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1  | INTRODUC TION

Scallops, a major fishery product in Japan, feed on toxic marine algae 
such as dinoflagellates and thus accumulate marine toxins in their 
digestive glands. Although marine shellfish with toxins that cause 
diarrhetic shellfish poisoning (DSP), paralytic shellfish poisoning 
(PSP), neurotoxic shellfish poisoning, and amnesic shellfish poison-
ing have been reported (Farabegoli, Blanco, Rodríguez, Vieites, & 
Cabado, 2018; Smith & Swoboda, 2018), only two types of PSP- and 
DSP-causing toxins have been detected in Japan. Toxins that cause 
PSP inhibit sodium ion influx by binding to the voltage-gated sodium 
channel (Mattei & Legros, 2014) and inhibit generation of the action 
potential in neurons and muscle cells. Although DSP-causing toxins 
are powerful inhibitors of phosphatases, which play important roles 
in signal transduction in the cells, it remains unclear whether that in-
hibitory activity is involved directly in their toxicity (Munday, 2013). 
We had previously reported that the intake of scallop mantle tissue 
caused the death of mice and rats without paralysis and diarrhea, 

where the toxin involved was different from DSP- and PSP-causing 
ones (Hasegawa, Itagaki, Konno, & Hasegawa, 2018).

The liver is the main organ that transforms and clears chem-
icals and toxicants, making it susceptible to the toxicity of many 
agents. For example, galactosamine causes liver injury through its 
induction of inflammation and oxidative stress (Das, Ghosh, Roy, & 
Sil, 2012). Carbon tetrachloride (CCl4) damages the liver through 
its mediation of lipid peroxidation and subsequent inflammation 
(Fu, Zheng, Lin, Ryerse, & Chen, 2008). Treatment with both N,N-
dimethylformamide and CCl4 injures hepatocytes by increasing 
endoplasmic reticulum (ER) stress (Kim et al., 2010). Excessive 
amounts of iron also cause oxidative stress and liver injury, al-
though an optimum level of iron is always maintained in the cells 
(Zang et al., 2012). Chronic ethanol exposure is known to cause 
liver injury, with increased ER stress, oxidative stress, and inflam-
mation (Ambade & Mandrekar, 2012). Thus, many hepatotoxicants 
cause liver injury through their induction of oxidative stress, in-
flammation, ER stress, and apoptosis.
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Abstract
We had previously shown that the intake of scallop mantle tissue resulted in the 
death of mice and rats. In this study, we investigated the liver injury caused by man-
tle tissue to clarify the mechanism behind its toxicity. Mantle toxin increased lipid 
peroxidation and decreased the reductive thiol content as well as the DPPH radi-
cal scavenging activity, catalase activity, and glutathione content in the liver of the 
mice. These results suggested that the mantle tissue diet caused oxidative stress 
through the decrease in antioxidants. In addition, mantle toxin increased the mRNA 
expression of endoplasmic reticulum (ER) stress- and inflammation-induced genes 
and the protein expression of caspase-3 and Bax (which induce apoptosis), suggest-
ing that the mantle tissue diet causes apoptosis through oxidative stress, ER stress, 
and inflammation in the liver tissue. Such liver injury may be an essential cause of the 
rodent demise.
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There are few studies on the toxic effects of PSP- and DSP-
causing toxins in the liver after oral administration. One study found 
that although oral treatment with yessotoxin (a toxin that causes 
DSP) did not induce any significant difference in the expression of 
the liver enzymes aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT), which typically increase in hepatic injury, 
the oral administration of okadaic acid (another DSP-causing toxin) 
caused a statistically significant dose-dependent increase in the ALT 
and AST levels (Tubaro et al., 2004). Chronic ingestion of saxitoxin 
(one of the PSP-causing toxins) decreased the expression of the an-
tioxidants, resulting in oxidative stress in the liver (Ramos, Diehla, 
Santos, Monserrat, & Yunes, 2014). We showed previously that dis-
tinct cell shrinkage was observed in the liver tissue of the rats fed a 
diet containing mantle epithelial cell layer by histology (Hasegawa 
et al., 2018). In this study, we investigated several indicators of liver 
injury in mice fed a diet of toxic mantle tissue in order to clarify the 
mechanisms by which the toxin causes death of the animals.

2  | MATERIAL S AND METHODS

2.1 | Materials

Scallops (Patinopecten yessoensis) were purchased at a market in 
Mutsu Bay for preparation of the mantle tissue. Antibodies against 
beta (β)-actin, procaspase 3, caspase 3, B-cell lymphoma 2 (Bcl-
2), Bcl-2-like protein (Bax), c-Jun N-terminal kinase (JNK), T183-
phosphorylated JNK (p-JNK), glycogen synthase kinase-3 beta 
(GSK-3β), and S9-phosphorylated GSK-3β (p-GSK-3β) were pur-
chased from Biorbyt.

