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Abstract: Selenoneine is a novel organic selenium compound markedly found in the blood, muscles,
and other tissues of fish. This study aimed to determine whether selenoneine attenuates hepatocellular
injury and hepatic steatosis in a mouse model of non-alcoholic fatty liver disease (NAFLD). Mice lacking
farnesoid X receptor (FXR) were used as a model for fatty liver disease, because they exhibited
hepatomegaly, hepatic steatosis, and hepatic inflammation. Fxr-null mice were fed a 0.3 mg Se/kg
selenoneine-containing diet for four months. Significant decreases in the levels of hepatomegaly,
hepatic damage-associated diagnostic markers, hepatic triglycerides, and total bile acids were
found in Fxr-null mice fed with a selenoneine-rich diet. Hepatic and blood clot total selenium
concentrations were 1.7 and 1.9 times higher in the selenoneine group than in the control group.
A marked accumulation of selenoneine was found in the liver and blood clot of the selenoneine
group. The expression levels of oxidative stress-related genes (heme oxygenase 1 (Hmox1), glutathione
S-transferase alpha 1 (Gsta1), and Gsta2), fatty acid synthetic genes (stearoyl CoA desaturase 1(Scd1) and
acetyl-CoA carboxylase 1 (Acc1)), and selenoprotein (glutathione peroxidase 1 (Gpx1) and selenoprotein P
(Selenop)) were significantly decreased in the selenoneine group. These results suggest that selenoneine
attenuates hepatic steatosis and hepatocellular injury in an NAFLD mouse model.
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1. Introduction

Selenium is an essential trace element with important metabolic functions in human health,
including antioxidative and anti-inflammatory functions [1,2]. The selenium content in foods and
dietary supplements exist in different chemical forms (organic and inorganic selenocompounds),
such as selenomethionine, selenocysteine, selenite, selenious acid, and sodium selenite. Most studies
on the health effects of selenium as nutrients were carried out using these organic and inorganic
selenocompounds. The nutritional availability of selenium is highly dependent on its chemical form,
because this affects absorption, distribution, metabolism, and excretion [3,4]. Furthermore, the health
effects of selenium are dependent on the selenium species ingested [5,6].

Selenoneine (2-selenyl-Nα,Nα,Nα-trimethyl-l-histidine), an organoselenium compound,
was isolated from the blood of bluefin tuna, Thunnus orientalis [7]. Selenoneine contains a selenium
atom on the imidazole ring (Figure 1) and is a selenium analog of ergothioneine, which is a putative
antioxidant compound acquired by animals through dietary sources [8,9]. It is widely distributed in
various animal tissues and particularly exhibits at high levels in fish tissues, such as tuna, mackerel,
and marlin [10]. Selenoneine was identified as the major organic organoselenium compound in the
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blood and muscle tissue of tuna [7,10]. Most organic selenium (98%) occurs as selenoneine in tuna
muscle. Red tuna muscles contain selenoneine at 190 nmol Se/g, whereas tuna and mackerel blood
contained it at more than 400 nmol Se/g [11]. Epidemiologic studies indicated that selenoneine is the
major selenium species in the red blood cells of Canadian Inuit ingesting country food, such as fish and
marine mammals [12]. Selenoneine has strong radical-scavenging activity in vitro. They measured the
50% radical-scavenging concentration with 1-diphenyl-2-picrylhydrazyl for the water-soluble vitamin
E-like antioxidant Trolox, l-ergothioneine, and the reduced selenoneine form, and the results were 880,
1700, and 1.9 µM, respectively, indicating that selenoneine has a greater antioxidant activity than Trolox
and 1-ergothioneine [10]. Selenoneine attenuates peroxide-induced oxidative stress in C. elegans [13]
and methylmercury-mediated toxicity in zebrafish embryo and human cells [14]. Recently, dietary
supplementation of selenoneine-containing tuna dark muscle extract has been shown to effectively
reduce the pathology of experimental colorectal cancers in mice [15]. However, an evaluation of the
beneficial health effect in vivo using purified selenoneine has not been performed to date.
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Figure 1. Chemical structure of selenoneine.

In the present study, mice lacking farnesoid X receptor (FXR) were used to evaluate the beneficial
health effect of purified selenoneine. FXR is a bile acid nuclear receptor, which plays an important
role in lipid and glucose metabolism regulation [16,17]. Mice lacking FXR (Fxr-null mice) developed
hepatic steatosis, chronic inflammation, and insulin resistance, and their livers showed elevated levels
of triglycerides (TG), free fatty acids (FFA), bile acids, and total cholesterol (TC) [18–21]. Furthermore,
hepatomegaly and elevated hepatic damage-associated diagnostic markers, such as serum alanine
aminotransferase (ALT) and alkaline phosphatase (ALP), were observed in Fxr-null mice [18,22].
These parameters in Fxr-null mice were increased in an age-dependent manner [20]. Gene expression
analyses have shown that the hepatic expression of pro-inflammatory cytokines and oxidative stress
genes were upregulated in Fxr-null mice [20,21,23]. Hence, these mice were considered as models of
non-alcoholic fatty liver disease (NAFLD). NAFLD is currently considered the most common liver
disease and is characterized by excessive fat accumulation in the liver. It ranges from simple steatosis to
a more aggressive form, non-alcoholic steatohepatitis, and may progress into hepatic fibrosis, cirrhosis,
or hepatocellular carcinoma [24,25].

The researchers recently used Fxr-null mice for evaluating typical marine-derived ingredients,
fish oil- and taurine-mediated preventive effects on NAFLD. Fish oil and taurine attenuated
hepatocellular injury and hepatic steatosis in Fxr-null mice [26–28]. In the present study, selenoneine,
an organic selenium compound, was used to evaluate whether selenocompound feeding ameliorates
disrupted liver functions. Fxr-null mice were fed with a 0.3-mg Se/kg selenoneine-containing diet for
four months. The results suggested that selenoneine feeding ameliorated hepatocellular injury and
hepatic steatosis in the NAFLD mouse model.
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2. Materials and Methods

2.1. Materials

Fxr-null mice were kindly provided by Dr. Frank J. Gonzalez (National Institute of Health,
Bethesda, MD) [18]. Selenoneine was purified from the red muscle of yellowfin tuna as previously
described [7].

