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Abstract

High circulating levels of trimethylamine-N-oxide (TMAO), largely produced by hepatic
oxidation of gut-microbiota-derived trimethylamine (TMA), are associated with increased
risk of cardiometabolic and neurodegenerative diseases. In contrast, the diet-derived com-
pound ergothioneine (ET) possesses cytoprotective and neuroprotective properties, and
higher circulating ET levels have been linked to a lower risk of cardiovascular, neurodegen-
erative, and other age-related disorders. However, concerns have been raised that microbial
degradation of ET may also contribute to the TMAO pool. In this study, we examined the
relationship between ET and TMAO. Bioinformatic analyses indicated that ergothionase,
the enzyme responsible for ET degradation to trimethylamine (TMA), is restricted to a
limited number of bacterial genera and is far less prevalent than choline trimethylamine
lyase, which generates TMA from choline. In a randomised, placebo-controlled human
study, ET supplementation (25 mg/day for 7 days) significantly increased plasma ET levels
but did not increase TMAO concentrations. Similarly, in a heart failure cohort, plasma ET
showed no correlation with TMA or TMAO levels, whereas TMAO was clearly correlated
with TMA. Collectively, these findings suggest that ET is unlikely to contribute significantly
to systemic TMAO levels.

Keywords: ergothioneine; trimethylamine; trimethylamine-N-oxide; neurodegeneration;
ergothionase; gut microbiota

1. Introduction
The gut-microbiota-derived metabolite, trimethylamine-N-oxide (TMAO), can be gen-

erated from the breakdown of certain dietary constituents including L-carnitine, choline,
lecithin (phosphatidylcholine), betaine, and L-ergothioneine (ET) to trimethylamine (TMA),
which is subsequently oxidised in the liver by a flavin-containing mono-oxygenase to form
TMAO [1–8]. The health impacts of TMAO have garnered significant attention since its
blood levels are correlated with increased risk of a wide range of cardiometabolic (e.g.,
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hypertension, atherosclerosis, ischemic stroke, heart failure, acute myocardial infarction,
diabetes, metabolic syndrome) and neurodegenerative diseases (mild cognitive impairment,
Alzheimer’s disease; AD and Parkinson’s disease; PD) [1–8]. Multiple studies in cell and
animal models have highlighted the potential contributory role of TMAO in the initiation
and progression of these diseases [1–8], although this remains somewhat controversial since
a few studies suggest that TMAO may actually be protective or may be neither causative
nor protective but merely a biomarker of disrupted homeostasis [4,5]. Specifically for
neurodegeneration, higher levels of TMAO were observed in the cerebrospinal fluids of
AD patients [6], which have been shown to promote oxidative damage, mitochondrial
dysfunction, and apoptosis of hippocampal neurons in rodents [7,8]. Indeed, increased
oxidative damage and altered bioenergetics are key drivers of AD and other neurodegen-
erative disorders [9–12]. TMAO has also been suggested to promote neuroinflammation
through activation of glia and astrocytes [13], compromise blood–brain barrier integrity
and function [14], and promote aggregation of amyloid-beta peptide and tau protein [15].

Gut-microbiota diversity and bacterial metabolites are influenced by a wide range
of factors including lifestyle, diet, age, and disease, and dysbiosis or imbalance of the
microorganisms in the gut have been implicated in both the pathogenesis and progression
of many diseases. Metabolites produced by gut microbiota are key mediators of a bi-
directional communication between the gut and the brain (i.e., proponents of the gut–
brain axis). This includes metabolites such as short-chain and branched-chain fatty acids,
phenylacetylglutamine, neurotransmitters or their activators, and also TMA/TMAO [16].
Indeed, altered gut microbiota in neurodegenerative diseases, which for example in PD may
precede neurological symptoms by many years [17], have been suggested to elevate levels of
TMAO. Increased TMAO levels could then promote neuroinflammation (through microglial
activation), mitochondrial dysfunction and oxidative damage, and protein misfolding and
aggregation in the brain. For example, TMAO exacerbated neuroinflammation via striatal
and substantia nigra astrocyte activation in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced murine models of PD [13] and promoted α-synuclein misfolding and
aggregation. Remarkably, antibiotic treatment of α-synuclein over-expressing mice (PD
model) ameliorated PD pathology, while recolonising with microbiota from PD-patients
exacerbated PD symptoms, suggesting that the gut microbiota are a key factor of motor
deficits and neuroinflammation in PD [6].

