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A B S T R A C T   

There has been a recent surge of interest in the unique low molecular weight dietary thiol/thione, ergothioneine. 
This compound can accumulate at high levels in the body from diet and may play important physiological roles 
in human health and development, and possibly in prevention and treatment of disease. Blood levels of ergo-
thioneine decline with age and onset of various diseases. Here we highlight recent advances in our knowledge of 
ergothioneine.   

1. Introduction 

The unique sulphur-based chemistry of thiols plays an important role 
in cellular function and protection of cellular components (reviewed in 
Ref. [1]). The body has evolved to rely on highly abundant low molec-
ular weight thiols such as glutathione (GSH), to maintain redox ho-
meostasis but also play other important roles including xenobiotic 
detoxification and signalling [1,2]. Some of these thiols may also be 
derived from diet, such as the trimethyl-betaine derivative of histidine, 
ergothioneine (ET). Discovered more than a century ago, there has been 
a resurgence in interest in this low molecular weight thiol/thione, owing 
in part to its unique chemistry (e.g. its unusual stability, reviewed in 
Refs. [3,4]) and also the identification of a transporter, the organic 
cation transporter novel-type 1 (OCTN1), responsible for ET uptake and 
accumulation in human tissues from our diet and also the selective 
distribution to tissues owing to differential transporter expression [5–7]. 
Consistent with the recent attention on ET is the exponential growth in 
publications mentioning this compound (Fig. 1). These include a wide 
range of studies uncovering association of blood levels of ET with health 
and disease, mechanisms of cellular and tissue protection, potential 
therapeutic applications of ET, transporter expression and tissue distri-
bution, biosynthetic mechanisms, and many others. This review 

highlights new insights and recent findings on this extraordinary 
compound. 

2. The ergothioneine transporter 

2.1. The organic cation transporter novel-type 1, an ergothioneine 
transporter? 

It was discovered in 2005 that OCTN1 (encoded by the gene slc22a4) 
is primarily a transporter for ET, with higher transport efficiency than 
many other related metabolites [5], and without it (as seen in knockout 
animal models) there is an absence of ET in cells and tissues [8,9]. From 
the initial notion that OCTN1 primarily serves as an ET transporter, 
numerous other studies surfaced declaring that OCTN1 was involved in 
the transport of compounds such as nucleosides [10], acetylcholine 
[11], tetraethylammonium, spermine, L-carnitine, sulpiride, homo-
stachydrine [12], cytarabine, gemcitabine, gabapentin, oxaliplatin, and 
metformin. However, many of these claims used unconventional models 
that were far from physiological. Recently the selective preference of ET 
as a substrate for OCTN1 was reaffirmed using both natively expressed 
[7] and over-expressed [6] OCTN1 in human cells, endorsing a sug-
gestion to rename OCTN1 as the ergothioneine transporter (ETT) [13]. 
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However, as most groups still use the term OCTN1, we will follow that 
for this review. 

The transporter is responsible for the avid uptake of ET from diet, 
with a wide distribution in many tissues (Fig. 2) [5,14]. ET is found in 

most, if not all, tissues of laboratory rats and mice despite there only 
being trace levels of ET in their diet [4,15], indicating efficient uptake 
and retention of this nutrient. OCTN1 expression is also seen on the rat 
proximal renal tubules [16], presumably important for renal reabsorp-
tion of ET, which may facilitate ET accumulation in the body. Indeed, 
OCTN1 knockout mice administered with ET intravenously revealed 
higher urinary excretion rates (>50% of administered dose) compared 
with wildtype animals (<10%) [17]. This impressive ability for ET to 
amass in the body and the selective distribution in tissues (through 
differential expression of the transporter), suggests that ET plays 
important physiological roles. However, OCTN1 knockout models 
(lacking tissue ET), have not yet revealed any substantial overt pheno-
types or deficiency syndromes [8,9,18]. This could be due to compen-
satory defence pathways to maintain homeostasis in the absence of ET in 
healthy animals, although when these knockout models are stressed the 
phenotype is more pronounced [8,9]. Consequences of deficiency are 
hard to demonstrate in humans due to the abundant presence of ET in 
diet and its avid retention by the body. However, lower blood levels of 
ET have been associated with incidence of several disorders including 
Parkinson disease (PD) [19], mild cognitive impairment (MCI) [20], 
Crohn’s disease (CD) [21] and frailty [22], while correspondingly higher 
levels of blood ET are correlated with lower risk of cardiometabolic 
disorders and associated mortality [23] and lower prevalence of pe-
ripheral neuropathy [24]. This is consistent with the notion that a 
deficiency in ET may elevate the risk of disease. Whether this decline in 
ET is a cause or consequence of disease remains to be established by 
in-depth, longitudinal studies. 

2.2. Factors affecting ergothioneine transport 

ET can be found in most (if not all) tissues, with differential rates of 
accumulation [4,15], owing to differing expression of the transporter 
[5]. High expression of the transporter, and hence high levels of ET, is 
observed in certain cells (e.g. blood cells, bone marrow, ocular tissues, 
brain etc.; Fig. 2) that are likely predisposed to oxidative stress, although 
other tissues can accumulate high levels of ET with sustained adminis-
tration [4,15]. In certain animal disease models e.g. fatty liver disease 
[25], CD [14] and chronic kidney disease [26], an elevation in the 
OCTN1 transporter (via transcriptional activators including RUNXI, Sp1, 
and NFκB [27]) was seen in response to tissue injury. This has been 
suggested to be an adaptive physiological response to elevate ET in the 
damaged tissue and thereby limit further injury [28]. 

Although ET is obtained from diet [4,29,30], studies suggest that 
tissue levels of ET are closely associated with OCTN1 expression or 
polymorphisms of the transporter [14,31]; populations possess a num-
ber of single-nucleotide polymorphic variants (SNPs) of OCTN1 which 
affect ET transport kinetics [31]. Supporting this notion, subjects with 
higher basal blood levels of ET also had a greater uptake and accumu-
lation of ET following oral administration, possibly due to poly-
morphisms of the transporter [32]. However, it is not yet known 
whether polymorphisms of OCTN1 (possibly accounting for lower blood 
levels of ET) may predispose certain individuals to disease. Although 
earlier studies associated the L503F variant of OCTN1, and the elevated 
ET in these individuals [33], with an increased risk of inflammatory 
bowel diseases (IBD), CD and ulcerative colitis [34,35], this was found to 
be a case of genetic hitch-hiking due to the association of this OCTN1 
variant with the IBD5 haplotype, a known risk factor for CD [36]. The 
authors proposed that this variant, which results in up to 50% greater 
transport efficiency and 3-fold greater affinity for ET [33], was an 
adaptive mutation resulting from lower ET in the diets of these historic 
populations or positive selection due to high UV exposure (see section 
3.2.6) of ancient farmers from this region [36]. The claimed associations 
between OCTN1 polymorphisms and IBD or rheumatoid arthritis remain 
controversial [36,37]. Longitudinal studies into SNPs of OCTN1 in 
populations, their blood levels of ET, and association with disease, 
should give further insights. 

