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Abstract
A novel selenium-containing compound, selenoneine, 
has been isolated as the major form of organic seleni-
um in the blood and tissues of tuna. Selenoneine har-
bors a selenium atom in the imidazole ring, 2-selenyl-
N α, N α, N α-trimethyl-L-histidine, and is a selenium 
analog of ergothioneine. This selenium compound has 
strong antioxidant capacity and binds to heme pro-
teins, such as hemoglobin and myoglobin, to protect 
them from iron auto-oxidation, and it reacts with radi-
cals and methylmercury (MeHg). The organic cations/
carnitine transporter OCTN1 transports selenoneine 
and MeHg, regulates Se-enhanced antioxidant activity, 
and decreases MeHg toxicity. Thus, the dietary intake 
of selenoneine, by consuming fish, might decrease the 
formation of reactive oxygen radicals that could oxidize 
nucleotides in DNA, and thereby inhibit carcinogenesis, 
chronic diseases, and aging.
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INTRODUCTION
Selenium is an essential micronutrient for human health[1-3]. 
Food sources include fish and other seafood, red meat, 
eggs, chicken, and liver[4]. Selenium is incorporated as a 
selenocysteine residue in protein synthesis to produce 
antioxidant enzymes, such as glutathione peroxidase 
(GPx)[5,6], thioredoxin reductase[7], and selenoprotein P[8]. 
The entire selenoprotein gene population, designated 
the “selenoproteome,” has been identified in the human 
genome[9]. The antioxidant function of  selenium plays 
protective roles in 50 human diseases, including prostate, 
lung, and intestine/colon cancer, immunodeficiency, and 
heart diseases[10-14]. Diseases of  domestic animals and 
birds, such as myopathy, exudative diathesis, and pancre-
atic degeneration, are caused by selenium deficiency[10]. 
Additionally, selenium is thought to protect against mer-
cury toxicity in humans and animals[15-18].

Previously, various selenium compounds have been 
designed to mimic natural GPx and the selenium redox 
cycle[10,19]. However, to the best of  our knowledge, no bio-
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logically functional antioxidant selenium compound has 
been identified in fish or other animal cells or tissues.

Recently, a novel selenium-containing compound, 
selenoneine, was identified as the major form of  organic 
selenium in the muscle and other tissues of  tuna[20]. This 
compound has a unique selenoketone structure and 
strong antioxidant capacity (Figure 1). The dietary intake 
of  selenoneine by consuming fish might be important in 
free radical detoxification mechanisms. Thus, many of  
the nutritional effects of  selenium can be explained by 
its antioxidant roles in animal cells.

BIOavaIlaBIlITy Of DIeTaRy ORgaNIC 
seleNIUm
The maximum expression of  selenoprotein requires daily 
dietary selenium levels of  0.1-0.2 mg/kg for animals and 
no more than 55 μg for humans[21]. From human clinical 
trials and epidemiological studies, inorganic and organic 
selenium compounds are considered to be anticarcino-
genic, at doses greater than those required to support the 
maximum expression of  the selenoenzymes, which are 
generally regarded as being responsible for the complete 
nutritional effects of  the element[22,23]. Combs and col-
leagues have suggested that antioxidant selenium com-
pounds present in foods are metabolized to yield selenide 
or methylated selenides, which might have anticarcino-
genic activity[10,22-24].

Selenium bioavailability depends on the food source. 
Thus, characterizing the selenium bioavailability from 
various food sources is important for the establishment 
of  dietary guidelines for improved selenium intake. Fish 
selenium is a highly bioavailable source of  dietary sele-
nium. Several studies have examined the bioavailability 
of  selenium from fish and other food sources. Coastal 
fishermen and inland men were examined in Latvia[25]. 
The number of  fish meals per month correlated with 
plasma selenium, selenoprotein P, and GPx levels. The 
mean plasma selenium level in those with a high fish 
intake (21-50 fish meals/mo) was 81% higher than in 
those with the lowest fish intake (0-3 fish meals/mo). 
The bioavailability of  selenium from cooked and raw 
trout in humans was also estimated by comparing the ap-
parent absorption and retention of  selenium in fish with 
labeled selenate and brewers’ yeast, labeled with seleni-
um[26]. Cooking did not affect the apparent absorption or 
retention of  selenium. Compared to fish, selenium from 
yeast was less bioavailable. In another study, wheat, gar-
lic and cod were intrinsically labeled with stable 77Se or 
82Se isotopes, and were fed in random order to 14 adults, 
with a minimum washout period of  6 wk between each 
test meal[27]. Selenium absorption from wheat and garlic 
was higher than from fish with negligible individual vari-
ances. These findings suggest that the chemical form of  
selenium and the food source are the key determinants 
of  post-absorptive metabolism.