2.2 | Experimental animals and diets

Male ICR mice (4 weeks old) were purchased from CLEA (Tokyo, 
Japan) and acclimated on a normal diet for a week. The mice were 

then divided randomly into two groups (5 or 6 mice per group) and 
fed a diet without (control diet) or with 3% mantle tissue including 
epithelial cell layer (mantle diet) for 4–8 weeks. The contents of each 
diet are shown in Table 1. The mice were fed 4 g of each diet every 
day, and the amount of food consumption was measured daily as 
an index of toxicity (Hasegawa et al., 2018). Blood was collected 
from the tail vein every week, and the glucose concentration was 
measured using a glucometer and test strips (Abbott). At 6 weeks, 
the mice were anesthetized and the liver was quickly excised and 
stored at −80°C until use. The animal experiments (approval number 
H29KS04) were carried out according to the Experimental Animal 
Care Guidelines of the Muroran Institute of Technology.

2.3 | Semiquantitative reverse transcription 
polymerase chain reaction analysis

Total RNA from the liver tissue was prepared using the RNAiso Plus 
reagent (Takara) and amplified with the semiquantitative reverse 
transcription polymerase chain reaction (RT-PCR). The primer se-
quences used are shown in Table 2. After agarose gel electrophore-
sis, the quantity of the amplified PCR products was estimated using 
ImageJ software and presented as a ratio to the β-actin content. The 
PCR cycles were selected on the basis of the relationship between 
the number of amplification cycles and the number of PCR products.

2.4 | Western blot analysis

Western blotting was performed as described previously (Hasegawa 
et al., 2018). In brief, the liver tissue was first homogenized in deion-
ized water, and sodium dodecyl sulfate (SDS) was then added to a 
concentration of 2%. After the addition of bromophenol, SDS poly-
acrylamide gel electrophoresis (Laemmli, 1970) of the mixture was 
carried out, following which the protein bands were electrotrans-
ferred onto a polyvinylidene difluoride membrane. The membrane 

TA B L E  1   Primer sequences used in semiquantitative RT-PCR

Gene Forward primer Reverse primer

β-actin 5′-GGCTGTATTCCCCTCCATCG−3′ 5′-CCAGTTGGTAACAATGCCATGT−3′

CuZn-SOD 5′-CGGATGAAGAGAGGCATGTT−3′ 5′-CACCTTTGCCCAAGTCATCT−3′

Mn-SOD 5′-GCACATTAACGCGCAGATCA−3′ 5′-AGCCTCCAGCAACTCTCCTT−3′

HO−1 5′-TTCAGAAGGGTCAGGTGTCC−3′ 5′-CAGTGAGGCCCATACCAGAA−3′

ATF4 5′-GAGCTTCCTGAACAGCGAAGT−3′ 5′-TGGCCACCTCCAGATAGTCAT−3′

GRP78 5′-GGAAAGAAGGTTACCCATGC−3′ 5′-GGAACAGGTCCATGTTCAGC−3′

CHOP 5′-TCACTACTCTTGACCCTGCG−3′ 5′-ACTGACCACTCTGTTTCCGT−3′

G6Pase 5′-GACCTCCTGTGGACTTTGGA−3′ 5′-AGTTCTCCCTTGCAGCTCTT−3′

PEPCK 5′-AGAACAAGGAGTGGAGACCG 5′-TCCTACAAACACCCCATGCT−3′

SOCS3 5′-CACCTACTGAACCCTCCTCC−3′ 5′-AGAGATGCTGAAGAGTGGCC−3′

TNF 5′-TACTGAACTTCGGGGTGATTGGTCC−3′ 5′-CAGCCTTGTCCCTTGAAGAGAACC−3′

IL−1 5′-ACTCATTGTGGCTGTGGAGA−3′ 5′-TTGTTCATCTCGGAGCCTGT−3′
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was incubated with 5% skim milk (w/v) in a solution containing 0.5 M 
NaCl, 20 mM Tris-HCl (pH 7.5), and 0.05% Tween 20 (solution A), 
for 2–6 hr at room temperature, and then reacted overnight with 
antibodies against β-actin, procaspase 3, caspase 3, Bcl-2, Bax, JNK, 
p-JNK, GSK-3β, or p-GSK-3β. Thereafter, the membrane was treated 
with an alkaline phosphatase-conjugated secondary antibody for 
2 hr and then incubated with 5-bromo-4-chloro-3-indolyl phosphate 
and nitroblue tetrazolium for color development. The band intensi-
ties were estimated using ImageJ software.

2.5 | Antioxidative activities

After the liver tissue had been homogenized in a solution contain-
ing 20% sucrose, the supernatant was used as a liver extract for 
determining its antioxidative activities. For the 2,2-diphenyl-1-pic-
rylhydrazy (DPPH) radical scavenging assay, a solution of 0.8 mg/
ml DPPH in 50% ethanol was mixed with the liver extract and the 
decrease in absorbance at 517 nm was then measured for 30 min 
(Kano, Takayanagi, Harada, Makino, & Ishikawa, 2005).