Fig. 1. Since its first isolation in 1905, there was initially significant interest in 
ET, however the interest waned until the discovery of its transporter (ETT/ 
OCTN1) in 2005 and has since been the focus of intense research. The graph 
shows the number of publications on PubMed (https://pubmed.ncbi.nlm.nih. 
gov/) by time period for the keyword ‘ergothioneine’. 

Fig. 2. RNA expression of slc22a4 (encoding OCTN1) in the human body using 
normalized consensus RNA expression data from 3 data sets (genotype-tissue 
expression project, human protein atlas dataset, and the FANTOM5 project). 
Graph and data adapted from the Human Protein Atlas (https://www.proteina 
tlas.org/) [177]. 
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2.3. Cellular location 

Early studies [38–40] suggested (but did not rigorously establish) 
that OCTN1 is found in the mitochondria, allowing ET accumulation in 
this organelle [41]. Indeed, ET could protect mitochondrial DNA from 
oxidative damage due to hydrogen peroxide [39] or UV exposure [42]. 
Since then, few studies have investigated the intracellular localization of 
OCTN1 and ET. Mitochondrial dysfunction is implicated in a wide range 
of disorders and the therapeutic benefits of ET have been suggested to be 
mediated through protection of this organelle [43]. We recently 
demonstrated that ET protects mitochondrial morphology in transgenic 
Drosophila models of PD (unpublished data). Definitive evidence of ET 
uptake and accumulation in the mitochondria is required. 

2.4. An alternative transporter? 

A recent study of an orphaned solute carrier (the superfamily to 
which OCTN1 belongs) SLC22A15, demonstrated its capability to 
transport ET into transfected HEK293 cells, although with much lower 
transport efficiency than OCTN1 [44]. The authors suggest that 
SLC22A15, which has a higher expression than OCTN1 in the brain, may 
be important for deposition of ET in the brain, or perhaps translocation 
across the BBB [44] where the level of OCTN1 expression remains un-
certain [45,46]. However, SLC22A15 does not appear to be involved in 
uptake into the body from the diet since OCTN1 knockout mice do not 
have appreciable levels of ET in blood and tissues following oral 
administration (ref. [8] and our unpublished data). Indeed, SLC22A15 
expression is low in the gastrointestinal tract [44]. However, when ET 
was intravenously administered levels appear to be comparable, albeit 
low, in the brain between OCTN1 knockout and wildtype mice [17]. 
Further studies are needed to establish if SLC22A15 is indeed involved in 
brain uptake and accumulation of ET. 

3. A gerontological perspective 

3.1. Infants and children - possible role of ergothioneine in human 
development? 

Almost nothing is known about the role of ET during development in 
human infants, although there is evidence of its presence in blood [47], 
urine [48], and brain [49] of new-borns and infants. Studies have 
identified the expression of OCTN1 on the rat placenta [50], which may 
facilitate transport of ET from the mother to offspring [4,47]. Our pre-
liminary studies (unpublished data) indeed indicate a high correlation of 
blood ET levels between human mothers and children, suggesting that it 
is transported from mother to child and thus may play a role in infant 
development. OCTN1 is also expressed in human mammary glands [51] 
and a 4-fold upregulation of OCTN1 was observed in lactating human 
mammary epithelial cells (HMEC) compared with non-lactating HMEC 
[52]. Indeed, ET is present in human breast milk [47] and is also present 
in cow [53] and goat milk [47]. Nakamichi et al. [54] and Ishimoto et al. 
[55] demonstrated that ET promotes neurogenesis in mice, which may 
enhance memory [56], or alleviate symptoms of neuropsychiatric dis-
orders [54]. It may therefore be plausible that ET plays a role in 
neuronal differentiation during growth and maturation of the brain in 
the developing child. 

The administration of high levels of ET to pregnant female rats did 
not reveal any overt toxicity in either mother or offspring, however no 
observations were reported about possible beneficial outcomes for the 
offspring [57]. In part due to the absence of overt effects and the possible 
nutritional benefits of ET, the European Food Safety Authority (EFSA) 
granted approval for ET to be used as a supplement in pregnant and 
breastfeeding women, children and infants [58]. Further research is 
needed to determine if ET is beneficial or essential for human devel-
opment, and if so raises the question whether supplementation in infants 
may be advantageous (e.g. in infant formulas, although many of the 

formulas are based on cow’s milk and already contain some ET [47,53]). 
A study of healthy males in Saudi Arabia found that blood levels of ET 
increase from infanthood to teenage years, peaking at early adulthood, 
again suggesting the possible importance of ET for human development 
[59]. 

3.2. Adulthood - role of ergothioneine in disease prevention 

3.2.1. Role of ergothioneine in overall adult health 
We previously demonstrated the uptake and retention of ET 

following oral administration to young (21–29 years of age) healthy 
adult males [32]. The administration of ET to these young healthy in-
dividuals, did not significantly decrease oxidative damage biomarkers, 
although the basal oxidative damage levels were already low. The 
absence of a significant change may indicate that ET is not a primary 
defence against oxidative stress, but rather acts as a secondary antioxi-
dant buffer whenever the redox homeostasis is perturbed and/or when 
primary antioxidants are depleted through chronic exposure to oxida-
tive stress. Indeed, the unique chemistry of ET, favouring the thione 
tautomer at physiological pH, gives rise to its stability and resistance to 
autooxidation (relative to other low-molecular weight thiols such as 
GSH), slow turnover, and ability to accumulate in the tissues. Despite the 
lack of significance, ET administration still revealed a trend toward 
lower levels of some oxidative damage biomarkers, relative to placebo 
controls [32]. Hence, although ET has potent antioxidant properties in 
vitro [3,60], protection against oxidative stress may not be its only, or 
even the primary physiological role (as suggested from an evolutionary 
perspective [61,62]). 