Under physiological conditions, most selenite is trans-
ported as mixed thiols with glutathione (GSH) and other 
tissue thiol compounds[24,28-30]. Selenium amino acids are 

transported by corresponding transfer systems with speci-
ficity for analogous sulfur-containing amino acids. Any 
bioavailability evaluation must consider their metabolic 
retention and toxicity indices[30].

Selenoneine is an ergothioneine selenium analog in 
which the sulfur of  ergothioneine is replaced by sele-
nium[20]. Selenoneine is easily incorporated into cultured 
human and fish cells, and shows cell proliferation ability 
(Figure 2), which suggests the presence of  its specific 
metabolic pathways in animal cells. Organic cation trans-
porter OCTN1, which is an ergothioneine transporter, 
imports selenoneine and ergothioneine[31-33]. Both seleno-
neine and ergothioneine can be incorporated into tissues 
and cells from food, and act as important antioxidants in 
the redox cycle. Selenoneine can be produced from ergo-
thioneine as a substrate in erythrocytes and other animal 
cells that are rich in GSH and ergothioneine.

Biochemical properties of  other selenium compounds 
have been well characterized. Selenite and methylated 
and hydrogen selenides produce reactive oxygen spe-
cies (ROS) in vivo, whereas l-selenomethionine has ROS-
scavenging activity[24]. However, l-selenomethionine 
is contained only in plant-derived foods and selenium 
dietary supplements[21]. Additionally, l-selenomethionine 
mimics l-methionine in protein turnover, and substitution 
of  l-methionine by l-selenomethionine can affect protein 
activity and stability[24].

Selenium compounds, such as selenocysteine (LD50 
35.8 mg/kg), selenomethionine (LD50 4.3 mg/kg), and 
selenite (LD50 3.5 mg/kg), can be highly toxic[34-36]. Tuna 
tissues contain selenoneine at 5-40 μg Se/g[20,37]. Seleno-
neine may be a non-toxic, strong antioxidant in animal 
tissues and cells. The chemical structure of  inorganic 
and organic selenium and the biological origin (e.g. plant 
or animal) play an important role in the regulation of  
post-absorptive metabolism of  selenium compounds. 
The metabolic pathways involved in the regulation of  
the synthesis and decomposition of  selenoneine and 
other organic selenium compounds in human and ani-
mal cells require further characterization.

speCIaTION aNalysIs Of ORgaNIC 
seleNIUm IN fIsh TIssUes
To determine the tissue distribution of  selenoneine and 
other organic selenium compounds, a speciation analysis 
method was used for organic selenium in animal tissues. 
This method is based on monitoring 82Se using liquid 
chromatography inductively coupled plasma mass spec-
troscopy (LC-ICP-MS) with a GPC column[20]. Since 
selenoneine was associated with the gel matrix, it was 
eluted 10.5 min after the bed volume of  the column 
(Figure 3). Tuna red muscle contained selenoneine at 
190 nmol Se/g and selenoproteins at 4.5 nmol Se/g. 
Almost all of  the organic selenium (98%) was present 
as selenoneine in the tuna muscle. Tuna and mackerel 
blood contained high levels of  selenium as selenoneine, 
430-437 nmol Se/g. Other tissues, such as the spleen, 
hepatopancreas, heart, white muscle, and blood, also 
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contained selenoneine above 11.5 nmol Se/g. In con-
trast, tilapia blood, porcine kidney, chicken heart, gizzard 
and liver, and squid hepatopancreas contained low levels 
of  selenoneine and selenoproteins. Furthermore, porcine 
liver contained only selenoproteins and not selenoneine. 