The content of sulfhydryl (SH) groups was determined accord-
ing to the procedure of Ou, Kwork, Wang, and Bao (2004). In brief, 
2 ml of 10 mM 5,5′-dithiobis(2-nitrobenzoic acid), 100 ml of 10 mM 
ethylenediaminetetraacetic acid (EDTA), and 5 ml of the liver extract 
were mixed and incubated at room temperature. After 15 min, the 
absorbance at 412 nm was measured.

The malondialdehyde (MDA) content was determined as an 
index of lipid peroxidation. In brief, the liver extract was mixed with 
50% trichloroacetic acid and the mixture was then centrifuged at 
14,000 × g for 10 min. The supernatant was incubated with 0.67% 
thiobarbituric acid at 100°C for 10 min, and the absorbance at 
540 nm was then measured (Shah, Kumar, Verma, & Dubey, 2001).

The glutathione content was measured with a BIOXY TECH 
GSH-400 kit (OXIS International) according to the manufacturer's 
protocol. The glutathione peroxidase activity was determined in an 
assay mixture that contained 20 μl of 0.5 M potassium phosphate 
(pH 7.0), 100 μl of liver extract, 200 μl of 2 mM NADPH, and 200 μl 

of deionized water. After incubation at 37°C for 5 min, 100 μl of 
15 mM cumen hydroperoxide was added and the change in absor-
bance at 340 nm was monitored (Klivenyi et al., 2000).

The glutathione reductase activity in the liver extract was mea-
sured according to the method described by Mannervik (1999). The 
enzyme assay mixture contained 500 μl of 0.2 M potassium phos-
phate (pH 7.0), 100 μl of liver extract, 100 μl of 0.2 M KCl, 100 μl of 
10 mM EDTA, and 100 μl of deionized water. Upon the addition of 
50 μl of 20 mM glutathione disulfide and 50 μl of 2 mM NADH, the 
change in absorbance at 340 nm was monitored.

The glutathione S-transferase activity was determined in an 
assay mixture that contained 500 μl of 0.2 M potassium phos-
phate (pH 7.0), 100 μl of 10 mM glutathione, and 100 μl of 10 mM 
1-chloro-2,4-dinitrobenzene. The reaction was initiated by the ad-
dition of 100 μl of liver extract, and the absorbance at 340 nm was 
measured (Vontas, Enayati, Small, & Hemingway, 2000).

The catalase activity was measured in a solution containing 50 μl 
of 1 M Tris-HCl (pH 8.0), 50 μl of 5 mM EDTA, 900 μl of 10 mM H2O2, 
and 30 μl of deionized water, according to the method of Hadwan 
and Abed (2016). Upon the addition of 20 μl of liver extract, the de-
crease in the absorbance of H2O2 at 240 nm was measured.

2.6 | Other activities

The glycogen content was measured as described previously 
(Hasegawa et al., 2018). After extraction of the liver tissue with 10% 
trichloroacetic acid, ethanol was added to a concentration of 80%. 
The precipitate was collected and dissolved in deionized water, and 
the solution was then mixed with anthrone reagent. After incubation 
at 100°C for 10 min, the absorbance at 620 nm was measured.

AST and ALT were measured using AST and ALT assay kit (Fuji 
film).

2.7 | Statistical analysis

Data are expressed as the mean ± standard deviation (SD) for each 
group, and statistical significance was analyzed using Student's t 
test.

3  | RESULTS

3.1 | Estimation of oxidative stress in the liver

We showed previously that diet containing 0.2% mantle epithelial 
cell layer causes the death of rats (Hasegawa et al., 2018). In this 
study, we used mantle tissue including epithelial cell layer because a 
diet containing 3% mantle tissue showed the same toxicity as a diet 
containing 0.2% mantle epithelial cell layer (data not shown). Mice 
fed the mantle diet had significantly higher serum activities of AST 
and ALT activities compared to the control (236 IU/L versus 89 IU/L 

TA B L E  2   Composition of control diet and mantle diet

 Control diet (%) Mantle diet (%)