ET promotes neuronal stem cell differentiation [55] which could be 
important in development and maintenance of the central nervous sys-
tem. Knockdown of OCTN1 in K562 (erythroid progenitor cells) 
decreased cell proliferation and differentiation, supporting the view that 
ET is important for erythropoiesis [4,63]. One of the highest levels of ET 
is found in the bone marrow [64] (Fig. 2) with a correspondingly high 
expression of OCTN1 [5], which may act as a reservoir for ET, which 
could be incorporated into erythrocytes during erythropoiesis [4]. 
Indeed, erythrocytes possess high levels of ET (more than 50 times 
higher than plasma) and in our human studies whole blood levels 
continued to increase for up to 4 weeks beyond the point where ET 
administration had ceased [32], consistent with this hypothesis. The 
expression of OCTN1 is also seen in monocytes and macrophages [5,14] 
and a recent study suggested that ET plays a role in immunoregulation 
through toll-like receptor signalling in macrophages [65]. 

3.2.2. Nutrient for reproductive health? 
Expression of OCTN1 has been demonstrated in testes and seminal 

vesicles [8] with high levels of ET reported in seminal plasma of animals 
and humans [66–68]. Although the level of ET in seminal plasma is 
highly variable, the levels are typically much greater than that of GSH 
and cysteine [66,68]. ROS play a role in sperm function and fertilization, 
hence a delicate balance of ROS for physiological function versus pre-
vention of oxidative damage is needed [69,70]. ET may be an ideal agent 
to maintain redox homeostasis since it does not interfere with the critical 
roles of ROS but may become active during times of excessive oxidative 
stress [28,47]. The anti-cancer drug cisplatin causes testicular damage 
and dysfunction of the Leydig cells leading to infertility [71]. Admin-
istration of cisplatin to Wistar rats decreased sperm count and motility 
and increased the incidence of abnormal sperm morphologies, decreased 
testosterone levels and led to necrosis of testicular interstitial cells [72]. 
Oral supplementation with ET for 14 days before cisplatin administra-
tion abolished these detrimental effects [72]. Interestingly, oral 
administration of ET alone (without cisplatin) was found to increase 
sperm counts and motility, decrease sperm abnormalities, and signifi-
cantly decrease basal levels of malondialdehyde compared with control 
rats [72]. Hence ET may play a role in preserving reproductive health. In 
recent times average sperm counts have dropped significantly, with one 
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study in European men indicating average sperm numbers falling from 
100 million/ml in 1940s to around 40 million/ml at present, increasing 
the risk of infertility [73]. Perhaps ET supplementation could help, and 
warrants this investigation. 

3.2.3. Prevention of tissue injury and fibrosis 
Exposure of tissues to chronic inflammation and persistent oxidative 

stress due to environmental (chemical or radiation) insults, allergies, 
persistent infections, autoimmune reactions, and so on, can lead to 
damage and remodelling of tissue, eventually triggering fibrosis, which 
may ultimately lead to organ failure [74]. Multiple studies in cell cul-
tures and animal models have demonstrated that ET not only modulates 
levels of inflammatory cytokines and mitigates oxidative or nitrosative 
damage [75–77], but may also slow or prevent fibrosis [26,78,79]. 

For example, the hepatotoxin dimethylnitrosamine (DMN), elevated 
oxidative damage and smooth muscle α-actin (a marker for fibrosis) in 
human hepatic stellate cells, but pre-treatment of the cells with ET 
decreased DMN-induced elevations in 4-hydroxynonenal and fibrosis 
[78]. Moreover, OCTN1 expression in hepatocytes was elevated in 
wild-type mice following DMN treatment [78], which is consistent with 
an earlier study demonstrating an increase of liver OCTN1 expression 
and tissue ET in a guinea pig model of fatty liver disease [25]. Another 
study claimed that ET protected rat kidney and liver against oxidative 
damage caused by ferric-nitrilotriacetate [75]. Conversely, 
OCTN1-knockout in mice exacerbated indoxyl sulfate-induced kidney 
[26] and DMN-induced liver injury [78] and aggravated oxidative 
damage, inflammation and fibrosis in both models. The ROS-generating 
NADPH oxidase, NOX4, which is highly expressed in hepatocytes and 
may play a role in liver fibrosis, was significantly elevated in OCTN1 
knockout animals, while ET supplementation of human hepatic stellate 
cells decreased expression of NOX4 [78]. 

Multiple studies also demonstrate lung protection by ET. In a mouse 
model of acute respiratory distress syndrome using cytokine insufflated 
(IL-1 and IFNγ) rats, ET protected against acute lung injury [80]. Like-
wise, in a model of idiopathic pulmonary fibrosis, using cigarette smoke 
extract to promote oxidative stress and cell migration in human alveolar 
epithelial cells, ET treatment prevented not only cell death [81,82], but 
also cell migration (fibrosis) [79]. When mice were exposed to cigarette 
smoke over 6 months, elevated numbers of inflammatory cells in the 
broncho-alveolar lavage fluid, alveolar damage and increased inflam-
matory cytokines were observed; these effects were more severe in 
OCTN1-knockout mice [82]. Collectively, these studies indicate that the 
distribution and accumulation of ET in organs may serve as a protectant 
against injury and permanent scarring. Whether these benefits of ET 
involve its antioxidant, or other, properties, remains to be seen. 

3.2.4. Pre-eclampsia 
Pre-eclampsia, a serious complication of pregnancy, is characterized 

by hypertension, oxidative stress, placental ischaemia, and proteinuria 
[83,84]. In a rodent model of pre-eclampsia, ET supplementation 
decreased hypertension and circulating sFlt-1(a marker of 
pre-eclampsia), and increased expression of placental Nrf2, superoxide 
dismutase 1 (SOD-1), mitochondrial enzymes (PGC-1α, UCP-1 and 
SOD2) and decreased mitochondrial ROS in maternal rats, leading to 
increased foetal weight [43,85]. Furthermore, prior studies showed that 
ET could also be beneficial in protecting against ischaemia-reperfusion 
injury [77,86,87]. These studies highlight the potential therapeutic 
application of ET for pre-eclampsia [84]; and EFSA has granted approval 
for supplementation in pregnant women [58]. 

3.2.5. Concomitant application in cancer therapy 
While there are few studies assessing association of ET blood levels 

with cancers [4], some studies have explored the benefits of ET in 
reducing the detrimental side effects, or enhancing the effectiveness of, 
chemotherapies. Chronic peripheral neuropathy is a common side effect 
in patients undergoing chemotherapy for colorectal cancer, however 

Winkels et al. [24] suggest that high blood levels of ET were associated 
with less neuropathy. In Sprague-Dawley rats, oxaliplatin (chemo-
therapy for metastatic or advanced colorectal cancer) induced periph-
eral neuropathy, but co-administration with ET (15 mg/kg) ameliorated 
neuropathy, apparently by decreasing oxaliplatin accumulation in dor-
sal root ganglion neurons [24]. 