2.2. Animal Treatment, Sample Collection, and Histological Analysis

The Fxr-null mice were housed under a standard 12 h light–dark cycle (7 a.m.–7 p.m.) Age-matched
groups of 4-month-old male mice were used for all experiments. Eight mice for each group were used.
The mice were fed a standard rodent chow (MF; Oriental Yeast Co. Ltd., Tokyo, Japan) originally
containing 0.4 mg Se/kg selenium or 0.3 mg Se/kg selenoneine-containing MF diet for 4 months.
Blood was taken via their tail every month. The mice were killed after 4 months of feeding. Liver
tissues were fixed in 10% neutral buffered formalin and embedded in paraffin. Sections were prepared
and stained with hematoxylin and eosin (H&E). All experiments were performed in accordance with
the guidelines for animal experiments of the National Fisheries University (Shimonoseki, Japan).
The protocol was approved by the Institutional Animal Care and Use Committee at the National
Fisheries University (Permission No. 2018-18-2).

2.3. Determination of Selenoneine and Selenium Concentrations

The tissue samples (0.05 g) were weighed and mixed with 1.5 mL of 61% nitric acid (analytical grade;
Fujifilm Wako Pure Chemical Co., Osaka, Japan) and 0.5 mL of 35% hydrogen peroxide (ultrapure grade,
Fujifilm Wako Pure Chemical Co., Osaka, Japan) in a Diditube digestion tube. The mixtures were heated
to 100 ◦C in 5 h. The solutions were diluted with ultrapure water. Selenium concentration was measured
by inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7500; Agilent Technologies,
Santa Clara, CA, USA). Selenium standard solution (1000 mg L−1, Fujifilm Wako Pure Chemical Co.,
Osaka, Japan) was used as selenium standard. Analysis was performed in duplicate for each sample.
The selenoneine concentration was determined according to the method of Yamashita and Yamashita
(2010). Chromatographic separation was carried out using a high-performance liquid chromatography
(HPLC) pump (Agilent 1100, Agilent Technologies, Santa Clara, CA, USA). The analytical column was
an MSpak GF-310 4D (4.6 mm × 150 mm, Showa Denko, Tokyo, Japan) equilibrated with 100-mM
ammonium formate buffer containing 0.1% Igepal CA630. The injection volume was fixed at 10 µL.
The mobile phase was isocratically delivered at 0.5 mL/min, and selenium was detected using online
liquid chromatography inductively coupled plasma mass spectrometry (LC–ICP-MS; Agilent 7500)
with a concentric nebulizer and a sample injector (2 mm id, quartz) monitoring 82Se, according to
the method previously described [7]. The plasma and auxiliary argon gas flow rates were 0.7 and
0.3 L/min, respectively. The nebulization argon gas flow rate was 10.1 L/min. The radio frequency
power was 1500 W. The selenoneine that was purified from bluefin tuna blood was used as a standard.

2.4. Determination of Hepatic Damage-Associated Diagnostic Markers and Hepatic Lipid Levels

Serum ALT and aspartate aminotransferase (AST) levels were determined using Transaminase
CII-B-test Wako and ALP levels were Alkali-phospha B-test Wako commercial kits (Wako Pure
Chemicals, Osaka, Japan). The hepatic samples were prepared as previously described [29]. Hepatic TG,
FFA, and TC were determined using the Triglyceride E-test Wako, NEFA E-test Wako, and Cholesterol
E-test Wako kits (Wako Pure Chemicals), respectively.

2.5. Determination of mRNA Levels

The hepatic total RNA was isolated by the acid guanidine–phenol–chloroform method.
Single-strand cDNAs were synthesized using an oligo(dT) primer and the High-Capacity cDNA



Nutrients 2020, 12, 1898 4 of 13

Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). The cDNA was used for
real-time quantitative polymerase chain reaction (qPCR) using SYBR Premix Ex TaqTM II (Tli RNaseH
Plus) (Takara Bio, Otsu, Japan) with the TP870 Thermal Cycler Dice Real Time System (Takara Bio).
The relative mRNA levels were calculated by the comparative threshold cycle method and normalized
to β-actin. The specific forward and reverse primers used in real-time qPCR are listed in Table S1.

2.6. Statistical Analysis

Data are presented as means ± SD. In animal experiments, the statistical significance was analyzed
using Student’s t-test or a one-way ANOVA test followed by Dunnett’s test using the software
Excel Statistics 2015 (Social Survey Research Information Co. Ltd., Tokyo, Japan). Differences with
p values < 0.05 were considered statistically significant.

3. Results

3.1. Body and Liver Weights

Fxr-null mice were fed with a standard rodent chow (MF) or a 0.3-mg Se/kg selenoneine-containing
standard rodent chow for four months. The average body weight and food consumption in the
selenoneine group were slightly higher than those in the control group during the feeding period
(Figure 2). No significant alteration in food consumption and body weight were found between both
groups during the feeding period. Fxr-null mice exhibited hepatomegaly, which resulted in increased
liver weight. The ratio of liver weight to body weight of the selenoneine group was significantly lower
than that of the control group, because the average liver weight in the selenoneine group was lower
and the average body weight was higher than those in the control group (Table 1) [22].
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Figure 2. Changes in body weight. Mean body weight was shown at an interval of 4 days. Values are
presented as mean ± SD (n = 8).

Table 1. Body and hepatic weight.