Casein 21 20

Corn starch 16.5 15

Cellulose 5.5 5

Mineral mixture 3.5 3.5

Vitamins mixture 1 1

Free base L-cysteine 0.3 0.3

Choline bitartrate 0.2 0.2

Soybean oil 5 5

Mantle tissue 0 3

Sucrose 50 50

Total 103 103
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for AST and 105 IU/L versus 27 IU/L for ALT) as described previously 
(Hasegawa et al., 2018). To investigate whether oxidative stress oc-
curred in the liver, the MDA content (indicative of the extent of lipid 
peroxidation) and SH content (indicative of the oxidative damage 
to proteins) were measured. Lipid peroxidation was significantly in-
creased and the SH content decreased in the liver tissue of the mice 
fed the mantle diet (Figure 1). To confirm this result, we measured 
the activities of several antioxidants in the liver. The glutathione 
content, DPPH radical scavenging, catalase, and glutathione reduc-
tase activities were all decreased, and the glutathione peroxidase 
and glutathione transferase activities showed a decreasing tendency 
in the liver of the mice fed the mantle diet. Semiquantitative RT-PCR 
analysis also showed that the mRNA expression levels of Cu,Zn su-
peroxide dismutase (SOD1), Mn-dependent SOD (SOD2), and heme 
oxygenase-1 (HO-1) had a tendency to decrease slightly although 
significant differences were not found (Figure 2). These results show 
that the mantle diet causes oxidative stress by decreasing the anti-
oxidants in the liver tissue.

3.2 | Endoplasmic reticulum stress and inflammation 
in the liver

Because ER stress is reportedly involved in the pathogenesis of liver 
injury (Malhi & Kaufman, 2011), we measured the mRNA expression 
levels of ER stress-induced genes in the liver tissue. Expression of 

the ER stress marker glucose-regulated protein 78 (GRP78) was sig-
nificantly increased, and C/EBP homologous protein (CHOP) showed 
an increasing tendency in the liver tissue of the mice fed the mantle 
diet (Figure 2). Since recent studies have also shown that ER stress 
causes inflammation through the activation of nuclear factor-kappa 
B (NF-κB) (Mollica et al., 2011), we investigated the mRNA expression 
levels of the NF-κB-dependent inflammatory cytokines, interleu-
kin-1 alpha (IL-1α) and tumor necrosis factor-alpha (TNF-α) (Figure 3). 
The mantle toxin increased significantly the mRNA expressions of 
TNF-α and IL-1α and showed a tendency to increase the mRNA ex-
pression of suppressor of cytokine signaling 3 (SOCS3), which has 
been reported to be correlated with the severity of inflammation 
(White, Cotterill, Addley, Soilleux, & Greaves, 2011). These results 
show that the mantle toxin causes ER stress and inflammation in the 
liver tissue.

3.3 | Apoptosis in the liver tissue

Since ER stress has also been reported to cause apoptosis (Benali-
Furet et al., 2005), we investigated the protein expression levels of 
Bcl-2 and Bax. Feeding of the mantle tissue increased the expression 
of Bax and decreased that of Bcl-2, with concomitant upregulation 
of the Bax/Bcl-2 ratio (Figure 4). In addition, the expression of cas-
pase 3 (an activator of apoptotic DNA fragmentation) was increased, 
whereas that of procaspase 3 was decreased, in the liver tissue of 

F I G U R E  1   Effect of mantle tissue ingestion on oxidative injury and antioxidative activity in liver tissue. After the liver tissue of mice fed 
a diet containing mantle tissue or that of mice fed a control diet was extracted with 20% sucrose solution, the MDA (a) and reactive thiol 
(b) contents were measured. The glutathione content (c), glutathione peroxidase activity (d), glutathione reductase activity (e), glutathione 
transferase activity (f), catalase activity (g), and DPPH radical scavenging activity (h) were measured as described in the Materials and 
Methods section. Bars represent the SD. *p < .05 relative to the control

(a) (d)

(b)

(c)

(e)

(f)

(g)

(h)
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the mice fed the mantle diet, suggesting that mantle toxin causes 
apoptosis in the liver tissue. To confirm this, we also investigated the 
GSK-3 and JNK signaling pathways, which have been reported to 
be involved in ER stress-induced apoptosis (Zhang, Yin, Song, Fan, & 
Hu, 2016). Mantle toxin decreased the p-GSK-3 level and increased 
the nonphosphorylated (active form) GSK-3β level in the liver tissue 
(Figure 5). In addition, the mantle diet increased the phosphorylated 
(active form) form of JNK, suggesting that the mantle tissue acti-
vates the GSK-3β and JNK signaling pathways. These results support 
the conclusion that mantle toxin causes ER stress-induced apoptosis 
in liver tissue.

3.4 | Effect of mantle tissue on gluconeogenesis

GSK-3β and JNK are involved in the insulin signaling pathway and 
glucose metabolism (Sharfi & Eldar-Finkelman, 2008). An increase 
in the nonphosphorylated GSK-3β level decreases the glycogen con-
tent through the inactivation of glycogen synthase, whereas p-JNK 

promotes gluconeogenesis by promoting the serine phosphorylation 
of insulin receptor substrate in the liver tissue, resulting in the inhi-
bition of insulin signaling. To confirm the activation of the JNK and 
GSK-3β signaling pathways in the liver of mice fed mantle tissue, the 
glycogen content and mRNA expression levels of two gluconeogen-
esis enzymes (i.e., glucose-6-phosphatase and phosphoenolpyru-
vate carboxykinase) were investigated. Mantle toxin decreased the 
glycogen content and increased the mRNA expression of the gluco-
neogenesis enzymes (Figure 6), suggesting that the mantle toxin may 
inhibit insulin signaling in liver tissue. These results corresponded 
with the time-dependent increase in serum glucose concentrations 
associated with mantle toxin.