Anthracyclines such as doxorubicin, are effective and widely used 
chemotherapeutics for breast cancers, lymphomas, lung cancers and 
many others, but their clinical application is limited by the occurrence of 
cardiotoxicity with high doses or prolonged use [88]. Our preliminary 
studies in mice suggest that ET accumulates in the heart and offers 
protection against anthracycline-induced cardiotoxicity (manuscript in 
preparation). 

Another study demonstrated that ET may augment the response of 
tumour-associated macrophages and thereby prevent an immunosup-
pressive microenvironment caused by cytotoxic T lymphocytes and thus 
enhance the efficacy of cancer vaccine immunotherapy [65,89]. 

3.2.6. Protection of the skin 
Several studies demonstrated that ET protects skin cells from UV- 

irradiation [42,90–92]. Although this may be partially attributed to 
the UV-absorbing properties of ET, it was also shown to protect by 
raising endogenous antioxidant levels via Nrf2/ARE in human kerati-
nocytes [91]. Silencing Nrf2 or OCTN1 expression in the keratinocytes 
inhibited these protective effects [91]. Another study demonstrated that 
ET protected against UV-induced mitochondrial DNA damage [42]. Not 
surprisingly, ET has found its way into various cosmetics and topical 
skin products. 

3.3. Elderly; ET as a longevity nutrient 

3.3.1. Blood levels of ET with age 
A study in Saudi males found that blood ET levels increase with age 

until early adulthood but then gradually decline with advancing age 
[59]. A similar trend was seen in rats where blood ET levels increase up 
to 11 weeks of age then decline [41]. Plasma ET levels continue to 
decline in an elderly Asian population (beyond 60 years of age) [20], 
and an Australian epidemiological study revealed that serum ET levels 
were inversely correlated with age (55–85 years) [93]. This decline in 
blood ET with age could be due to numerous factors such as increased 
turnover, dietary changes or altered transport function (decreased 
OCTN1 expression or impaired transporter functionality). We demon-
strated in a Singaporean elderly population [20] that blood ET levels 
were correlated to self-reported mushroom consumption, but there was 
no significant trend between age and mushroom consumption, indi-
cating that the decrease in ET may not be due to altered diet in this case. 

Blood (and likely tissue) levels of ET are also significantly decreased 
in individuals with a variety of age-related disorders [19,20,23]. This 
suggests that lower blood levels of ET are a risk factor for age-related 
disorders and supplementation could be beneficial. Indeed, Ames [94] 
suggested that ET should be classified as a “longevity vitamin”, i.e. it 
may play a role in lowering the risk, or progression, of age-related dis-
orders, and promote healthy longevity. Consistent with this, a study 
investigating 131 blood metabolites and their association with frailty, 
identified that a declining blood ET level correlates with markers asso-
ciated with frailty [22]. 

3.3.2. Ocular health 
The cornea of the eye is constantly exposed to atmospheric levels of 

oxygen [1], and coupled with the fact that retina is one of the highest 
oxygen-consuming tissues in the human body [95], results in an organ 
that is exposed to high levels of oxidative stress [1] and may require high 
levels of antioxidant defences to maintain redox homeostasis. Earlier 
studies identified that high levels of ET are present in ocular tissues 
including the lens, retina, cornea and retinal pigmented epithelium [96, 
97]. Corresponding to this some of the highest levels of OCTN1 mRNA 
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expression can be found in the eye in pigs [68], zebrafish [9] and 
humans (Fig. 2). In humans, ET is present in tears and aqueous humour 
[47]. Hence ET may help protect the eye against oxidative damage, 
whereas lower ET levels might predispose to ocular disorders. Indeed, 
ET levels in human eye lens decreased significantly with increasing 
severity of cataract formation [98,99]. Another ocular disease, 
age-related macular degeneration (AMD), the leading cause of irre-
versible blindness, has pathogenic mechanisms involving oxidative 
damage and immune dysregulation (reviewed in [1]), implying that ET 
could be protective for this condition. Indeed, ET protected corneal 
endothelial cells against hydrogen peroxide-mediated oxidative stress 
and the unfolded protein response [100]. However, few studies have 
investigated any protective role of ET in AMD and other ocular diseases. 

3.3.3. Neurological disorders 
The ability of ET to accumulate in the brain (although more work 

needs to be done to establish the distribution and cellular location of ET 
in the human brain, peripheral nervous system and cerebrospinal fluid) 
and its neuroprotective capabilities in a range of models both in vitro and 
in vivo, have been previously reviewed (see Refs. [3,47,101]), hence we 
will focus on more recent advances. Evidence suggests that ET may 
protect the brain against oxidative damage [102,103] and neuro-
inflammation [104,105], target underlying pathologies in neuro-
degeneration such as mitochondrial dysfunction [39,43] and toxic 
amyloid accumulation [106,107], and even promote neurogenesis [55, 
108,109]. Silencing OCTN1 prevented ET uptake in Neuro2a (mouse 
neuroblastoma) cells, leading to a decrease in cell proliferation and 
differentiation while concurrently downregulating the neurite marker 
GAP43 and increasing oxidative stress markers HO-1 and SOX2 [108]. 
Subsequently it was demonstrated that ET induced differentiation in 
neural progenitor cells as evidenced by a decrease in neurospheres, the 
upregulation of neuronal marker βIII- tubulin, and differentiation acti-
vator gene Math1, while silencing OCTN1 abolished these effects [109]. 
This differentiation was said to be mediated through activation of S6K1 
and neurotrophin 4/5- TrkB signalling [55] and studies have shown that 
S6K1 overexpression promotes dopaminergic neuronal differentiation of 
human neural stem cells [110]. Mice administered ET for 14 days 
demonstrated a dose-dependent increase of ET in the hippocampus, with 
an enhancement of memory and learning ability, and an increase in 
neuronal spines in the dentate gyrus at doses greater than 20 mg/kg 
[56]. In cultured primary hippocampal neurons, administration of ET, 
elevated the expression of βIII-tubulin, synapsin I, and neurotrophins 3 
and 5, suggesting that ET promotes hippocampal neuron maturation by 
increasing neurite and synapse formation [56]. This may also have im-
plications for the use of ET in counteracting neurodegenerative disor-
ders. Indeed, the ability of ET to promote neuronal differentiation may 
be a mechanism behind enhanced object recognition memory and pre-
vention of neuropsychiatric disorders such as depression, as evidenced 
from studies in mouse models [54,56]. 