Ergothioneine (ET) is a sulphur-containing derivative of histidine, which animals and
humans obtain through dietary sources (most notably mushrooms but it is present in many
foods at lower levels) [18]. Interest in ET has grown rapidly in recent years, fuelled by
rapidly-accumulating evidence of its widespread cytoprotective and neuroprotective bene-
fits and the strong association of lower plasma ET concentrations with increased incidence
of neurological and other age-related chronic disorders (as reviewed in [19–21]). Lower
circulating ET levels have been associated with the incidence of mild cognitive impairment
and dementia [22–24], Parkinson’s disease [19,21,25], age-related macular degeneration [26],
chronic kidney disease [27,28], cardiovascular disease [29], frailty indicators [30,31], and
pre-eclampsia [32]. Moreover, complementing these clinical associations, a wide body of
experimental evidence in cell and animal models demonstrates the cytoprotective and
neuroprotective properties of ET, including its ability to counteract oxidative damage,
inflammation, mitochondrial dysfunction, and other pathological mechanisms in a range of
disease models [19,21,33–36]. As such ET has been described as a ‘longevity vitamin’ and a
potential nutrient/nutraceutical in the promotion of healthy aging and reducing the risk of
age-related disease [19,20,37].

ET has also been suggested to be a source of TMAO [38,39]. Indeed, the enzyme
ergothionase, a trimethylamine lyase found in some microorganisms including Treponema
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denticola [40], Burkholderia sp. [41,42], Agrobacterium radiobacter [43], Alcaligenes faecalis [44],
Clostridium symbiosum [45], and Escherichia coli [46], catalyses the breakdown of ET into TMA
and thiourocanic acid, which possibly evolved to allow the use of ET as a nitrogen source.
However, while early biochemical studies suggested the presence of ET-degrading activity
in crude E. coli extracts [46], this remains questionable, as current genomic annotations for
E. coli do not identify any functional ergothionase homologs. Moreover, this earlier study
did not identify a specific gene or protein, and importantly, E. coli is widely used as a host
strain for ET biosynthesis (e.g., [47]), with no evidence of significant ET degradation.

Clinical studies with ET have shown no adverse effects associated with supplementa-
tion [48–51]. Moreover the U.S. Food and Drug Administration has designated ET as GRAS
(Generally Recognised As Safe; GRN734—Blue California; and GRN001270—Gene III; the
latter at up to 150 mg per day), and the European Food Safety Authority has decided that
ET is safe as a food supplement [52], even in pregnant women and infants [53]. Contrary to
its established safety profile, the possibility that supplementation of ET may increase levels
of TMAO has been raised, inferring that ET administration is a ‘double-edged’ sword [38].
This study examines the correlation of plasma ET levels with TMAO levels in both ET-
supplemented individuals and cohorts of patients with heart failure to determine if indeed
ET may contribute to the TMAO pool.

2. Materials and Methods
2.1. Chemicals and Reagents

L-ergothioneine, L-ergothioneine-d9 (ET-d9), hercynine, hercynine-d9, ergothioneine
sulphonate, and S-methyl ET standards were provided by ERGOLD (Montreuil, France).
GMP-certified encapsulated ET and placebo (microcrystalline cellulose) used in human
uptake studies [48] were kindly provided by ERGOLD (formerly Tetrahedron). TMAO-
d9 was purchased from Cambridge Isotope Laboratories (Tewksbury, MA, USA). TMA,
TMAO, betaine and all other chemicals (unless otherwise stated) were purchased from
Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Administration of ET to Healthy Volunteers

