
observational study.

228 maintenance 
hemodialysis 

patients

 TMAO levels sig-
nificantly higher in 

malnourished patients; 
independent risk factor 
for malnutrition (OR = 
2.07); TMAO predicts 

major CV events over 2 
years (AUC = 0.68–0.74)

TMAO levels sig-
nificantly higher in 

malnourished patients; 
independent risk factor 
for malnutrition (OR = 
2.07); TMAO predicts 

major CV events over 2 
years (AUC = 0.68–0.74)

TMAO levels sig-
nificantly higher in 

malnourished patients; 
independent risk factor 
for malnutrition (OR = 
2.07); TMAO predicts 

major CV events 
over 2 years (AUC = 

0.68–0.74)

2023 Huang, Zhu, 
Huang, & 

Zhou, 2023

108 T2DM patients 
(DKD and non-

DKD) + 33 healthy 
controls

TMAO significantly 
higher in DKD group; 

negatively correlated with 
eGFR, positively with 

ACR and urea; indepen-
dent risk factor for DKD 

(AUC = 0.691)

TMAO significantly 
higher in DKD group; 
negatively correlated 
with eGFR, positively 
with ACR and urea; 

independent risk factor 
for DKD (AUC = 0.691)

TMAO significantly 
higher in DKD group; 
negatively correlated 
with eGFR, positively 
with ACR and urea; 

independent risk factor 
for DKD (AUC = 

0.691)

2023 Korytowska-
Przybylska, 

Michorowska, 
Wyczałkowska-

Tomasik, 
Pączek, & 

Giebułtowicz, 
2023

CKD patients Strong correlation 
between serum and saliva 
levels of TMAO (r = 0.81, 
p = 0.008) and creatinine 

(r = 0.72, p = 0.029); 
saliva valid for TMAO 

detection

Strong correlation 
between serum and 

saliva levels of TMAO 
(r = 0.81, p = 0.008) and 
creatinine (r = 0.72, p = 
0.029); saliva valid for 

TMAO detection

Strong correlation bet-
ween serum and saliva 

levels of TMAO (r = 
0.81, p = 0.008) and 

creatinine (r = 0.72, p = 
0.029); saliva valid for 

TMAO detection
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2022 Amrein et al., 
2022

1726 patients with 
suspected fCAD

TMAO and its precursors 
were higher in fCAD 

patients, but diagnostic 
accuracy was low 

(AUC=0.56). TMAO was 
a strong independent 
predictor of death and 

CVD over 5 years, even 
after adjusting for renal 

function. The prognostic 
accuracy was robust 

(AUC=0.73 for CVD at 
2 years).

Strong (CV mortality & 
events)

Demonstrates 
prognostic rather 

than diagnostic utility 
of TMAO and its 

precursors in coronary 
artery disease.

2022 Dai et al., 2022 737 elderly patients 
(≥65 y) with 

advanced CKD 
(eGFR ≤20 mL/

min/1.73 m² in last 
6 months), EQUAL 

Study

Higher TMAO 
independently predicted 

increased all-cause 
mortality (HR: 1.46), 
while higher CMPF 
(fish biomarker) was 
associated with lower 

all-cause mortality (HR: 
0.79) and lower KRT risk 
(HR: 0.80). Patients with 

low TMAO and high 
CMPF had significantly 
reduced mortality risk 

(HR: 0.49). High CMPF 
seemed to attenuate the 

negative effect of TMAO.

Strong (mortality in 
CKD)

CMPF may indicate 
protective effect of fish 

intake
It highlights to 

potential dietary 
modulation of TMAO-

related risk. Further 
causality needs 
investigation.

2022 Zhang et al., 
2022

Human (PD cohort), 
in vivo (CKD rats), 
and in vitro study

Peritoneal dialysis 
(PD) patients 

(28.3 ± 8.0 months 
follow-up), CKD 

rat model, and 
primary peritoneal 

mesothelial cells

Higher serum TMAO 
levels (≥50 μM) in PD 

patients were associated 
with increased CRP 

and dialysate IL-6 and 
PAI-1. High TMAO 

significantly raised risk 
of new-onset peritonitis 
(HR: 3.60). In CKD rats, 

TMAO exacerbated 
peritoneal inflammation. 
In vitro, TMAO induced 
mesothelial cell necrosis 

and increased production 
of inflammatory 

cytokines (CCL2, TNF-α, 
IL-6, IL-1β) and adhesion 

molecules.