Chronic sleep loss and depressive symptoms are both risk factors for 
neurodegenerative disorders [111–113]. Moreover, the treatment of 
depressive symptoms may impede the pathological progression of AD 
[114]. In a mouse model of depression, oral administration of ET 
exhibited antidepressant-like effects, improving spleen and body 
weights [54]. Similarly, in a rat model of major depressive disorder, 
leading to sleep abnormalities and depressive social avoidance behav-
iours, the oral administration of ET for 7 days prior to social defeat stress 
ameliorated these effects [115]. The authors attributed the beneficial 
effects of ET on sleep and depression to a possible reduction in inflam-
mation around the brainstem and peripheral nervous system together 
with management of intracerebral oxidative stress [115], and the 
possible involvement of ET in neurogenesis. 

Another neurological condition, epilepsy, characterized by abnormal 
electrical-mediated activity in the brain leading to recurrent seizures, 
was found to be exacerbated by OCTN1 uptake of homostachydrine in 
the brain of mouse models [12]. However, ET administration to these 

mice decreased homostachydrine uptake in the brain (presumably 
through competing transport of ET) leading to decreased seizures and 
prolonged survival of the animals [12]. Glutamate receptor-mediated 
hyperexcitation plays a key role in seizures, but a study demonstrated 
that ET protected rat retinal neurons against N-methyl-D-aspartate 
excitotoxicity [116]. 

Glucose dysregulation, in part due to oxidative damage to key en-
zymes and dysfunction of the mitochondria, is a major component of AD 
[117,118]. ET restored cell viability following hyperglycaemia-induced 
cytotoxicity in rat pheochromocytoma cells by decreasing formation of 
ROS, protein carbonyls, and advanced glycation end products, and 
inhibiting NF-κB activation [104]. A similar rescue was observed from 
ET administration to human brain endothelial cells under hyper-
glycaemic conditions [119]. Moreover, D-galactose administration in 
mice triggered learning and memory deficits, but ET administration to 
animals not only significantly improved performance in both tasks but 
also decreased β-amyloid accumulation in the hippocampus and lipid 
peroxidation in the brain [103]. 

Declines in blood ET are not only seen in PD and MCI subjects but 
also with vascular dementia (manuscript in preparation). Indeed, the 
vascular endothelium plays a critical role in brain function by main-
taining blood-brain barrier permeability and cerebral blood flow, and 
dysfunction of this system aggravates many neurodegenerative disor-
ders [120,121]. ET administration to human brain microvascular 
endothelial cells prevented pyrogallol, xanthine/xanthine oxidase or 
high glucose-induced cell death by protecting against oxidative stress 
and enhancing the expression of antioxidant enzymes, while decreasing 
NADPH oxidase 1 (NOX1) expression [119,122]. In a diabetic rat model, 
these same stressors impaired acetylcholine-induced relaxation in brain 
basilar arteries, however ET dose-dependently decreased this impair-
ment in relaxation [119]. The cholesterol oxidation product, 7-ketocho-
lesterol (7KC), is elevated in the cortical tissue of AD patients [123] and 
is implicated in other neurodegenerative disorders [124,125]. In human 
brain endothelial cells 7KC induced the expression of proinflammatory 
genes and cyclooxygenase-2, but treatment with ET reduced the 7KC-in-
duced expression of IL-1β, IL-6, IL-8, TNFα and COX-2 [105]. 

The evidence suggesting that ET is beneficial against neuro-
degeneration comes from cell culture and animal models. Many anti-
oxidants and other therapeutic compounds have shown promise in 
animal models but failed to translate the benefits to human neurological 
disorders such as AD (reviewed in Ref. [1]). While ET overcomes the 
major hurdle of translocation across the BBB and accumulation in the 
brain, randomized placebo-controlled clinical studies are needed to 
establish any human therapeutic benefits. 

3.3.4. Cardiovascular disorders 
Evidence that ET may influence cardiovascular health comes from a 

longitudinal study associating changes in blood metabolites with car-
diometabolic diseases in 3236 subjects over 20 years [23]. Out of 112 
metabolites, higher blood ET had the most significant association with 
lower risk of cardiometabolic disease and mortality, independent of age, 
gender, fasting glucose, cholesterol and triglyceride levels, alcohol 
intake, and smoking status [23]. 

Dysfunction of the vascular endothelium is central to a wide range of 
cardiovascular disorders, including hypertension, atherosclerosis, 
chronic heart failure, coronary artery disease, and diabetes [126]. A 
possible major underlying mechanism for the benefits of ET in the car-
diovascular system is protection of the vascular endothelium, as previ-
ously mentioned for brain endothelium [105,119]. Other studies 
revealed that ET protects endothelium from oxidative damage and cell 
death due to paraquat, hydrogen peroxide, high glucose [127] or 
oxidized-LDL [128] exposure. Moreover, ET significantly inhibited 
proinflammatory cytokine or oxidized LDL-induction of inflammatory 
cell adhesion molecules, VCAM-1, ICAM-1 and E-selectin [129]. 
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4. Sources of ergothioneine 

4.1. A culinary perspective 

ET is present in a wide array of foods, but the highest dietary levels of 
ET are found in certain mushrooms [29,30,47,130] and Spirulina [131], 
which produce their own ET [132]. Several studies have investigated the 
putative health benefits of mushroom consumption. These include the 
association of increased mushroom consumption with decreased risks of 
dementia [133,134], cardiovascular disease, certain cancers (e.g. pros-
tate and breast cancer) [135,136], IBD [137], metabolic syndrome 
[138], PD and other neurological disorders [139], viral infections [140] 
and many other conditions. Some of the studies attributed these 
perceived health benefits of mushrooms to the ET present [129, 
141–143]. However, mushrooms contain many other compounds (e.g. 
β-glucans, polysaccharides, etc.) which could also be beneficial [30]. 

4.2. Biosynthesis of ET by gut microflora? 

The gut microbiota play a pivotal role in human health and disease. 
The genes encoded by this vast pool of microorganisms outnumber those 
of the host by more than 100-fold and are responsible for some essential 
metabolic functions including the production of certain vitamins and 
amino acids [144,145]. Although animals and humans are only known 
to obtain ET from dietary sources [4], certain bacteria can synthesise ET, 
including Mycobacterium spp. [146–148] and Burkholderia spp. [149] 
belonging to the phyla Actinobacteria and Proteobacteria, respectively. 
They produce ET from histidine, albeit through distinct mechanisms 
[150]. Transforming Escherichia coli (not naturally capable of ET 
biosynthesis) with egtBD genes, enables them to produce ET [149], 
although addition of egtACE genes enhanced ET production in E. coli 
[151,152]. Deeper in silico analysis of bacteria from the phyla Bacter-
oidetes, Actinobacteria, Cyanobacteria and Proteobacteria, present in 
normal gut microflora, reveals that many of these bacteria appear to 
possess the egtBD genes, or homologs of them. This therefore raises the 
question as to whether gut microflora can produce ET. Although evi-
dence suggests that this does not occur (reviewed in Ref. [4]), this 
probably needs re-examination using more sensitive and accurate 
methods for ET analysis. If so, could ET production by the microbiome 
contribute to tissue levels of ET, and would changes in gut microflora, as 
seen in a wide range of diseases, influence the levels of ET in the body? 
This may also present another explanation for lower blood levels of ET 
seen in many disorders. Indeed, with the increasing evidence of an 
intricate link between the gut microbiota and the brain [153], an altered 
microbiome leading to reduced ET levels in the body could contribute to 
disease. 