De-identified plasma samples were from healthy young (21–35 y/o) male adult Chi-
nese volunteers supplemented with either placebo or 25 mg ET as detailed in [48]. Informed
consent was provided by all participants, and the study was approved by the National
Healthcare Group Domain Specific Review Board (Protocol 2013/01074; 21 February 2014).
Briefly, this double-blind, placebo-controlled study was designed to investigate the uptake
and pharmacokinetics of ET following oral administration, through daily oral adminis-
tration of placebo, or 25 mg ET (n = 15/arm) for 7 days with blood collected at baseline
and days 3, 5 and 8. Venous blood was collected in EDTA-spray coated blood tubes (BD
Vacutainer; Becton Dickinson, NJ, USA) and centrifuged at 2500 g for 15 min to separate
plasma. Plasma aliquots were stored at −80 ◦C until analysis (ET is stable under these
conditions). The levels of ET and its metabolites and TMAO were analysed in the plasma
samples (n = 120) by liquid chromatography–mass spectrometry (LC-MS/MS).

2.3. Plasma Sample Preparation and Analysis

All samples were analysed on an Agilent 1290 Infinity II UPLC coupled to an Agilent
6460-QQQ electrospray ionization mass spectrometer (Agilent Technologies, Santa Clara,
CA, USA). Plasma samples were prepared for LC-MS/MS analysis by adding 10 µL of
plasma to 50 µL of ice-cold methanol containing heavy-labelled internal standards (2 µL of
25 µM ET-d9, 1 µL of 25 µM hercynine-d9, and 1 µL of TMAO-d9). Samples were vortexed
and incubated overnight at −20 ◦C then vortexed and centrifuged at 4 ◦C and 14,000× g
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for 15 min. The supernatants were transferred to glass vials for drying under a stream
of N2 gas at 35 ◦C. Samples were reconstituted in 100 µL of 90% methanol then diluted
ten-fold with ultrapure water and transferred into silanized vial inserts for measurement
by LC-MS/MS. Sample vials were maintained at 10 ◦C on the autosampler until analysis.

For analysis, 5 µL of extracted samples were injected onto a Cogent Diamond Hydride
1.0 column, which was 2.1 mm ID × 100 mm in length and 120 A 2.2 µm (Microsolv
Technology Corp., Leland, NC, USA). Chromatographic separation was achieved using
a gradient elution at 0.5 mL/min for 15 min. Solvent A was acetonitrile (HPLC-grade,
Fisher Scientific, Waltham, MA, USA), containing 0.1% formic acid, and Solvent B was
ultrapure water (Arium Pro, Sartorius, Gottingen, Germany) containing 0.1% formic acid.
The gradient elution commenced with 90% Solvent A: 10% Solvent B for 2 min, followed by
a gradual adjustment to 30% Solvent A: 70% Solvent B over 8 min, and finally 100% Solvent
B for 2.5 min and re-equilibrated prior to the subsequent sample injection.

2.4. Ion Transitions and Mass Spectrometer Parameters

The precursor-to-product ion transitions and fragmentor voltages (V)/collision ener-
gies (eV) for each compound were as follows: ET: 230.1 → 186 and 106 V/9 eV; hercynine:
198.1 → 95.1 and 95 V/21 eV; ETSO3: 278 → 154 and 120 V/15 eV; S-methyl-ET: 244.1 →
141 and 92 V/17 eV; ET-d9: 239.1→ 195.1 and 110 V/10 eV; hercynine-d9: 207.2 → 95.1 and
95 V/22 eV; betaine: 117.9 → 59.4 and 110 V/20 eV; carnitine: 162 → 103 and 110 V/17 eV;
choline: 104 → 60.4 and 100 V/18 eV; TMA: 60.4 → 45 and 95 V/14 eV; TMAO: 76 → 59
and 95 V/11 eV; and TMAO-d9: 85 → 68 and 95 V/11 eV.

2.5. Protein Basic Local Alignment Search Tool for Ergothionase

A search was conducted using the Protein Basic Local Alignment Search Tool
(BLAST-P) through the National Centre for Biotechnology Information (NCBI), with the
known ergothionase protein sequence from Burkholderia (accession no. BAM63550) as
a query sequence. Searches were performed against the clustered NR database using
default parameters.