4  | DISCUSSION

In this study, mantle toxin by mice increased lipid peroxidation and 
decreased the SH content in the liver tissue through the lowering of 
the antioxidative defenses, such as the catalase, radical scavenging, 

F I G U R E  2   Effect of mantle tissue ingestion on the mRNA expression of antioxidants and ER stress-induced genes. Liver tissue was 
excised from mice fed a diet containing mantle tissue and those fed a control diet, respectively. The mRNA expression levels of antioxidants 
(a–c) and ER stress-induced genes (d, e) were estimated by semiquantitative RT-PCR. (a) Cu/Zn-SOD, (b) Mn-SOD, (c) HO-1, (d) GRP78, and (e) 
CHOP. Bars represent the SD. *p < .05 relative to the control

(a) (b)

(d) (e)

(c)
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and glutathione reductase activities. An increase in reactive oxygen 
species in the liver causes the release of calcium from the ER to 
the cytosol, leading to disruption of the protein folding process and 
the induction of ER stress. The activation of the unfolded protein 

response can subsequently promote inflammation and apoptosis. 
Thus, oxidative stress is closely associated with ER stress, inflam-
mation, and apoptosis (Zhang, 2010). This theory corresponded 
with our results, where the mantle toxin caused oxidative stress, 

F I G U R E  3   Effect of mantle tissue ingestion on the mRNA expression of inflammation-induced genes in the liver. Liver tissue was excised 
from mice fed a diet containing mantle tissue and those fed a control diet, respectively. The mRNA expression levels of inflammation-
induced genes (a–c) were investigated by semiquantitative RT-PCR. (a) TNF-α, (b) IL-1α, and (c) SOCS3. Bars represent the SD. *p < .05 relative 
to the control

(a) (b) (c)

F I G U R E  4   Apoptosis in the liver tissue of mice fed a diet containing mantle tissue or a control diet. After the liver was extracted with 
20% sucrose solution, the amounts of procaspase 3 (a), caspase 3 (b), Bax (c), and Bcl-2 (d) were measured by Western blot assay. The Bax/
Bcl-2 ratio (e) was calculated from (c) and (d). Bars represent the SD. *p < .05 relative to the control

(a) (b)

(d)(c)

(e)
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ER stress, and inflammation in the liver. However, it remains unclear 
whether mantle tissue directly causes oxidative stress first, because 
this process has also been reported to be induced by ER stress and 
inflammation (Passos, Ascensão, Martins, & Magalhães, 2015; 
Tsuneyama et al., 2002).

Previously, we had reported that the treatment of HepG2 cells 
with mantle tissue extract suppressed the insulin-stimulated phos-
phorylation of Akt, a key protein in the insulin signaling pathway 
(Kariya, Takahashi, Itagaki, & Hasegawa, 2019). In addition, the man-
tle toxin induced ER stress in the HepG2 cells and increased the ex-
pression of p-JNK, nonphosphorylated GSK-3β, and SOCS3, which 
inhibited insulin signaling. In this study, we showed that mantle toxin 
caused ER stress and activated the JNK and GSK-3β signaling path-
ways in liver tissue, similar to the case of HepG2 cells, suggesting 
that mantle toxin inhibits insulin signaling in the liver. Moreover, the 
toxin that causes mouse liver injury in vivo seems to be identical to 

the toxin that acts against the HepG2 cells. Although we are in the 
process of isolating the toxin from mantle tissue by using an in vivo 
assay system that evaluates toxicity in mice, the difficultly in prepar-
ing sufficient amounts of samples for dietary consumption and the 
4–8 weeks needed for detecting the toxicity have limited our ability 
to obtain results quickly. Therefore, the in vitro assay system using 
HepG2 cells may be more useful for isolating the toxic substance and 
clarifying its action mechanism. Currently, we are working toward 
identifying this toxic substance using both in vitro and in vivo assay 
systems.