Parameters Control Selenoneine

Body weight (g) 28.7 ± 3.2 31.8 ± 3.0
Liver weight (g) 2.15 ± 0.51 1.98 ± 0.29

Liver/body weight ratio (%) 7.49 ± 1.98 5.19 ± 0.59 *

Values are presented as mean ± SD (n = 8). Significant differences were assessed by the Student’s t test (*, p < 0.05).

3.2. Total Selenium and Selenoneine Levels

The hepatic and blood clot total selenium and selenoneine levels were measured with LC–ICP-MS
to identify whether selenium and selenoneine accumulated in the liver and blood of mice fed with a
selenoneine-containing diet for four months. The hepatic total selenium concentration was 1.7 times
higher in the selenoneine group than in the control group (Figure 3A). Blood clot total selenium
concentration was also 1.9 times higher in the selenoneine group than that in the control group.
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Selenoneine was detected (0.04 mg Se/kg liver) in the liver of control mice. The hepatic selenoneine
concentration was more than 16 times higher in the selenoneine group than in the control group
(Figure 3B). Selenoneine is known to accumulate in erythrocytes. Blood clot selenoneine concentration
was less than 0.01 mg Se/kg in the control group, whereas it was 0.74 mg Se/kg wet cell in the
selenoneine group.
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Mice were fed a diet supplemented with 0.3 mg Se/kg selenoneine for 4 months. The total selenium
and selenoneine concentrations were measured using LC-ICP-MS. Values are presented as mean ± SD
(n = 8). Significant differences were assessed using Student’s t-test (**, p < 0.01).

3.3. Hepatic Damage-Associated Diagnostic Marker

Elevated hepatic damage-associated diagnostic markers, such as serum ALT and ALP activities,
were found in Fxr-null mice [22]. Time-course analyses of hepatic damage-associated diagnostic
markers were performed. ALT activity was not altered in the control group during the four-month
period, but it was significantly decreased in the selenoneine group at four months (Figure 4A).
ALP activity was significantly increased in the control group at 2, 3, and 4 months, whereas it was
not altered in the selenoneine group during the four-month period (Figure 4B). AST activity and total
bilirubin concentration were also significantly lower in the selenoneine group than in the control
group at four months (Figure 5). Fxr-null mouse livers showed elevated levels of total bile acids due
to the lack of FXR signaling. The hepatic total bile acid concentration was significantly lower in the
selenoneine group than in the control group.
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differences were assessed Dunnett’s test (* p < 0.05 vs. corresponding 0 month mice).
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Figure 5. Changes in hepatic damage-associated diagnostic markers. (A) Aspartate aminotransferase
(AST) and total bilirubin. (B) Total bile acid. Mice were supplemented with 0.3-mg Se/kg selenoneine
for 4 months. Values are presented as mean ± SD (n = 8). Significant differences were assessed using
Student’s t-test (*, p < 0.05 vs. corresponding control mice).

3.4. Hepatic and Serum Lipid Levels

Fxr-null mice developed hepatic steatosis, and their livers and serum showed elevated levels
of TG, FFA, and TC [18,21,27]. Significant alterations in hepatic morphology were not found in
hematoxylin and eosin (H&E) staining of liver sections between the control and selenoneine group
(Figure 6). However, H&E staining of liver sections showed several vacuoles due to lipid depositions
in the control group but not in the selenoneine group, supporting that selenoneine feeding ameliorates
hepatic steatosis. Furthermore, hepatic and serum lipid levels were measured to identify whether
hepatic steatosis and dyslipidemia were reduced in the selenoneine group. Consistent with the results
of H&E staining, hepatic TG level was significantly decreased in the selenoneine group, whereas
hepatic TC and FFA levels were not significantly changed in the selenoneine group (Figure 7A). Serum
TG, TC, and FFA levels were not also decreased in the selenoneine group (Figure 7B). Correlation
analyses were performed to examine whether hepatic selenoneine accumulation is related to reduced
hepatic TG levels. There were significant inverse correlations (R2 = 0.686) between hepatic selenoneine
and hepatic TG levels (Figure 8).
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3.5. Hepatic Gene Expression Levels

To explore the crucial mechanisms involved in the selenoneine-mediated reversion to hepatocellular
injury and hepatic steatosis, changes in the mRNA levels of pro-inflammatory cytokine genes
(tumor necrosis factor α (Tnfα), interleukin-1β (Il-1β), and interleukin-6 (Il-6)) and oxidative stress-related
genes (heme oxygenase 1 (Hmox1), glutathione S-transferase alpha 1 (Gsta1), and glutathione S-transferase
alpha 2 (Gsta2)) were analyzed (Table 2). Selenoneine feeding significantly decreased the mRNA levels
of three oxidative stress-related genes (Hmox1, Gsta1, and Gsta2) but not those of the pro-inflammatory
cytokine genes (Tnfα, Il-1β, and Il-6) in Fxr-null mice. To explore the mechanisms involved in the
selenoneine-mediated improvement of disrupted hepatic lipid metabolism in Fxr-null mice, changes in
the mRNA levels of lipogenic (fatty acid synthase (Fasn), stearoyl CoA desaturase 1 (Scd1), and acetyl-CoA
carboxylase 1 (Acc1)), bile acid metabolizing (bile salt export pump (Bsep) and cholesterol 7α-hydroxylase
(Cyp7a1)), and lipid metabolism-regulating (sterol regulatory element-binding protein 1c (Srebp1c) and
peroxisome proliferator-activated receptor alpha (Pparα)) genes were analyzed (Table 3). Selenoneine feeding
significantly decreased the mRNA levels of lipogenic genes (Fasn, Scd1, and Acc1). The level of Srebp1c
mRNA tended to decrease in the selenoneine group. Hepatic mRNA levels of selenium-containing
protein (selenoprotein P (Selenop), glutathione peroxidase 1 (Gpx1), Gpx2, Gpx4, and thioredoxin reductase 1
(Txnrd1)) were analyzed, because hepatic selenium levels were significantly increased in the selenoneine
group. Selenoneine feeding did not increase these mRNA levels. Conversely, it significantly decreased
the mRNA levels of Gpx1 and Selenop.