In summary, selenoneine was found to be widely distrib-
uted in various animal tissues and occurred at especially 
high levels in tuna tissues. These findings indicate that 
the chemical forms of  organic selenium are very differ-
ent between fish and terrestrial animals.
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Figure 1  Chemical structure of ergothioneine and selenoneine. The monomeric form of the selenium compound is unstable under cold and room temperature 
conditions. The extracted material that contains the selenoketone of the selenium compound from the tuna tissues with acetonitrile/tetrahydrofuran (1:1 in volume) ac-
celerates selenoxo-selenol tautomerization and formation of the oxidized dimeric form.
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Figure 2  Effect of selenoneine on cell growth. A: Control; B: Selenoneine. Human umbilical vein endothelial cells (HUVECs) were cultured by supplementation 
with 10% calf serum in the presence of selenoneine (50 μmol/L) or its absence in MCDB131 medium at 37℃ for 24 h. Cell extracts with distilled water were subjected 
to liquid chromatography inductively coupled plasma mass spectroscopy (LC-ICP-MS) by monitoring 82Se. The arrow shows a peak of selenoneine detected in the 
HUVEC extract with distilled water at a retention time of 10.5 min. Thus, selenoneine was incorporated into the cells and promoted cell growth.
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BIOlOgICal fUNCTIONs Of 
seleNONeINe IN fIsh
Selenoneine has high antioxidant ability and binds to 
heme proteins, such as hemoglobin and myoglobin, thus 
protecting them from iron auto-oxidation[20]. The seleno-
neine concentration in purified myoglobin from bluefin 
tuna and sperm whale was estimated at a Se:Fe molar ratio 
of  3:1000, whereas it was not detected in bovine or horse 
proteins using LC-ICP-MS.

A recent study has reported that ‘burnt’ meat, which 
lacks a bright red meat color and has a more watery, 
softer texture, is often seen in tuna and mackerel under 
stress conditions when fish are caught during the spawn-
ing period in summer[37]. The oxidative stress is caused by 
selenium deficiency and hypoxia. After catching, exten-
sive apoptosis and autophagy occur in white muscle, and 
hemolysis occurs in fish that contain low selenium levels 
(< 1 μg Se/g in blood)[37]. Thus, the antioxidant capacity 
of  selenoneine is essential in fish for adaptation and sur-
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Figure 3  Speciation analysis of organic selenium in the various tissues of bluefin tuna by LC-ICP-MS. Selenium compounds were separated with an 
Ultrahydrogel 120 (7.8 mm × 250 mm, Nihon Waters, Tokyo, Japan), equilibrated with 100 mmol/L ammonium formate buffer[30]. The mobile phase was delivered 
at 1 mL/min isocratically, and selenium was detected using online LC-ICP-MS (ELAN DRC II, PerkinElmer, Waltham, MA, USA) monitoring 82Se. GPx, selenite, 
selenocysteine, selenomethionine, and selenoneine were eluted at retention times of 5.4, 7.4, 7.8, 9.8, and 10.5 min, respectively, and the selenium concentration 
was determined using the respective compounds as standards. The arrow shows the elution of selenoneine. Selenoproteins including GPx were eluted near the void 
volume of the column at 5.4 min. 
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vival in low-oxygen marine environments. White muscle 
disease that is identified in selenium-deficient animals is 
considered to be similar to this disorder[21]. According to 
selenoproteome analysis, evolution from fish to mammals 
is accompanied by decreased use of  selenocysteine by se-
lenocysteine/cysteine transitions[38]. It is therefore possible 
that adequate selenium intake in tuna and other marine 
animals is very different from that of  terrestrial animals.

Intracellular methylmercury (MeHg) tends to reduce 
the amount of  selenium that is biologically available for 
normal selenoenzyme synthesis, especially as Hg:Se molar 
ratios approach or exceed a 1:1 stoichiometry[39]. Dietary 
selenium is postulated to protect against mercury toxicity 
and the mercury-dependent inhibition of  selenoenzyme 
activity. Additional dietary selenium has been shown to 
offset the selenium sequestered by mercury and thereby 
maintain normal antioxidant activity of  brain selenoen-
zymes[39-44]. Increasing blood Hg:Se ratios are indicative 
of  increasing risk or harm, therefore, assessment of  
MeHg exposure should involve the evaluation of  blood 
Hg:Se ratios, rather than mercury levels alone. Impaired 
growth and disruption of  motor function are readily 
observed indications of  severe MeHg toxicity[39-44]. Ad-
ditionally, more sensitive biomarkers are needed to assess 
the effects of  low MeHg exposure[39-44]. Selenium supple-
mentation in the nutritionally relevant range counteracts 
MeHg toxicity[39-44]. Selenium tends to be abundant in 
fish. MeHg exposure alone therefore may not provide an 
accurate index of  the risk of  fish consumption[39].