No studies to date have definitively established that gut microbiota 
can produce ET [4], but one study indicated that Lactobacillus reuteri 
may produce ET in vitro and that an elevation of L. reuteri correlated with 
an increase in faecal ET levels in rats [115]. However, the presence of ET 
in a microorganism is not definitive evidence of ET production since 
some bacteria can take up ET from their environment [4,149]. Studies 
with isotopically labelled precursors or isolation of ET biosynthetic en-
zymes are needed to confirm ET production. The authors did identify 
that elevated faecal ET correlated with an increase in L. reuteri in a rat 
stress model, and administration of ET in this model improved sleep 
abnormalities and social avoidance behaviours [115]. However, studies 
by our laboratory using isotopically labelled histidine as a precursor did 
not reveal any indication of ET biosynthesis by L. reuteri (our unpub-
lished data), and the Lactobacilli spp. genome does not appear to contain 
ET biosynthetic genes. Perhaps the authors identified that Lactobacilli 
can accumulate ET from their environment. Nevertheless, the uptake 
and utilisation of ET by gut microbiota may still play a crucial role in 
influencing ET uptake by the host. More work is needed to study this. 

Indeed, cell-free extracts of E. coli can break down ET to yield thio-
urocanic acid and trimethylamine, attributed to the trimethylamine- 

lyase, ergothionase [154]. Some other microorganisms including Bur-
kholderia sp. [155], Treponema denticola [156], and Alcaligenes faecalis 
[157,158], also possess ergothionase. Further studies are needed to 
evaluate if other commensal bacteria can degrade ET and if this con-
tributes to decreased absorption of ET from the gut. 

4.3. Biosynthetic mechanisms 

EFSA has permitted the use of ET as a food additive and supplement 
[159] even in pregnant women and infants [58]. Meanwhile, the US 
Food and Drug Administration has granted ET the status of “Generally 
Recognized as Safe” (GRAS) to be used as a food additive and supple-
ment. This facilitates the broader application of ET for use in general 
health and wellbeing or application against a range of diseases. 

Besides chemical synthesis (Tetrahedron), several groups have 
demonstrated the bio-production of ET in the yeast, Saccharomyces 
cerevisiae (not naturally capable of ET biosynthesis), through cloning of 
two ET biosynthetic genes from the mushroom Grifola frondosa [160] or 
a combination of bacterial and fungal genes from Mycobacterium smeg-
matis and Claviceps purpurea (the ergot fungus, where ET was first 
identified) [161]. Other groups have enhanced biosynthesis by recom-
binantly enhancing copy numbers of the ET biosynthesis genes and 
enhancing the histidine precursor availability (by removing histidine 
ammonia-lyase) in Methylobacterium [162]. Other methods have also 
been utilized to harness synthetic biology to produce ET and scale up its 
production using a range of bacterial and fungal microorganisms [151, 
152,161,163] and even to generate isotopically labelled variants of ET 
for research [164]. 

5. Role of ergothioneine in infectious diseases 

5.1. Coronavirus infectious disease 2019 (COVID-19) 

The highly contagious severe acute respiratory syndrome coronavi-
rus 2 responsible for the devastating COVID-19 pandemic, has infected 
more than 100 million individuals and led to almost 2.2 million deaths 
across the globe at the time of writing (WHO COVID-19 situation re-
ports). The battle to curb coronavirus infections has given rise to both 
repurposed and novel therapeutics to reduce the severity and duration of 
illness. We suggested that ET might alleviate symptoms and improve 
prognostic outcomes of COVID-19 patients [165], since it can protect 
against the underlying pathologies implicated in COVID-19, e.g. acute 
respiratory distress syndrome (the main cause of mortality in COVID-19) 
[80], excessive oxidative damage [60,166,167], inflammation [76,77, 
168], and endothelial dysfunction [119,127]. The presence of ET in 
major organs could also protect them from injury due to a hyperactive 
immune response and prevent permanent damage (e.g. fibrosis) [25,26, 
54,72,78,79,169]. 

5.2. Opportunistic pathogens 

A darker side of ET is that certain pathogens can synthesise ET 
including Burkholderia and Mycobacteria tuberculosis, as a means of 
protecting against host defences, or enhancing antibiotic resistance 
[149,170]. Indeed, in M. tuberculosis, which causes tuberculosis, ET 
maintains bioenergetic homeostasis and protects against oxidative 
stress, enhancing virulence in animal models [170]. The opportunistic 
fungal pathogen A. fumigatus is also capable of ET biosynthesis, which 
may enhance its resistance to environmental heavy metals and 
host-generated ROS [171]. 

As mentioned earlier, while most microorganisms are incapable of 
ET biosynthesis, some can accumulate and utilize ET from their sur-
rounding environment [4], especially some opportunistic pathogens e.g. 
E. coli [154] and the oral pathogen Treponema denticola [156]. Drugs 
targeting the uptake mechanisms may thus be useful in limiting their 
pathogenicity. A clearer understanding of the role of ET in pathogenic 
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microorganisms could reveal mechanisms to reduce virulence and/or 
drug resistance, for example by targeting ET biosynthesis. 

6. Alternative applications of ergothioneine 

With the distinctive chemistry of ET, it is not surprising that there has 
been a myriad of alternative applications for it. S-methyl ergothioneine 
and hercynine have been identified as likely metabolites of ET in the 
body. Indeed their levels are highly correlated with ET in blood [32] and 
most tissues (although there are some exceptions e.g. the brain which 
typically has higher levels of hercynine) [15]. However, their function 
remains unknown. Glutathione-S-transferases (GST) catalyse the 
detoxification of various xenobiotics utilizing GSH and may facilitate the 
methylation of GSH. Whether another such enzyme exists for ET, or if 
GST can also utilize ET, is unknown. One study described ET as a 
xenobiotic amino acid, facilitating nucleophilic substitution-type re-
actions to counteract toxins in vitro in a similar manner to GSH, as 
demonstrated by reaction with 1-chloro-2,4-dinitrobenzene (CDNB) to 
form an ET-CDNB product in human lung epithelial cells, improving cell 
viability [172]. Although the enzymes involved remain unknown, the 
ET-CDNB product is suggested to efflux from the cells using multi-drug 
resistance transporters [172]. Further studies are needed to validate this 
and elucidate the enzymes involved. 