Table 2. Hepatic mRNA levels of disorder-related genes.

Gene Symbol Control Selenoneine

Tnf α 1.00 ± 0.41 0.74 ± 0.66
IL-1 β 1.00 ± 0.65 0.61 ± 0.50
IL-6 1.00 ± 1.08 0.62 ± 0.55

Hmox1 1.00 ± 1.04 0.19 ± 0.23 *
Gsta1 1.00 ± 1.06 0.02 ± 0.03 *
Gsta2 1.00 ± 0.87 0.08 ± 0.08 *

Tnfα, tumor necrosis factor α; Il-1β, interleukin-1β; Il-6, interleukin-6; Hmox1, heme oxygenase 1; Gsta1, glutathione
S-transferase alpha 1; Gsta2, glutathione S-transferase alpha 2. Values are presented as mean ± SD (n = 8). Significant
differences were assessed by the Student’s t-test (*, p < 0.05).

Table 3. Hepatic mRNA levels of selenoprotein and lipid-related genes.

Gene Symbol Control Selenoneine

Acc1 1.00 ± 0.60 0.53 ± 0.42 *
Scd1 1.00 ± 0.55 0.24 ± 0.22 **
Fasn 1.00 ± 0.86 0.34 ± 0.26 *

Ppar α 1.00 ± 0.77 0.79 ± 0.54
Srebp1c 1.00 ± 0.67 0.47 ± 0.54

Bsep 1.00 ± 0.71 0.47 ± 0.34
Cyp7a1 1.00 ± 0.60 1.77 ± 1.47
Gpx1 1.00 ± 0.86 0.34 ± 0.35 *
Gpx2 1.00 ± 1.97 1.01 ± 1.65
Gpx4 1.00 ± 0.66 0.46 ± 0.50

Txnrd1 1.00 ± 0.78 0.49 ± 0.49
Selenop 1.00 ± 0.86 0.38 ± 0.34 *

Scd1, stearoy-CoA desaturase-1; Acc1, acetyle-CoA carboxylase-1; Fasn, fatty acid synthase; Pparα, peroxisome
proliferator-activated receptor; Srebp1c, sterol regulatory element binding protein 1c; CYP7α1, cholesterol
7α-hydroxylase; Bsep, bile salt export pump; Gpx1, glutathione peroxidase 1; Selenop: selenoprotein P, Txnrd1:
thioredoxin reductase 1. Values are presented as mean ± SD (n = 8). Significant differences were assessed by the
Student’s t-test (*, p < 0.05; **, p < 0.01).
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4. Discussion

This study demonstrated that selenoneine, an organic selenium compound remarkably found
in the blood and muscle of fishes, ameliorated hepatocellular injury and hepatic steatosis in Fxr-null
mice. Increased hepatic Nrf2 protein and hepatic Hmox 1, Gsta1, and Gsta2 mRNA levels were found
in Fxr-null mice, indicating that oxidative stress is spontaneously enhanced in Fxr-null mice [23].
The decreased mRNA levels of Hmox 1, Gsta1, and Gsta2 suggest that selenoneine-mediated antioxidant
activity is involved in the attenuation of hepatic dysfunction, because selenoneine has great antioxidant
activity in vitro. On another note, selenoneine reversed a continuously high level of hepatic bile acids
in Fxr-null mice. The decreased hepatic bile acid levels possibly led to reduced hepatic oxidative
stress levels. The decreased serum ALP activity and bilirubin concentration indicated that selenoneine
suppressed the progression of cholestatic liver disease in Fxr-null mice. Selenoneine’s biological effect,
that is distinct from its antioxidative properties, may improve disrupted bile acid metabolism through
the functional compensation of FXR signaling. Selenoneine feeding reversed elevated hepatic TG
levels in Fxr-null mice. Furthermore, hepatic selenoneine concentration was inversely correlated
with hepatic TG levels. Hepatic accumulation of selenoneine is partly involved in the amelioration
of hepatic steatosis through reducing hepatic lipogenesis due to Acc1 and Scd1 expression. Several
reports indicated that high-selenium diets enhanced the mRNA expression of Srebp1c, resulting in
enhanced hepatic lipogenesis [30]. An updated epidemiologic study indicated that increased plasma
selenium level is associated with the elevated prevalence of NAFLD [31]. The effect of selenoneine on
NAFLD may differ from that of other selenium species.