CKD (PD-related inf-
lammation)

TMAO may directly 
contribute to 

peritonitis in PD 
patients via mesothelial 
necrosis and cytokine 
induction. Suggests 

local inflammatory risk 
beyond systemic CV 

effects.

2022 Xie et al., 2022 In vivo (mouse 
model)

CD1 mice with 
5/6 nephrectomy 
to induce CKD + 

choline diet

CKD increased TMAO; 
choline diet further 
elevated TMAO and 

worsened cardiac 
dysfunction. Medicinal 

charcoal (TMAO-
lowering) improved 

heart function. TMAO 
inhibited Hif-1α 

and reduced cardiac 
capillary density. FG-

4592 (Hif-1α stabilizer) 
reversed these effects. 
TMAO thus impairs 
cardiac angiogenesis 

by suppressing Hif-1α, 
aggravating CKD-related 

heart damage.

Both CKD and CV (via 
angiogenesis)

Demonstrates 
mechanistic link 

between gut-derived 
TMAO, impaired 

Hif-1α signaling, and 
worsened cardiac 
outcomes in CKD. 
Supports targeting 
TMAO in therapy.
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2021 Zhang et al., 
2021

In vivo (mouse 
model)

Female ApoE KO 
mice, 0.2% adenine 
diet for CKD ± IMC 

treatment

Adenine diet induced 
CKD and elevated 

TMAO; IMC (TMA 
formation inhibitor) 
reduced renal injury 

markers, fibrosis, and 
cardiac hypertrophy. 
IMC had no effect on 

atherosclerosis but 
mitigated kidney and 
cardiac complications. 

Surprisingly, CKD mice 
had reduced aortic 

inflammation unrelated 
to TMAO. Overall, 

lowering TMAO via 
IMC may protect against 
CKD and cardiovascular 

outcomes, especially 
myocardial hypertrophy.

Both CKD and CV (via 
heart hypertrophy)

Suggests gut-
microbiota-targeted 
TMAO suppression 

(IMC) may offer dual 
protection against renal 

fibrosis and cardiac 
remodeling in CKD 

context.

2021 Winther et al., 
2021

Prospective cohort

311 T2D patients 
with albuminuria

TMAO pathway 
metabolites (TMAO, 

choline, carnitine, 
betaine) were not 

associated with all-
cause mortality or 

CVD. However, higher 
choline, carnitine, and 

the combined metabolite 
score were significantly 
associated with ≥30% 

eGFR decline, indicating 
renal deterioration risk.

CKD only (not CVD) Suggests that TMAO 
pathway metabolites 
may be early renal 

risk markers but not 
independent CV risk 

factors.

2021 Yang & Zhang, 
2021

In vitro study

MPC-83 pancreatic 
acinar cells

TMAO decreased 
cell viability, induced 

apoptosis, and increased 
oxidative stress markers 

in a dose-dependent 
manner. TMAO activated 

IRE1α/XBP-1 ER stress 
pathway, linking it to 
cellular dysfunction.

No direct link (pancreas) Suggests a role 
of TMAO in 

hyperlipidemic 
acute pancreatitis via 

oxidative and ER stress; 
potential diagnostic 

and therapeutic target

2021 Boini, Singh, & 
Koka, 2021

In vitro study

Endothelial cells

TMAO (30μM) induced 
ER stress via PERK-

eIF2α-ATF4 pathway, 
increased CHOP, IRE1α, 

and mitochondrial 
ROS, caused loss of 

mitochondrial membrane 
potential and increased 

endothelial permeability. 
PERK inhibition reversed 

these effects.

CV risk Demonstrates that 
TMAO contributes 

to endothelial 
dysfunction—a key 

factor in CVD—
through PERK-

mediated ER stress. 
Suggests PERK 

inhibitors as a potential 
therapeutic strategy.
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