ET has also been used as a food preservative [30]. Extracts of edible 
Enoki mushroom were shown to prevent melanosis or blackspot for-
mation in harvested shrimps, which were attributed to the 
anti-melanosic and antioxidant properties of ET [173]. Likewise, studies 
demonstrated that ET prevented oxidation of lipids and myoglobin in 
beef and fish meat, preventing discoloration for more than a week on ice 
[174]. As such, patents (US20130035361A1 and CA2680223A1) were 
filed in the US and Canada for the use of ET as a preservative in foods, 
medicines and beverages. 

Beyond this, the unique chemistry of ET may enable robust photo-
stabilization of various fluorophores (personal communication), and 
recent studies have also shown that ET has an intense surface-enhanced 
Raman scattering spectrum, which the authors suggest may enable non- 
invasive analysis of ET in biofluids as a prognostic tool [175]. Interest-
ingly, ET has also been suggested as a metabolite to estimate the age of 
bloodstains at crime scenes, due to its stability and slow time-dependent 
degradation [176]. 

7. Final thoughts 

The unique chemistry of ET gives rise to its high stability and ability 
to accumulate in the body, enabling a wide range of cytoprotective and 
disease mitigating properties. While associations have been made be-
tween low blood levels of ET and various human disorders, there is much 
still unknown. Nevertheless, the uptake in the foetus and infant, the 
near, if not fully, ubiquitous presence in tissues and the avid retention by 
the body are strong evidence that ET plays a critical role in human 
development and health. Numerous animal studies have also demon-
strated its benefits, whereas preventing uptake through silencing OCTN1 
appears to worsen pathology in these disease models. It remains to be 
seen whether supplementation in humans, especially the elderly or the 
subset of individuals with lower blood levels of ET (due to polymorphic 
variants of the transporter or diet), could reduce the risk of age-related 
and other diseases, or act as a therapeutic by slowing or halting disease 
progression. The safety profile of ET and regulatory approvals facilitate 
such studies. With the rapid surge in interest (Fig. 1), it is undoubtedly 
exciting times for this unique low molecular weight compound. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors thank Tetrahedron (14 avenue de l’Opera, Paris, France) 
for the provision of L-ergothioneine used in our studies. The authors also 
thank the Tan Chin Tuan Centennial Foundation, the National Medical 
Research Council (Individual Research Grant NMRC/1264/2010/082/ 
12) and the Ministry of Health Singapore, Healthy Longevity Catalyst 
Award (HLCA20Jan-0057) for financial support. 

References 

[1] B. Halliwell, J.M. Gutteridge, Free Radicals in Biology and Medicine, fifth ed., 
Clarendon Press, Oxford, UK, 2015. 

[2] M. Wang, Q. Zhao, W. Liu, The versatile low-molecular-weight thiols: beyond cell 
protection, Bioessays 37 (12) (2015) 1262–1267. 

[3] I.K. Cheah, B. Halliwell, Ergothioneine; antioxidant potential, physiological 
function and role in disease, Biochim. Biophys. Acta 1822 (5) (2012) 784–793. 

[4] D.B. Melville, Ergothioneine, Vitam Horm 17 (1959) 155–204. 
[5] D. Grundemann, S. Harlfinger, S. Golz, A. Geerts, A. Lazar, R. Berkels, N. Jung, 

A. Rubbert, E. Schomig, Discovery of the ergothioneine transporter, Proc. Natl. 
Acad. Sci. U. S. A. 102 (14) (2005) 5256–5261. 

[6] J. Tschirka, M. Kreisor, J. Betz, D. Grundemann, Substrate selectivity check of the 
ergothioneine transporter, Drug Metab. Dispos. 46 (6) (2018) 779–785. 

[7] R.A.J. Tucker, I.K. Cheah, B. Halliwell, Specificity of the ergothioneine 
transporter natively expressed in HeLa cells, Biochem. Biophys. Res. Commun. 
513 (1) (2019) 22–27. 

[8] Y. Kato, Y. Kubo, D. Iwata, S. Kato, T. Sudo, T. Sugiura, T. Kagaya, T. Wakayama, 
A. Hirayama, M. Sugimoto, K. Sugihara, S. Kaneko, T. Soga, M. Asano, M. Tomita, 
T. Matsui, M. Wada, A. Tsuji, Gene knockout and metabolome analysis of 
carnitine/organic cation transporter OCTN1, Pharm. Res. (N. Y.) 27 (5) (2010) 
832–840. 

[9] C. Pfeiffer, M. Bach, T. Bauer, J. Campos da Ponte, E. Schomig, D. Grundemann, 
Knockout of the ergothioneine transporter ETT in zebrafish results in increased 8- 
oxoguanine levels, Free Radic. Biol. Med. 83 (2015) 178–185. 

[10] C.D. Drenberg, A.A. Gibson, S.B. Pounds, L. Shi, D.P. Rhinehart, L. Li, S. Hu, 
G. Du, A.T. Nies, M. Schwab, N. Pabla, W. Blum, T.A. Gruber, S.D. Baker, 
A. Sparreboom, OCTN1 is a high-affinity carrier of nucleoside analogues, Canc. 
Res. 77 (8) (2017) 2102–2111. 

[11] L. Pochini, M. Scalise, S. Di Silvestre, S. Belviso, A. Pandolfi, A. Arduini, 
M. Bonomini, C. Indiveri, Acetylcholine and acetylcarnitine transport in 
peritoneum: role of the SLC22A4 (OCTN1) transporter, Biochim. Biophys. Acta 
1858 (4) (2016) 653–660. 

[12] M. Nishiyama, N. Nakamichi, T. Yoshimura, Y. Masuo, T. Komori, T. Ishimoto, J. 
I. Matsuo, Y. Kato, Homostachydrine is a xenobiotic substrate of OCTN1/ 
SLC22A4 and potentially sensitizes pentylenetetrazole-induced seizures in mice, 
Neurochem. Res. 45 (11) (2020) 2664–2678. 

[13] D. Grundemann, The ergothioneine transporter controls and indicates 
ergothioneine activity–a review, Prev. Med. 54 (Suppl) (2012) S71–S74. 