The liver is the central organ for selenium regulation. It regulates whole-body selenium by
producing excretory selenium forms and distributes selenium to other tissues by secreting selenoprotein
P into the plasma [32]. Selenium compounds such as selenious acid and sodium selenite are known
to be incorporated into several selenium-containing proteins (selenoproteins), which have important
biological functions. These selenium intakes elevate activity or production of selenoproteins, such
as Gpx1 and Selenop, whereas selenium deficiency decreases these expressions. In the present study,
however, increased hepatic mRNA levels of selenoproteins were not found in selenoneine feeding.
Moreover, selenoprotein, Gpx1, Gpx2, Gpx4, Txnrd1, and Selenop mRNA levels were not increased,
and Gpx1 and Selenop mRNA levels were rather significantly decreased in the liver of mice supplemented
with selenoneine under the condition of the present study. These results indicate that selenoneine
feeding does not necessarily induce hepatic selenoprotein expression and, in some genes, decreases it.
Furthermore, the selenoneine that was remarkably accumulated in the liver and blood of Fxr-null mice
fed with selenoneine suggests that a large proportion of selenoneine remains unchanged in the liver
and blood. These ideas are supported by the report that selenoneine is a major selenium species in the
red blood cells of Inuit and Japanese people who frequently ingest marine food [12,33,34]. Hepatic
selenoneine accumulation suggests that the attenuation of hepatocellular injury and hepatic steatosis is
mainly due to hepatic selenoneine-mediated functions rather than other induced selenium-containing
components, such as selenoproteins. Inorganic selenium, selenite, and selenate are incorporated
into selenoproteins, resulting in elevated selenoproteins that exert several biological functions [32].
Other dietary forms of selenium, such as selenomethionine and selenocysteine, are also effectively
incorporated into selenoproteins. Several reports suggest the favorable effect of selenium supplements,
such as selenomethionine and sodium selenite, on hepatic dysfunction and hepatic steatosis [35,36].
Significant increases in the activity or mRNA levels of selenoproteins, such as Gpx and Txnrd, were
found in these reports. Selenium acts indirectly as an antioxidant through its incorporation into
selenoproteins, such as Gpx1 and Gpx4. On another note, selenoneine seems to be hardly metabolized
and incorporated into selenoproteins. The biological functions of selenium are likely dependent on its
chemical form, and the functional properties of selenoneine may be different from those of other dietary
selenium-containing components, such as selenomethionine, selenocysteine, selenite, and selenate.
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Red muscle in tuna, mackerel, and marlin contains more than 5 mg Se/kg of selenoneine [7,11].
In the present study, mice were fed with a diet containing 0.3-mg Se/kg selenoneine. The low
concentration of selenoneine supplementation attenuated hepatocellular injury and hepatic steatosis
to a similar extent as 2% fish oil replacement on Fxr-null mice [26,28]. Fish oil components, such as
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), are recognized primary materials
highlighting the beneficial health effects of fish intake. The present study considers the possibility that
selenoneine may also play an important role in health improvement due to its similar effects to beneficial
compounds, such as DHA and EPA, which are mainly derived through fish intake. Epidemiologic
studies suggest that blood and dietary selenium are reversely associated with the prevalence of stroke
in Canadian Inuit who have a high selenium intake from the consumption of country food, such as fish
and marine mammals [37]. Selenoneine is a major selenium species in the red blood cells of Canadian
Inuit [12]. DHA and EPA also have beneficial effects in the treatment of NAFLD, including decreased
hepatic mRNA levels of lipogenic genes [38,39]. Several functional similarities were found among
DHA, EPA and selenoneine, selenoneine, and n-3 polyunsaturated fatty acids (n-3 PUFA), suggesting
that they may be synergistically involved in attenuating NAFLD through regular fish intake.

Selenoneine feeding decreased hepatic Gpx1 and Selenop mRNA levels, whereas excessive
selenium consumption promoted the production of Gpx1 and Selenop, resulting in enhanced insulin
resistance [40–42]. Recent studies indicate that excess Gpx1 and Selenop exacerbate glucose metabolism
and promote type 2 diabetes mellitus [43,44]. Increased Gpx1 and Selenop are significant therapeutic
targets for type 2 diabetes mellitus. Selenoneine significantly decreased hepatic Gpx1 and Selenop
mRNA levels in Fxr-null mice, which exhibit higher serum glucose and insulin resistance [19]. In a
population with a high fish and seafood intake, fish consumption was associated with a lower risk of
type 2 diabetes mellitus in men [45]. Identifying the influence of selenoneine intake on type 2 diabetes
mellitus may be an important topic for future studies.

5. Conclusions

The researchers demonstrated that selenoneine ameliorates hepatocellular injury and hepatic
steatosis in a mouse model of NAFLD. To the best of our knowledge, this is the first demonstration that
purified selenoneine supplementation has beneficial health effects in mammalian models. Selenoneine,
as well as n-3 PUFA, may play an important role in preventing NAFLD through regular fish intake.
Further studies are necessary to explore the mechanism of the selenoneine-mediated prevention
of NAFLD.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/6/1898/s1,
Table S1: Primer sequences for real time PCR.

Author Contributions: Conceptualization: M.M. and M.Y.; methodology: M.M. and M.Y.; validation: M.M.
and M.Y.; formal analysis: M.M. and M.Y.; investigation: M.M., K.M., R.S., Y.S. (Yutaro Shimokawa), and M.Y.;
resources: M.M. and M.Y.; data curation: M.M., K.M., R.S., Y.S. (Yutaro Shimokawa), Y.S. (Yoshimasa Sugiura),
and M.Y.; writing—original draft preparation: M.M., Y.S. (Yoshimasa Sugiura), and M.Y. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by grant-in aid from the Ministry of Education, Culture, Sports, Science and
Technology of Japan (Grants 19K11811).

Acknowledgments: The authors would like to thank MARUZEN-YUSHODO Co., Ltd. (https://kw.maruzen.co.
jp/kousei-honyaku/) for the English language editing.

Conflicts of Interest: The authors have no conflicts to report.

References

1. Rayman, M.P. Selenium and human health. Lancet 2012, 379, 1256–1268. [CrossRef]
2. Schomburg, L. Dietary Selenium and Human Health. Nutrients 2016, 9, 22. [CrossRef] [PubMed]
3. Daniels, L.A. Selenium metabolism and bioavailability. Biol. Trace Elem. Res. 1996, 54, 185–199. [CrossRef]

[PubMed]

http://www.mdpi.com/2072-6643/12/6/1898/s1
https://kw.maruzen.co.jp/kousei-honyaku/
https://kw.maruzen.co.jp/kousei-honyaku/
http://dx.doi.org/10.1016/S0140-6736(11)61452-9
http://dx.doi.org/10.3390/nu9010022
http://www.ncbi.nlm.nih.gov/pubmed/28042811
http://dx.doi.org/10.1007/BF02784430
http://www.ncbi.nlm.nih.gov/pubmed/8909692