We had previously shown that the toxin in the mantle tissue 
appears to be a protein with a molecular weight of >10 kDa. Many 
proteinaceous toxins like abrin, ricin, and botulinum toxin have 
been reported (Bradberry, Dickers, Rice, Griffiths, & Vale, 2003; 
Cheng & Henderson, 2011; Garber, 2008; Moshiri, Hamid, & 
Etemad, 2016). Ricin, a water-soluble glycoprotein, is absorbed via 

F I G U R E  5   Western blot assay of the expression levels of nonphosphorylated and phosphorylated GSK-3β (a, b) and nonphosphorylated 
and phosphorylated JNK (c, d). Bars represent the SD. *p < .05 relative to the control

(a) (b) (d)(c)

F I G U R E  6   Effect of mantle tissue ingestion on the mRNA expression of G6Pase (a) and PEPCK (b). Liver tissue was excised from mice fed 
a diet containing mantle tissue and those fed a control diet, respectively, and semiquantitative RT-PCR was performed. (c) After the feeding 
period, the serum glucose concentration of each mouse was measured every week. (d) Glycogen content in the liver tissue was measured. 
Bars represent the SD. *p < .05 relative to the control

(a) (b)

(d)(c)
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the blood and lymphatic vessels within 2 hr of ingestion and ac-
cumulates in the liver and spleen (Moshiri et al., 2016). The toxin 
in mantle tissue may likewise be absorbed and accumulated in the 
liver tissue, although further studies are needed to verify this.

We have shown that the intake of a diet containing mantle tis-
sue causes the death of rats and mice. However, it remains unclear 
whether the indicators of liver injury, such as oxidative stress, ER 
stress, inflammation, and apoptosis, are essential causes leading to 
the death of the animals. Future studies should be undertaken to 
clarify whether inhibitors of oxidative stress, ER stress, inflamma-
tion, and apoptosis can suppress the mantle diet-induced death of 
rats and mice.

5  | CONCLUSIONS

In summary, we have investigated how liver tissue injuries are caused 
by the mantle toxin. Our results showed that the mantle toxin caused 
liver tissue apoptosis through the induction of oxidative stress, ER 
stress, and inflammation in the organ. Such injuries may be an es-
sential cause leading to the death of the rodents, although further 
studies are needed to verify this.

ACKNOWLEDG MENT
This work was financially supported by the Japan Society for the 
Promotion of Science KAKENHI (Grant No. 16K07865) to Yasushi 
Hasegawa.

CONFLIC T OF INTERE S T
We certify that there is no conflict of interest with any financial 
organization.

ORCID
Yasushi Hasegawa  https://orcid.org/0000-0003-1946-721X 

R E FE R E N C E S
Ambade, A., & Mandrekar, P. (2012). Oxidative stress and inflammation: 

Essential partners in alcoholic liver disease. International Journal of 
Hepatology, 2012, 853175. https://doi.org/10.1155/2012/853175

Benali-Furet, N. L., Chami, M., Houel, L., Giorgi, F. D., Vernejoul, F., 
Lagorce, D., … Paterlini-Bréchot, P. (2005). Hepatitis C virus core 
triggers apoptosis in liver cells by inducing ER stress and ER cal-
cium depletion. Oncogene, 24, 4921–4933. https://doi.org/10.1038/
sj.onc.1208673

Bradberry, S. M., Dickers, K. J., Rice, P., Griffiths, G. D., & Vale, J. A. 
(2003). Ricin poisoning. Toxicological Reviews, 22, 65–70. https://doi.
org/10.2165/00139 709-20032 2010-00007

Cheng, L. W., & Henderson, T. D. II (2011). Comparison of oral toxicolog-
ical properties of botulinum neurotoxin serotypes A and B. Toxicon, 
58, 62–67. https://doi.org/10.1016/j.toxic on.2011.05.003

Das, J., Ghosh, J., Roy, A., & Sil, P. S. (2012). Mangiferin exerts hepa-
toprotective activity against d-galactosamine induced acute toxicity 
and oxidative/nitrosative stress via Nrf2–NFκB pathways. Toxicology 
and Applied Pharmacology, 260, 35–47. https://doi.org/10.1016/j.
taap.2012.01.015

Farabegoli, F., Blanco, L., Rodríguez, L., Vieites, J., & Cabado, A. (2018). 
Phycotoxins in marine shellfish: Origin, occurrence and effects on 
humans. Marine Drugs, 16, 188. https://doi.org/10.3390/md160 
60188

Fu, Y., Zheng, S., Lin, J., Ryerse, J., & Chen, A. (2008). Curcumin 
protects the rat liver from CCl4-caused injury and fibrogenesis 
by attenuating oxidative stress and suppressing inflammation. 
Molecular Pharmacology, 3, 399–409. https://doi.org/10.1124/
mol.107.039818

Garber, E. A. E. (2008). Toxicity and detection of ricin and abrin in 
beverages. Journal of Food Protection, 9, 1875–1883. https://doi.
org/10.4315/0362-028X-71.9.1875

Hadwan, M. H., & Abed, H. N. (2016). Data supporting the spectrophoto-
metric method for the estimation of catalase activity. Data in Brief, 6, 
194–199. https://doi.org/10.1016/j.dib.2015.12.012

Hasegawa, Y., Itagaki, D., Konno, K., & Hasegawa, C. (2018). Feeding of 
scallop mantle epithelial cell layer causes subacute toxicity against 
rodents. Fisheries Science, 84, 91–100. https://doi.org/10.1007/
s1256 2-017-1156-3