2.6. Heart Failure Cohort

Plasma samples were drawn from two prospectively recruited heart failure (HF)
cohorts: the Singapore Heart Failure Outcomes and Phenotypes (SHOP) study and the
Prospective Evaluation of Outcome in Patients with Heart Failure with Preserved Left
Ventricular Ejection Fraction (PEOPLE) study. All participants provided informed consent,
and the study was approved by the SingHealth Centralised Institutional Review Board
(Protocol No. CIRB: 2015/2194; 11 August 2015). Details of these cohorts are provided
in Table 1 and have been described previously [54–56]. Briefly, the dataset comprised
adult participants aged >18 years. To ensure that patient phenotypes, including metabolic
profiles, biomarker measurements, and ejection fraction, were temporally aligned and
reflected the chronic treated phase of HF, recruitment was conducted during the early
chronic phase of HF, defined as within 6 months following a documented episode of HF
decompensation leading to hospital admission. Patients were enrolled when clinically
stable and judged fit for discharge, or at routine outpatient follow-up. Inclusion criteria
were presentation to hospital with a primary diagnosis of HF, attendance at hospital clinics
for HF management resulting in primary hospital admission, or attendance at outpatient
clinics for HF management within 6 months of HF decompensation. Exclusion criteria
included the inability to provide consent, inability to comply with study requirements,
severe valvular disease, acute coronary syndrome, end-stage renal failure, constrictive
pericarditis, isolated right heart failure, life-threatening comorbidity with an expected
survival of less than 1 year, and participation in other clinical trials. Echocardiography-
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based assessment of left ventricular ejection fraction (LVEF) was performed, and the HF
participants spanned the full LVEF spectrum, including HF with preserved ejection fraction
(HFpEF; LVEF ≥ 50%), HF with mid-range ejection fraction (HFmrEF; 50% > LVEF ≥ 40%),
and HF with reduced ejection fraction (HFrEF; 40% > LVEF). For the present analysis, only
cases with complete clinical data and detectable baseline levels of ET, TMA, and TMAO,
were included.

Table 1. Baseline characteristics of the study population (n = 157): Values are median (interquartile
range) for continuous and n (%) for categorical variables. pEF: preserved ejection fraction; rEF: re-
duced ejection fraction; LVEF: left ventricular ejection fraction; COPD: chronic obstructive pulmonary
disease; ACEi/ARB: ACE inhibitors and angiotensin receptor blockers; MRA: mineralocorticoid
receptor antagonists.

Demographics
Age (years) 62.2 (53.1–71.2)

Female, n (%) 23 (14.6%)
BMI (kg/m2) 26.6 (23.4–31.2)

Ethnicity
Chinese 74 (47.1%)

European 28 (17.8%)
Malay 20 (12.7%)
Maori 9 (5.7%)
Other 26 (16.6%)

Heart failure characteristics
HF subtypes

HF-pEF 21 (13.4%)
HF-rEF 136 (86.6%)

NYHA class
I 29 (18.6%)
II 88 (56.4%)
III 33 (21.2%)
IV 6 (3.8%)

LVEF (%) 28.8 (20–39.4)
Systolic BP (mmHg) 116.5 (102.8–130.2)
Diastolic BP (mmHg) 68.5 (60–80)

Heart rate (bpm) 75.5 (64–85)
Laboratory values

Plasma creatinine (µmol/L) 107 (84–143)
Comorbidities

Diabetes mellitus, n (%) 89 (56.7%)
Hypertension, n (%) 107 (68.2%)

COPD, n (%) 23 (14.6%)
Atrial fibrillation, n (%) 62 (39.5%)

Coronary artery disease, n (%) 93 (60.4%)
Medications at baseline

Beta-blocker, n (%) 138 (87.9%)
ACEi/ARB, n (%) 122 (77.7%)

MRA, n (%) 80 (51%)
Diuretic, n (%) 149 (94.9%)