It should also be noted that selenoneine regulates the 
detoxification and metabolism of  MeHg. When MeHg 
toxicity was assessed using zebrafish embryos, abnormal 
morphogenesis was observed in the brain and in cardiac 
development upon treatment of  the culture medium with 
MeHg-Cys at 10-100 ng Hg/mL. MeHg toxicity was how-
ever reduced in the presence of  selenoneine. OCTN1, 
which transports ergothioneine and carnitine[32,33], regu-
lates the incorporation and excretion of  selenoneine. 
OCTN1-deficient embryos treated with an antisense 
morpholino oligo and MeHg had decreased selenium 
and increased mercury levels. In zebrafish development, 
OCTN1 is expressed in erythrocytes and is suggested to 
act in heme metabolism[45]. Thus, this transporter might 
transport the selenoneine-MeHg complex, regulate sele-
nium-enhanced antioxidant activity, and decrease MeHg 
toxicity. Since stress-induced apoptosis is triggered by de-
pletion of  GSH[46], reduced selenoneine and GSH might 
induce apoptosis and produce ROS under oxidative stress 
conditions, including MeHg exposure.

pOssIBle ROles Of seleNONeINe as 
aN aNTIOxIDaNT IN aNImal Cells
Selenoneine has strong radical-scavenging activity against 
1,1-diphenyl-2-picrylhydrazyl in vitro[20]. Thus, selenoneine 
could play an important role in the redox cycle in animal 
cells. Selenoneine binds to the heme moiety of  hemoglo-

bin and myoglobin to protect them from auto-oxidation 
by iron ions under hypoxic conditions[20]. GPx and other 
selenoproteins, which are induced by selenium intake, 
have been postulated to enhance antioxidant ability in ani-
mal tissues and cells[1-6]. However, it should be noted, that 
selenoneine is the predominant chemical form in tuna. 
Thus, it is possible that selenoneine derived from a dietary 
intake of  fish is the major radical scavenger in the physi-
ological and nutritional functions described in these previ-
ously published studies[1-14]. For example, Keshan disease, 
which results in an enlarged heart and poor heart func-
tion, occurs in selenium-deficient children in areas with 
selenium-poor soil, such as high altitudes in China[10,21,47]. 
Relationships between nutrition and viral infection have 
also been studied, and selenium deficiency can alter a viral 
genome such that a normally benign or mildly pathogenic 
virus becomes highly virulent in the deficient, oxidatively 
stressed host[48]. In addition, protective roles of  selenone-
ine as a radical scavenger in the heart and blood cells in 
humans might also be essential for the adaptation to low-
oxygen environments at high altitudes. 

Coronary heart disease, cancer, and aging involve ac-
tions by ROS. Lipid peroxidation reactions yield ROS, in-
cluding •OH and peroxides, which can function as DNA-
reactive genotoxins and as promoters[49]. A generous 
intake of  vegetables, fruits, soy products, red wine, and tea 
rich in antioxidants, which can eliminate ROS, is protec-
tive against cancer and heart disease[49]. Dietary intake of  
selenoneine might decrease the formation of  ROS and 
the oxidation of  nucleotides in DNA, and thereby inhibit 
carcinogenesis, chronic diseases, and aging (Figure 4).

A related dietary inhibitor of  oxidative damage, α- 
tocopherol, prevents fatty acid hydroperoxide formation 
and protects against hemolysis in cellular membranes[6,50]. 
Subcellular fractionation has localized selenoneine to the 
cytosolic fraction in erythrocytes and other animal cell 
types. Thus, selenoneine might act as an antioxidant in 
the cytosol. Membrane-bound α-tocopherol and cyto-
solic selenoneine are thought to protect against oxidant 
damage in distinct subcellular compartments. Addition-
ally, in response to such dual antioxidant systems, differ-
ent types of  GPx are involved in peroxide destruction. 
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Figure 4  Proposed model of selenium metabolism and radical detoxification.
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Selenoneine or total selenium might therefore serve as 
useful serum biomarkers. The measurement of  selenone-
ine or total selenium and α-tocopherol levels in the blood 
could help to determine the level of  oxidative stress for 
pathological diagnoses and epidemiological surveillance.

CONClUsION
Although selenium is an important micronutrient that 
is linked to a variety of  human and animal diseases, the 
organic selenium compound responsible for the antioxi-
dant and redox mechanisms has never been identified and 
characterized. Selenoneine is considered to play the major 
role as a strong radical scavenger in a variety of  physiolog-
ical and nutritional functions. We believe that characteriza-
tion of  this compound will accelerate biochemical and 
biomedical research on cancer, cardiovascular diseases, 
neurodegeneration, immunological dysfunction, type 2 
diabetes, MeHg toxicity, and aging, which could be related 
to selenium deficiency. 
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