Nutrients 2020, 12, 1898 11 of 13

4. Takahashi, K.; Suzuki, N.; Ogra, Y. Bioavailability Comparison of Nine Bioselenocompounds In Vitro and
In Vivo. Int. J. Mol. Sci. 2017, 18, 506. [CrossRef] [PubMed]

5. Robinson, M.F.; Rea, H.M.; Friend, G.M.; Stewart, R.D.; Snow, P.C.; Thomson, C.D. On supplementing
the selenium intake of New Zealanders. 2. Prolonged metabolic experiments with daily supplements of
selenomethionine, selenite and fish. Br. J. Nutr. 1978, 39, 589–600. [CrossRef]

6. Rayman, M.P.; Infante, H.G.; Sargent, M. Food-chain selenium and human health: Spotlight on speciation.
Br. J. Nutr. 2008, 100, 238–253. [CrossRef]

7. Yamashita, Y.; Yamashita, M. Identification of a novel selenium-containing compound, selenoneine, as the
predominant chemical form of organic selenium in the blood of bluefin tuna. J. Biol. Chem. 2010, 285,
18134–18138. [CrossRef]

8. Halliwell, B.; Cheah, I.K.; Tang, R.M.Y. Ergothioneine—A diet-derived antioxidant with therapeutic potential.
FEBS Lett. 2018, 592, 3357–3366. [CrossRef]

9. Cumming, B.M.; Chinta, K.C.; Reddy, V.P.; Steyn, A.J.C. Role of Ergothioneine in Microbial Physiology and
Pathogenesis. Antioxid. Redox Signal. 2018, 28, 431–444. [CrossRef]

10. Yamashita, Y.; Yabu, T.; Yamashita, M. Discovery of the strong antioxidant selenoneine in tuna and selenium
redox metabolism. World J. Biol. Chem. 2010, 1, 144–150. [CrossRef]

11. Yamashita, Y.; Amlund, H.; Suzuki, T.; Hara, T.; Hossain, A.M.; Yabu, T.; Touhata, K.; Yamashita, M.
Selenoneine, total selenium and total mercury content in the muscle of fishes. Fish. Sci. 2011, 77, 679–686.
[CrossRef]

12. Achouba, A.; Dumas, P.; Ouellet, N.; Little, M.; Lemire, M.; Ayotte, P. Selenoneine is a major selenium
species in beluga skin and red blood cells of Inuit from Nunavik. Chemosphere 2019, 229, 549–558. [CrossRef]
[PubMed]

13. Rohn, I.; Kroepfl, N.; Aschner, M.; Bornhorst, J.; Kuehnelt, D.; Schwerdtle, T. Selenoneine ameliorates
peroxide-induced oxidative stress in C. elegans. J. Trace Elem. Med. Biol. 2019, 55, 78–81. [CrossRef]
[PubMed]

14. Yamashita, M.; Yamashita, Y.; Suzuki, T.; Kani, Y.; Mizusawa, N.; Imamura, S.; Takemoto, K.; Hara, T.;
Hossain, M.A.; Yabu, T.; et al. Selenoneine, a novel selenium-containing compound, mediates detoxification
mechanisms against methylmercury accumulation and toxicity in zebrafish embryo. Mar. Biotechnol. (NY).
2013, 15, 559–570. [CrossRef]

15. Masuda, J.; Umemura, C.; Yokozawa, M.; Yamauchi, K.; Seko, T.; Yamashita, M.; Yamashita, Y. Dietary
Supplementation of Selenoneine-Containing Tuna Dark Muscle Extract Effectively Reduces Pathology of
Experimental Colorectal Cancers in Mice. Nutrients 2018, 10, 1380. [CrossRef]

16. Lefebvre, P.; Cariou, B.; Lien, F.; Kuipers, F.; Staels, B. Role of bile acids and bile acid receptors in metabolic
regulation. Physiol. Rev. 2009, 89, 147–191. [CrossRef]

17. Matsubara, T.; Li, F.; Gonzalez, F.J. FXR signaling in the enterohepatic system. Mol. Cell. Endocrinol. 2013,
368, 17–29. [CrossRef]

18. Sinal, C.J.; Tohkin, M.; Miyata, M.; Ward, J.M.; Lambert, G.; Gonzalez, F.J. Targeted disruption of the nuclear
receptor FXR/BAR impairs bile acid and lipid homeostasis. Cellular 2000, 102, 731–744. [CrossRef]

19. Ma, K.; Saha, P.K.; Chan, L.; Moore, D.D. Farnesoid X receptor is essential for normal glucose homeostasis.
J. Clin. Investig. 2006, 116, 1102–1109. [CrossRef]

20. Liu, N.; Meng, Z.; Lou, G.; Zhou, W.; Wang, X.; Zhang, Y.; Zhang, L.; Liu, X.; Yen, Y.; Lai, L.; et al.
Hepatocarcinogenesis in FXR-/- mice mimics human HCC progression that operates through HNF1alpha
regulation of FXR expression. Mol. Endocrinol. 2012, 26, 775–785. [CrossRef]

21. Bjursell, M.; Wedin, M.; Admyre, T.; Hermansson, M.; Bottcher, G.; Goransson, M.; Linden, D.; Bamberg, K.;
Oscarsson, J.; Bohlooly, Y.M. Ageing Fxr deficient mice develop increased energy expenditure, improved
glucose control and liver damage resembling NASH. PLoS ONE 2013, 8, e64721. [CrossRef] [PubMed]

22. Kitada, H.; Miyata, M.; Nakamura, T.; Tozawa, A.; Honma, W.; Shimada, M.; Nagata, K.; Sinal, C.J.; Guo, G.L.;
Gonzalez, F.J.; et al. Protective role of hydroxysteroid sulfotransferase in lithocholic acid-induced liver
toxicity. J. Biol. Chem. 2003, 278, 17838–17844. [CrossRef] [PubMed]