2.7. Metabolomics Measurement in the Heart Failure Cohort

Plasma concentrations of ET, TMA, and TMAO were extracted from an existing
metabolomics dataset from the PEOPLE and SHOP cohorts. This dataset comprises con-
centration readouts from a predefined metabolite panel quantified by LC-MS/MS, using
the same panel-based assay platform and underlying analytical workflow as in a previous
outcome-association study of metabolite signatures [55]. Briefly, samples for metabolomic
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analyses were collected under non-fasting clinical conditions. Blood samples were cen-
trifuged at 3000 rpm for 10 min at room temperature, and plasma aliquots were stored at
−80 ◦C until analysis. Metabolites were extracted using acetonitrile containing 0.1% formic
acid. A fixed concentration of internal standards was spiked into each sample, and analyte
peak areas were normalised to the internal standards to account for technical variability,
including fluctuations in instrument sensitivity and matrix effects across samples. The
mobile phase consisted of solvent A, acetonitrile containing 0.1% formic acid, and solvent
B, 20 mM ammonium formate at a pH of 4.0. An injection volume of 10 µL of extracted
sample was analysed on an Agilent 1290 Infinity III LC. Chromatographic separation was
achieved using a gradient elution of solvent B: 10% at 0 min, increased to 70% by 9.0 min
and held until 11.0 min, then returned to 10% from 11.1 to 11.5 min, at a flow rate of
0.4 mL/min. Data acquisition was performed in dynamic multiple reaction monitoring
mode using Agilent MassHunter acquisition software (version 10.0.127). Quality control
measures removed unreliable measurements based on variability (CV ≤ 30%), consistency
(D-ratio ≤ 50%), and signal strength (signal-to-noise ratio ≥ 3) thresholds. Only robust
metabolites were retained across batches, and zero or infinite values were treated as missing
before analysis.

2.8. Statistics

Data were tabulated using Microsoft Excel. Graphs were generated and statistical
analyses (Pearson’s correlation coefficient and significance of the correlation) performed
using GraphPad Prism (Version 10.3.1) and R (version 4.4.1). For the latter, a complete-case
approach was taken, and only participants with complete data on all metabolites (ET, TMA,
and TMAO) were included. Prior to analysis, metabolite levels were log-transformed
and then z-score standardised. Pairwise Pearson’s correlations were computed between
z-standardised ET, TMA, and TMAO levels. Differences between two independent groups
were assessed using the Mann–Whitney U test. A two-sided p-value < 0.05 was considered
statistically significant.

3. Results
3.1. Bioinformatic Detection of Ergothionase in Bacterial Genomes

By contrast to choline trimethylamine lyase (responsible for the generation of TMA
from choline) which is abundantly found in many anaerobic gut microbes (19,824 pro-
tein database hits under bacteria; National Center for Biotechnology Information; NCBI),
ergothioneine trimethylamine lyase (ergothionase) has only been definitively identified
in a few microorganisms (namely Burkholderia sp., Cupriavidus neocaledonicus, Cupriavidus
taiwanensis, A. radiobacter, and T. denticola; excluding activity in cell-free extracts).

In silico analyses using the protein sequence of ergothionase from Burkholderia
were performed using the Protein Basic Local Alignment Search Tool (BLAST-P) and
revealed only protein similarities to histidine, phenylalanine, and tyrosine ammonia lyases
(HAL/PAL/TAL; Figure 1). Although these ammonia lyases are structurally similar,
they are functionally distinct from ergothionase, which lacks the MIO (3,5-dihydro-5-
methylidene-4H-imidazol-4-one) cofactor [40].

While further analyses are needed to firmly establish whether functionally analo-
gous enzymes exist in other microbes, these data suggest that ergothionase is not widely
distributed among gut microorganisms and is considerably less prevalent than choline
trimethylamine lyase-containing microorganisms.
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Figure 1. A BLAST-P search utilising the protein sequence of ergothionase from Burkholderia pseudo-
mallei was performed with multiple hits on the structurally similar histidine ammonium lyase but
not ergothionase.