Kano, M., Takayanagi, T., Harada, K., Makino, K., & Ishikawa, F. (2005). 
Antioxidative activity of anthocyanins from purple sweet potato, 
Ipomoera batatas cultivar ayamurasaki. Bioscience, Biotechnology, and 
Biochemistry, 69, 979–988. https://doi.org/10.1271/bbb.69.979

Kariya, T., Takahashi, K., Itagaki, D., & Hasegawa, Y. (2019). Scallop 
mantle extract inhibits insulin signaling in HepG2 cells. Food 
Science and Nutrition, 7, 2159–2166. https://doi.org/10.1002/
fsn3.1061

Kim, T. H., Kim, Y. W., Shin, S. M., Kim, C. W., Yu, I. J., & Kim, S. G. 
(2010). Synergistic hepatotoxicity of N, N-dimethylformamide with 
carbon tetrachloride in association with endoplasmic reticulum 
stress. Chemico-Biological Interactions, 184, 492–501. https://doi.
org/10.1016/j.cbi.2010.01.029

Klivenyi, P., Andreassen, O. A., Ferrante, R. J., Dedeoglu, A., Mueller, G., 
Lancelot, E., … Beal, M. F. (2000). Mice Deficient in cellular glutathi-
one peroxidase show increased vulnerability to malonate, 3-nitro-
propionic acid, and 1-Methyl-4-Phenyl-1,2,5,6-Tetrahydropyridine. 
The Journal of Neuroscience, 20, 1–7. https://doi.org/10.1523/JNEUR 
OSCI.20-01-00001.2000

Laemmli, U. K. (1970). Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature, 227, 680–685. https://
doi.org/10.1038/227680a0

Malhi, H., & Kaufman, R. J. (2011). Endoplasmic reticulum stress in 
liver disease. Journal of Hepatology, 54, 795–809. https://doi.
org/10.1016/j.jhep.2010.11.005

Mannervik, B. (1999). Measurement of glutathione reductase activity. 
Current Protocols in Toxicology, 7, 2.1–2.4. https://doi.org/10.1016/j.
jhep.2010.11.005

Mattei, C., & Legros, C. (2014). The voltage-gated sodium channel: A 
major target of marine neurotoxins. Toxicon, 91, 84–95. https://doi.
org/10.1016/j.toxic on.2014.09.016

Mollica, M. P., Lionetti, L., Putti, R., Cavaliere, G., Gaita, M., & Barletta, 
A. (2011). From chronic overfeeding to hepatic injury: Role of en-
doplasmic reticulum stress and inflammation. Nutrition, Metabolism 
and Cardiovascular Diseases, 21, 222–230. https://doi.org/10.1016/j.
numecd.2010.10.012

Moshiri, M., Hamid, F., & Etemad, F. (2016). Ricin toxicity: Clinical and 
molecular aspects. Reports of Biochemistry and Molecular Biology, 4, 
60–65.

Munday, R. (2013). Is protein phosphatase inhibition responsible for the 
toxic effects of okadaic acid in animals? Toxins, 5, 267–285. https://
doi.org/10.3390/toxin s5020267

Ou, S., Kwork, K. C., Wang, Y., & Bao, H. (2004). An improved method 
to determine SH and –S–S– group content in soymilk protein. 
Food Chemistry, 88, 317–320. https://doi.org/10.1016/j.foodc 
hem.2004.05.001

https://orcid.org/0000-0003-1946-721X
https://orcid.org/0000-0003-1946-721X
https://doi.org/10.1155/2012/853175
https://doi.org/10.1038/sj.onc.1208673
https://doi.org/10.1038/sj.onc.1208673
https://doi.org/10.2165/00139709-200322010-00007
https://doi.org/10.2165/00139709-200322010-00007
https://doi.org/10.1016/j.toxicon.2011.05.003
https://doi.org/10.1016/j.taap.2012.01.015
https://doi.org/10.1016/j.taap.2012.01.015
https://doi.org/10.3390/md16060188
https://doi.org/10.3390/md16060188
https://doi.org/10.1124/mol.107.039818
https://doi.org/10.1124/mol.107.039818
https://doi.org/10.4315/0362-028X-71.9.1875
https://doi.org/10.4315/0362-028X-71.9.1875
https://doi.org/10.1016/j.dib.2015.12.012
https://doi.org/10.1007/s12562-017-1156-3
https://doi.org/10.1007/s12562-017-1156-3
https://doi.org/10.1271/bbb.69.979
https://doi.org/10.1002/fsn3.1061
https://doi.org/10.1002/fsn3.1061
https://doi.org/10.1016/j.cbi.2010.01.029
https://doi.org/10.1016/j.cbi.2010.01.029
https://doi.org/10.1523/JNEUROSCI.20-01-00001.2000
https://doi.org/10.1523/JNEUROSCI.20-01-00001.2000
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1016/j.jhep.2010.11.005
https://doi.org/10.1016/j.jhep.2010.11.005
https://doi.org/10.1016/j.jhep.2010.11.005
https://doi.org/10.1016/j.jhep.2010.11.005
https://doi.org/10.1016/j.toxicon.2014.09.016
https://doi.org/10.1016/j.toxicon.2014.09.016
https://doi.org/10.1016/j.numecd.2010.10.012
https://doi.org/10.1016/j.numecd.2010.10.012
https://doi.org/10.3390/toxins5020267
https://doi.org/10.3390/toxins5020267
https://doi.org/10.1016/j.foodchem.2004.05.001
https://doi.org/10.1016/j.foodchem.2004.05.001