23. Nomoto, M.; Miyata, M.; Yin, S.; Kurata, Y.; Shimada, M.; Yoshinari, K.; Gonzalez, F.J.; Suzuki, K.; Shibasaki, S.;
Kurosawa, T.; et al. Bile acid-induced elevated oxidative stress in the absence of farnesoid X receptor.
Biol. Pharm. Bull. 2009, 32, 172–178. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms18030506
http://www.ncbi.nlm.nih.gov/pubmed/28245633
http://dx.doi.org/10.1079/BJN19780074
http://dx.doi.org/10.1017/S0007114508922522
http://dx.doi.org/10.1074/jbc.C110.106377
http://dx.doi.org/10.1002/1873-3468.13123
http://dx.doi.org/10.1089/ars.2017.7300
http://dx.doi.org/10.4331/wjbc.v1.i5.144
http://dx.doi.org/10.1007/s12562-011-0360-9
http://dx.doi.org/10.1016/j.chemosphere.2019.04.191
http://www.ncbi.nlm.nih.gov/pubmed/31100626
http://dx.doi.org/10.1016/j.jtemb.2019.05.012
http://www.ncbi.nlm.nih.gov/pubmed/31345370
http://dx.doi.org/10.1007/s10126-013-9508-1
http://dx.doi.org/10.3390/nu10101380
http://dx.doi.org/10.1152/physrev.00010.2008
http://dx.doi.org/10.1016/j.mce.2012.05.004
http://dx.doi.org/10.1016/S0092-8674(00)00062-3
http://dx.doi.org/10.1172/JCI25604
http://dx.doi.org/10.1210/me.2011-1383
http://dx.doi.org/10.1371/journal.pone.0064721
http://www.ncbi.nlm.nih.gov/pubmed/23700488
http://dx.doi.org/10.1074/jbc.M210634200
http://www.ncbi.nlm.nih.gov/pubmed/12637555
http://dx.doi.org/10.1248/bpb.32.172
http://www.ncbi.nlm.nih.gov/pubmed/19182371


Nutrients 2020, 12, 1898 12 of 13

24. Postic, C.; Girard, J. Contribution of de novo fatty acid synthesis to hepatic steatosis and insulin resistance:
Lessons from genetically engineered mice. J. Clin. Investig. 2008, 118, 829–838. [CrossRef]

25. Cohen, J.C.; Horton, J.D.; Hobbs, H.H. Human fatty liver disease: Old questions and new insights. Science
2011, 332, 1519–1523. [CrossRef]

26. Miyata, M.; Kinoshita, Y.; Shinno, K.; Sugiura, Y.; Harada, K. Hepatic n-3/n-6 polyunsaturated fatty acid shift
improves hepatic steatosis in farnesoid X receptor-null mice. Fish. Sci. 2016, 82, 529–536. [CrossRef]

27. Miyata, M.; Funaki, A.; Fukuhara, C.; Sumiya, Y.; Sugiura, Y. Taurine attenuates hepatic steatosis in a genetic
model of fatty liver disease. J. Toxicol. Sci. 2020, 45, 87–94. [CrossRef]

28. Miyata, M.; Shinno, K.; Kinoshita, T.; Kinoshita, Y.; Sugiura, Y. Fish oil feeding reverses hepatomegaly and
disrupted hepatic function due to the lack of FXR signaling. J. Toxicol. Sci. 2017, 42, 671–681. [CrossRef]

29. Miyata, M.; Nomoto, M.; Sotodate, F.; Mizuki, T.; Hori, W.; Nagayasu, M.; Yokokawa, S.; Ninomiya, S.;
Yamazoe, Y. Possible protective role of pregnenolone-16 alpha-carbonitrile in lithocholic acid-induced
hepatotoxicity through enhanced hepatic lipogenesis. Eur. J. Pharmacol. 2010, 636, 145–154. [CrossRef]

30. Zhou, J.; Huang, K.; Lei, X.G. Selenium and diabetes—Evidence from animal studies. Free Radic Biol. Med.
2013, 65, 1548–1556. [CrossRef]

31. Yang, Z.; Yan, C.; Liu, G.; Niu, Y.; Zhang, W.; Lu, S.; Li, X.; Zhang, H.; Ning, G.; Fan, J.; et al. Plasma selenium
levels and nonalcoholic fatty liver disease in Chinese adults: A cross-sectional analysis. Sci. Rep. 2016,
6, 37288. [PubMed]

32. Burk, R.F.; Hill, K.E. Regulation of Selenium Metabolism and Transport. Annu. Rev. Nutr. 2015, 35, 109–134.
[CrossRef] [PubMed]

33. Little, M.; Achouba, A.; Dumas, P.; Ouellet, N.; Ayotte, P.; Lemire, M. Determinants of selenoneine
concentration in red blood cells of Inuit from Nunavik (Northern Quebec, Canada). Environ. Int. 2019, 127,
243–252. [CrossRef] [PubMed]

34. Yamashita, M.; Yamashita, Y.; Ando, T.; Wakamiya, J.; Akiba, S. Identification and determination of
selenoneine, 2-selenyl-N alpha, N alpha, N alpha -trimethyl-l-histidine, as the major organic selenium in
blood cells in a fish-eating population on remote Japanese Islands. Biol. Trace Elem. Res. 2013, 156, 36–44.
[CrossRef]

35. Gonzalez-Reimers, E.; Monedero-Prieto, M.J.; Gonzalez-Perez, J.M.; Duran-Castellon, M.C.;
Galindo-Martin, L.; Abreu-Gonzalez, P.; Sanchez-Perez, M.J.; Santolaria-Fernandez, F. Relative and combined
effects of selenium, protein deficiency and ethanol on hepatocyte ballooning and liver steatosis. Biol. Trace
Elem. Res. 2013, 154, 281–287.