3.2. ET Supplementation Does Not Alter Plasma TMAO Levels

Supplementation of a healthy cohort of young Chinese males (refer Section 2.2) with
25 mg ET per day for 1 week led to a significant elevation in plasma and whole blood ET
levels [48]. However, despite this increase, no significant change was observed in mean
plasma TMAO levels following 7 days of supplementation (302.3 ± 54.0 nM), compared
with baseline levels (362.5 ± 97.5 nM; p = 0.8702; Mann–Whitney test; Figure 2A). Similarly,
no change in mean TMAO levels was observed between baseline and endpoint in the
placebo group. Pearson’s correlation analysis of matched plasma samples further revealed
no association between ET and TMAO levels (r = 0.085; p = 0.362; Figure 2B).

Figure 2. ET supplementation does not increase plasma TMAO levels, and TMAO and ET levels
do not correlate. (A) Mean plasma TMAO levels (±SEM) at baseline and endpoint (day 8) in ET
and placebo supplemented groups (n = 15/group). No significant difference in mean TMAO levels
was observed at the endpoint relative to the baseline in both ET-supplemented and placebo groups.
ns = not significant; Mann–Whitney U test. (B) No significant correlation was observed between
plasma ET and TMAO levels both with and without ET supplementation; p = 0.362.
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3.3. No Correlation of Plasma ET with TMA and TMAO in Heart Failure (HF) Patients

Of the 157 HF cases (SHOP: n = 96; PEOPLE: n = 61), the majority were male (n = 134,
85.4%), Chinese (n = 74, 47.1%) and had HF-rEF (n = 136, 86.6%) with reduced ejection
fraction. However, females and subjects of other ethnicities, including European, were
also included (Table 1). Other baseline characteristics are summarised in Table 1. Pairwise
Pearson’s correlations were computed between z-standardised plasma levels of ET, TMA,
and TMAO in the 157 HF patients. ET levels were not correlated with either TMA (r = 0.095,
p = 0.236; Figure 3A) or TMAO (r = −0.070, p = 0.381; Figure 3B) in the plasma of heart
failure patients. However, TMA and TMAO showed a positive correlation (r = 0.201,
p = 0.012; Figure 3C), consistent with TMAO being the downstream oxidation product
of TMA.

Figure 3. Correlations of plasma ET to (A) TMA and (B) TMAO, and (C) TMA to TMAO levels in
HF patients. Pairwise Pearson’s correlations of plasma ET, TMA, and TMAO levels in HF patients
(n = 157). All values were log-transformed, and the z-scores were standardised prior to analysis, with
significance indicated by * p < 0.05.

3.4. TMAO Is Higher in HF as Compared to Control Cases but Not ET

We also compared TMAO and ET levels between the 157 HF cases and 12 non-HF
control cases in the same dataset (non-HF population attributes provided in Supplementary
Table S1). Plasma TMAO was significantly higher in HF cases relative to non-HF controls
(Mann–Whitney U test, p = 0.0019; Figure 4). By contrast, plasma ET did not differ signifi-
cantly between HF cases and non-HF controls (Mann–Whitney U test, p = 0.14; Figure 4),
consistent with the absence of correlation between ET and the TMAO observed above.

Figure 4. Boxplots of plasma ET and TMAO abundance in HF and non-HF control. Plasma levels
of ET and TMAO were compared between 157 HF cases and 12 non-HF controls. Boxes indicate
the interquartile range (IQR); the horizontal line denotes the median; whiskers extend to 1.5 × IQR.
Between-group differences were assessed by two-sided Mann–Whitney U test; ** p < 0.005.
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4. Discussion
Multiple epidemiological studies have linked low plasma or blood ET levels with

an increased risk of cardiovascular disease [29], mild cognitive impairment [23,57], de-
mentia [23,24], Parkinson’s disease [19,25], age-related macular degeneration [26], chronic
kidney disease [27], pre-eclampsia [32], and frailty [30]. Although causality has not yet been
fully established, extensive experimental evidence supports the cytoprotective and neu-
roprotective properties of ET (as reviewed in [19,20]), while early clinical studies suggest
potential benefits of ET supplementation on cognitive and sleep health and demonstrate a
strong safety profile [49,51]. Mechanistically, ET has been shown to exert its neuroprotec-
tive effects through multiple pathways, including the attenuation of oxidative stress and
inflammation, preservation of mitochondrial function, protection against amyloid oligomer
toxicity, and potential modulation of neurogenesis through promotion of neurotrophic
factors and neuronal differentiation [58–60].