[14] D. Taubert, N. Jung, T. Goeser, E. Schomig, Increased ergothioneine tissue 
concentrations in carriers of the Crohn’s disease risk-associated 503F variant of 
the organic cation transporter OCTN1, Gut 58 (2) (2009) 312–314. 

[15] R.M.Y. Tang, I.K. Cheah, T.S.K. Yew, B. Halliwell, Distribution and accumulation 
of dietary ergothioneine and its metabolites in mouse tissues, Sci. Rep. 8 (1) 
(2018). Article 1601. 

[16] T. Nakanishi, A. Fukushi, M. Sato, M. Yoshifuji, T. Gose, Y. Shirasaka, K. Ohe, 
M. Kobayashi, K. Kawai, I. Tamai, Functional characterization of apical 
transporters expressed in rat proximal tubular cells (PTCs) in primary culture, 
Mol. Pharm. 8 (6) (2011) 2142–2150. 

[17] T. Sugiura, S. Kato, T. Shimizu, T. Wakayama, N. Nakamichi, Y. Kubo, D. Iwata, 
K. Suzuki, T. Soga, M. Asano, S. Iseki, I. Tamai, A. Tsuji, Y. Kato, Functional 
expression of carnitine/organic cation transporter OCTN1/SLC22A4 in mouse 
small intestine and liver, Drug Metabol. Dispos. 38 (10) (2010) 1665–1672. 

[18] I.K. Cheah, R.L. Ong, J. Gruber, T.S. Yew, L.F. Ng, C.B. Chen, B. Halliwell, 
Knockout of a putative ergothioneine transporter in Caenorhabditis elegans 
decreases lifespan and increases susceptibility to oxidative damage, Free Radic. 
Res. 47 (12) (2013) 1036–1045. 

[19] T. Hatano, S. Saiki, A. Okuzumi, R.P. Mohney, N. Hattori, Identification of novel 
biomarkers for Parkinson’s disease by metabolomic technologies, J. Neurol. 
Neurosurg. Psychiatry 87 (3) (2016) 295–301. 

[20] I. Cheah, L. Feng, R.M.Y. Tang, K.H.M. Lim, B. Halliwell, Ergothioneine levels in 
an elderly population decrease with age and incidence of cognitive decline; a risk 
factor for neurodegeneration? Biochem. Biophys. Res. Commun. 478 (1) (2016) 
162–167. 

[21] Y. Lai, J. Xue, C.W. Liu, B. Gao, L. Chi, P. Tu, K. Lu, H. Ru, Serum metabolomics 
identifies altered bioenergetics, signaling cascades in parallel with exposome 
markers in Crohn’s disease, Molecules 24 (3) (2019) 449. 

[22] M. Kameda, T. Teruya, M. Yanagida, H. Kondoh, Frailty markers comprise blood 
metabolites involved in antioxidation, cognition, and mobility, Proc. Natl. Acad. 
Sci. U. S. A. 117 (17) (2020) 9483–9489. 

[23] E. Smith, F. Ottosson, S. Hellstrand, U. Ericson, M. Orho-Melander, C. Fernandez, 
O. Melander, Ergothioneine is associated with reduced mortality and decreased 
risk of cardiovascular disease, Heart 106 (9) (2020) 691–697. 

I.K. Cheah and B. Halliwell                                                                                                                                                                                                                  

http://refhub.elsevier.com/S2213-2317(21)00016-1/sref1
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref1
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref2
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref2
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref3
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref3
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref4
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref5
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref5
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref5
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref6
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref6
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref7
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref7
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref7
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref8
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref8
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref8
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref8
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref8
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref9
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref9
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref9
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref10
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref10
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref10
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref10
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref11
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref11
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref11
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref11
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref12
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref12
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref12
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref12
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref13
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref13
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref14
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref14
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref14
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref15
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref15
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref15
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref16
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref16
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref16
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref16
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref17
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref17
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref17
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref17
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref18
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref18
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref18
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref18
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref19
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref19
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref19
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref20
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref20
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref20
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref20
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref21
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref21
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref21
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref22
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref22
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref22
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref23
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref23
http://refhub.elsevier.com/S2213-2317(21)00016-1/sref23


Redox Biology 42 (2021) 101868

8

[24] R.M. Winkels, L. van Brakel, H. van Baar, R.B. Beelman, F.J.B. van Duijnhoven, 
A. Geijsen, H.K. van Halteren, B.M.E. Hansson, J.P. Richie, D. Sun, E. Wesselink, 
M. van Zutphen, E. Kampman, D.E. Kok, Are ergothioneine levels in blood 
associated with chronic peripheral neuropathy in colorectal cancer patients who 
underwent chemotherapy? Nutr. Canc. 72 (3) (2020) 451–459. 

[25] I.K. Cheah, R. Tang, P. Ye, T.S. Yew, K.H. Lim, B. Halliwell, Liver ergothioneine 
accumulation in a Guinea pig model of non-alcoholic fatty liver disease. A 
possible mechanism of defence? Free Radic. Res. 50 (1) (2016) 14–25. 

[26] Y. Shinozaki, K. Furuichi, T. Toyama, S. Kitajima, A. Hara, Y. Iwata, N. Sakai, 
M. Shimizu, S. Kaneko, N. Isozumi, S. Nagamori, Y. Kanai, T. Sugiura, Y. Kato, 
T. Wada, Impairment of the carnitine/organic cation transporter 1-ergothioneine 
axis is mediated by intestinal transporter dysfunction in chronic kidney disease, 
Kidney Int. 92 (6) (2017) 1356–1369. 

[27] T. Maeda, M. Hirayama, D. Kobayashi, K. Miyazawa, I. Tamai, Mechanism of the 
regulation of organic cation/carnitine transporter 1 (SLC22A4) by rheumatoid 
arthritis-associated transcriptional factor RUNX1 and inflammatory cytokines, 
Drug Metab. Dispos. 35 (3) (2007) 394–401. 

[28] B. Halliwell, I.K. Cheah, C.L. Drum, Ergothioneine, an adaptive antioxidant for 
the protection of injured tissues? A hypothesis, Biochem. Biophys. Res. Commun. 
470 (2) (2016) 245–250. 

[29] R.B. Beelman, M.D. Kalaras, A.T. Phillips, J.P. Richie, Is ergothioneine a 
‘longevity vitamin’ limited in the American diet? J. Nutr. Sci. 9 (2020) e52. 
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M. Vinceti, P. Willatts, K.H. Engel, R. Marchelli, A. Pöting, M. Poulsen, J. 
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