36. Zhang, Q.; Qian, Z.Y.; Zhou, P.H.; Zhou, X.L.; Zhang, D.L.; He, N.; Zhang, J.; Liu, Y.H.; Gu, Q. Effects of oral
selenium and magnesium co-supplementation on lipid metabolism, antioxidative status, histopathological
lesions, and related gene expression in rats fed a high-fat diet. Lipids Health Dis. 2018, 17, 165. [CrossRef]

37. Hu, X.F.; Sharin, T.; Chan, H.M. Dietary and blood selenium are inversely associated with the prevalence of
stroke among Inuit in Canada. J. Trace Elem. Med. Biol. 2017, 44, 322–330. [CrossRef]

38. Shahidi, F.; Ambigaipalan, P. Omega-3 Polyunsaturated Fatty Acids and Their Health Benefits. Annu. Rev.
Food Sci. Technol. 2018, 9, 345–381. [CrossRef]

39. Yang, J.; Fernandez-Galilea, M.; Martinez-Fernandez, L.; Gonzalez-Muniesa, P.; Perez-Chavez, A.;
Martinez, J.A.; Moreno-Aliaga, M.J. Oxidative Stress and Non-Alcoholic Fatty Liver Disease: Effects
of Omega-3 Fatty Acid Supplementation. Nutrients 2019, 11, 872. [CrossRef]

40. Stranges, S.; Marshall, J.R.; Natarajan, R.; Donahue, R.P.; Trevisan, M.; Combs, G.F.; Cappuccio, F.P.;
Ceriello, A.; Reid, M.E. Effects of long-term selenium supplementation on the incidence of type 2 diabetes:
A randomized trial. Ann. Intern. Med. 2007, 147, 217–223. [CrossRef]

41. Steinbrenner, H.; Speckmann, B.; Pinto, A.; Sies, H. High selenium intake and increased diabetes risk:
Experimental evidence for interplay between selenium and carbohydrate metabolism. J. Clin. Biochem. Nutr.
2011, 48, 40–45. [CrossRef] [PubMed]

42. Rayman, M.P.; Stranges, S. Epidemiology of selenium and type 2 diabetes: Can we make sense of it? Free Radic
Biol. Med. 2013, 65, 1557–1564. [CrossRef] [PubMed]

43. Misu, H.; Takamura, T.; Takayama, H.; Hayashi, H.; Matsuzawa-Nagata, N.; Kurita, S.; Ishikura, K.; Ando, H.;
Takeshita, Y.; Ota, T.; et al. A liver-derived secretory protein, selenoprotein P, causes insulin resistance.
Cell Metab. 2010, 12, 483–495. [CrossRef] [PubMed]

http://dx.doi.org/10.1172/JCI34275
http://dx.doi.org/10.1126/science.1204265
http://dx.doi.org/10.1007/s12562-016-0984-x
http://dx.doi.org/10.2131/jts.45.87
http://dx.doi.org/10.2131/jts.42.671
http://dx.doi.org/10.1016/j.ejphar.2010.03.022
http://dx.doi.org/10.1016/j.freeradbiomed.2013.07.012
http://www.ncbi.nlm.nih.gov/pubmed/27853246
http://dx.doi.org/10.1146/annurev-nutr-071714-034250
http://www.ncbi.nlm.nih.gov/pubmed/25974694
http://dx.doi.org/10.1016/j.envint.2018.11.077
http://www.ncbi.nlm.nih.gov/pubmed/30928848
http://dx.doi.org/10.1007/s12011-013-9846-x
http://dx.doi.org/10.1186/s12944-018-0815-4
http://dx.doi.org/10.1016/j.jtemb.2017.09.007
http://dx.doi.org/10.1146/annurev-food-111317-095850
http://dx.doi.org/10.3390/nu11040872
http://dx.doi.org/10.7326/0003-4819-147-4-200708210-00175
http://dx.doi.org/10.3164/jcbn.11-002FR
http://www.ncbi.nlm.nih.gov/pubmed/21297910
http://dx.doi.org/10.1016/j.freeradbiomed.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23597503
http://dx.doi.org/10.1016/j.cmet.2010.09.015
http://www.ncbi.nlm.nih.gov/pubmed/21035759


Nutrients 2020, 12, 1898 13 of 13

44. Mita, Y.; Nakayama, K.; Inari, S.; Nishito, Y.; Yoshioka, Y.; Sakai, N.; Sotani, K.; Nagamura, T.; Kuzuhara, Y.;
Inagaki, K.; et al. Selenoprotein P-neutralizing antibodies improve insulin secretion and glucose sensitivity
in type 2 diabetes mouse models. Nat. Commun. 2017, 8, 1658. [CrossRef] [PubMed]

45. Nanri, A.; Mizoue, T.; Noda, M.; Takahashi, Y.; Matsushita, Y.; Poudel-Tandukar, K.; Kato, M.; Oba, S.;
Inoue, M.; Tsugane, S.; et al. Fish intake and type 2 diabetes in Japanese men and women: The Japan Public
Health Center-based Prospective Study. Am. J. Clin. Nutr. 2011, 94, 884–891. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41467-017-01863-z
http://www.ncbi.nlm.nih.gov/pubmed/29162828
http://dx.doi.org/10.3945/ajcn.111.012252
http://www.ncbi.nlm.nih.gov/pubmed/21775559
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Animal Treatment, Sample Collection, and Histological Analysis 
	Determination of Selenoneine and Selenium Concentrations 
	Determination of Hepatic Damage-Associated Diagnostic Markers and Hepatic Lipid Levels 
	Determination of mRNA Levels 
	Statistical Analysis 

	Results 
	Body and Liver Weights 
	Total Selenium and Selenoneine Levels 
	Hepatic Damage-Associated Diagnostic Marker 
	Hepatic and Serum Lipid Levels 
	Hepatic Gene Expression Levels 

	Discussion 
	Conclusions 
	References