Despite the well-established beneficial and protective properties of ET, it has been
suggested that ET supplementation may represent ‘a double-edge sword’ [38,39], due
to the potential for gut microbial metabolism of ET to TMA, and subsequently TMAO.
However, the present study demonstrates no correlation between plasma ET and TMAO
levels in healthy Chinese volunteers supplemented with ET (25 mg per day for one week).
Similarly, analysis of a cohort of heart failure patients revealed no association between
ET and TMA or TMAO levels in plasma (Figure 3). Moreover, plasma TMAO, but not
ET levels, were significantly elevated in heart failure patients compared with healthy
controls, reinforcing the lack of association between the two metabolites (Figure 4). We
acknowledge that the ET supplementation studies were limited to a Chinese cohort with
short-term supplementation (7 days) and the limited number and differences in ethnicity
of healthy controls for comparison with the HF cohort, possibly giving rise to differences
in gut microbiota composition due to ethnicities. However, Zajac et al. [51] showed that
longer-term ET supplementation (16-week administration of 10–25 mg ET) similarly did
not increase plasma TMAO levels in a predominantly Caucasian (Australian) cohort [51],
which further validates our findings.

In silico analyses indicate that ergothionase, responsible for the breakdown of ET to
TMA, is only present in a few bacterial genera, limiting the likelihood of ET catabolism
in the gut. However, this analysis does not account for poorly annotated or divergent
homologues of ergothionase, and a deeper analysis may be needed to confirm the rarity of
ergothionase activity. Interestingly, no ergothionase activity was detected in crude extracts
of Burkholderia cultured in standard Luria-Bertani medium; however, when grown in media
with ET as the sole nitrogen source, ergothionase was expressed [41], indicating that its
activity is induced under specific nutrient conditions, which may not be prevalent in the
human gut. In contrast to ergothionase, the choline trimethylamine lyase was found in
many microorganisms and is widely distributed among gut microbes. Moreover, estimated
dietary intakes of carnitine and choline, based on data from the NHANES (National
Health and Nutrition Examination Survey, U.S.), are approximately 24–145 mg/day and
~400 mg/day [61], respectively, substantially higher than the estimated 1–5 mg/day intake
of ET [62] and even supplements of ET (25 mg per day for a week; Figure 2) or 10–25 mg of
ET per day for 16 weeks [51], which did not raise TMAO levels. Interestingly, both acetyl-L-
carnitine and phosphatidylcholine supplementation have been suggested to slow cognitive
decline and neurodegeneration [63,64]. However, amyotrophic lateral sclerosis patients
supplemented with acetyl-L-carnitine have been reported to exhibit higher circulating
levels of TMAO compared to age-matched controls [65], highlighting the need for further
studies to clarify the metabolic consequences of these interventions and the potential
implications of their gut-microbiota-derived metabolites. Other papers have identified
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carnitine as a likely major source of TMAO in rats and humans [66,67]. Taken together,
these findings suggest that ET is unlikely to contribute significantly, if at all, to TMAO
levels in the body.

However, the interaction between ET and the gut microbiota remains an area of
considerable interest, particularly in relation to the compounds mediating the gut–brain
axis [60]. ET has previously been proposed as a microbial mediator of gut–brain signalling,
although this is unlikely to involve TMA. While there is little evidence that gut microbes
are able to synthesise ET [60,68], many microorganisms possess ABC transporters that may
facilitate ET uptake and accumulation [39,69]. For example, Limosilactobacillus (Lactobacillus)
reuteri can avidly take up and retain ET from its environment [68], demonstrating that gut
microbiota might influence host handling and bioavailability of dietary ET. Therefore, it is
plausible that changes in gut microbial compositions, such as those reported in AD and
PD, could impact ET uptake, metabolism, or retention in the host and thereby contribute
to lower circulating ET levels observed in these neurodegenerative conditions. A recent
study by Zheng et al. [70] found that antipsychotic therapies decrease ET levels, and
this is suggested to be due to depletion of ET-producing Cyanobacteria species in the gut.
However, bacteria from this phyla represent a minority of the gut microbiota, and there
is little evidence to suggest that they produce ET in the gut (reviewed in [60]). Curiously,
supplementation of mice with ET producing Cyanobacteria spp. and Synechococcus spp. was
shown to limit olanzapine-induced cognitive impairment in the animals [70].

In addition, little is known about whether gut microbiota generate ET-derived metabo-
lites, other than TMA, or whether such metabolites contribute to gut–brain signalling.
Interactions between dietary compounds, gut microbiota, and the brain are highly complex,
and the effects of any metabolite are likely to depend on the microbial composition and
host factors, including diet, dysbiosis, inflammatory state, and disease-associated metabolic
changes. These factors may influence circulating TMAO [67] and other microbiota-
associated metabolites, making direct causal relationships between any individual dietary
compound and disease risk, difficult.

Alterations in the gut microbiota have also been implicated in the pathogenesis of other
chronic diseases. Indeed, elevated levels of Clostridium symbiosum, which has been reported
to possess ergothionase activity, have been observed in faecal samples from colorectal cancer
patients [45]. In parallel, ET has been shown to induce necroptosis in colorectal cancer
cells [71], perhaps suggesting that C. symbiosum-driven breakdown or depletion of ET may
contribute to tumour progression. Furthermore, thiourocanic acid, another product of ET
degradation alongside TMA, has been shown to support the growth and ATP synthesis of
anaerobic gut bacteria such as Bacteroides xylanisolvens, through metabolic cross-feeding [45].
Feng et al. [72] further demonstrated that thiourocanate desulfhydrase, an enzyme present
in a range of anaerobic gut bacteria, can catalyse the breakdown of thiourocanic acid to
release hydrogen sulphide (H2S). However, these pathways are ultimately dependent on
degradation of ET by ergothionase, which may be limited since ET supplementation does
not appear to contribute to the TMAO pool.

ET’s strong safety profile is supported by toxicology studies in rats, which demonstrate
no evidence of toxicity following administration of doses up to 1600 mg ET/kg body weight
per day for 90 days [73]. Similarly, no adverse reactions have been reported in clinical
trials to date, and supplementation in elderly subjects for up to 12 months has been well
tolerated [49,51]. Further supporting this safety, the present study indicates that ET is not
a major contributor to systemic TMAO levels, and in silico findings further suggest that
ergothionase is not widely distributed in gut microbiota. Taken together, these findings
reinforce the case for ET as a promising neuroprotective compound and indicate that ET
supplementation is unlikely to make a meaningful contribution to systemic TMAO levels.
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Nevertheless, the broader association between ET and the gut microbiota, particularly in
the context of gut–brain axis signalling and disease, warrants further investigation [60] and,
of course, conclusions might be different in other populations.

5. Conclusions
In summary, our findings provide no evidence that dietary ET contributes signifi-

cantly to the systemic TMAO pool, addressing a key concern regarding ET’s therapeutic
use. Together with its favourable safety profile and well-established cytoprotective and
neuroprotective properties, ET remains a promising candidate for treatment or prevention
of age-related and neurodegenerative disorders. Nevertheless, the relationship between ET
and the gut microbiota is likely to be more complex than TMA/TMAO generation alone,
and further studies are needed to clarify how microbial uptake, metabolism, and gut–brain
axis interactions may influence how ET impacts in human health or vice versa [60].
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fraction; MPTP—1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PEOPLE—Prospective Evaluation

of Outcome in Patients with Heart Failure with Preserved Left Ventricular Ejection Fraction study;

https://doi.org/10.3390/antiox15070819

https://www.mdpi.com/article/10.3390/antiox15070819/s1
https://www.mdpi.com/article/10.3390/antiox15070819/s1
https://doi.org/10.3390/antiox15070819


Antioxidants 2026, 15, 819 12 of 15

PD—Parkinson’s disease; SHOP—Singapore Heart Failure Outcomes and Phenotypes study; TMA—
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