3316  |     KARIYA And HASEGAWA

Passos, E., Ascensão, A., Martins, M. J., & Magalhães, J. (2015). 
Endoplasmic reticulum stress response in non-alcoholic steatohepa-
titis: The possible role of physical exercise. Metabolism, 64, 780–792. 
https://doi.org/10.1016/j.metab ol.2015.02.003

Ramos, P. B., Diehla, F., Santos, J. M., Monserrat, J. M., & Yunes, J. S. 
(2014). Oxidative stress in rats induced by consumption of saxitoxin 
contaminated drink water. Harmful Algae, 37, 68–74. https://doi.
org/10.1016/j.hal.2014.04.002

Shah, K., Kumar, R. G., Verma, S., & Dubey, R. S. (2001). Effect of cad-
mium on lipid peroxidation, superoxide anion generation and activi-
ties of antioxidant enzymes in growing rice seedlings. Plant Science, 
161, 1135–1144. https://doi.org/10.1016/S0168 -9452(01)00517 -9

Sharfi, H., & Eldar-Finkelman, H. (2008). Sequential phosphorylation of 
insulin receptor substrate-2 by glycogen synthase kinase-3 and c-Jun 
NH2-terminal kinase plays a role in hepatic insulin signaling. American 
Journal of Physiology: Endocrinology and Metabolism, 294, E307–E315. 
https://doi.org/10.1152/ajpen do.00534

Smith, M. E., & Swoboda, H. D. (2018). Shellfish toxicity. Treasure Island, 
FL: StatPearls Publishing.

Tsuneyama, K., Harada, K., Kono, N., Sasaki, M., Saito, T., Gershwin, 
T. M. E., … Nakanuma, Y. (2002). Damaged interlobular bile ducts 
in primary biliary cirrhosis show reduced expression of glutathi-
one-S-transferase-pi and aberrant expression of 4-hydroxynonenal. 
Journal of Hepatology, 37, 176–183. https://doi.org/10.1016/S0168 
-8278(02)00105 -8

Tubaro, S., Sosaa, G., Altinier, M. R., Soranzo, M., Satake, R., Loggia, D., 
& Yasumoto, T. (2004). Short-term oral toxicity of homoyessotoxins, 
yessotoxin and okadaic acid in mice. Toxicon, 43, 439–445. https://
doi.org/10.1016/j.toxic on.2004.02.015

Vontas, J. G., Enayati, A. A., Small, G. J., & Hemingway, J. (2000). A simple 
biochemical assay for glutathione S-transferase activity and its pos-
sible field application for screening glutathione S-transferase-based 
insecticide resistance. Pesticide Biochemistry and Physiology, 68, 184–
192. https://doi.org/10.1006/pest.2000.2512

White, G. E., Cotterill, A., Addley, M. R., Soilleux, E. J., & Greaves, D. 
R. (2011). Suppressor of cytokine signalling protein SOCS3 expres-
sion is increased at sites of acute and chronic inflammation. Journal 
of Molecular Histology, 42, 137–151. https://doi.org/10.1007/s1073 
5-011-9317-7

Zang, Y., Huang, Y., Deng, X., Xu, Y., Gao, Z., & Li, H. (2012). Iron over-
load-induced rat liver injury: Involvement of protein tyrosine nitra-
tion and the effect of baicalin. European Journal of Pharmacology, 680, 
95–101. https://doi.org/10.1016/j.ejphar.2012.01.010

Zhang, E., Yin, S., Song, X., Fan, L., & Hu, H. (2016). Glycycoumarin in-
hibits hepatocyte lipoapoptosis through activation of autophagy 
and inhibition of ER stress/GSK-3-mediated mitochondrial pathway. 
Scientific Reports, 6, 38138. https://doi.org/10.1038/srep3 8138

Zhang, K. (2010). Integration of ER stress, oxidative stress and the in-
flammatory response in health and disease. International Journal of 
Clinical Experimental Medicine, 3, 33–40.

How to cite this article: Kariya T, Hasegawa Y. Scallop mantle 
toxin induces apoptosis in liver tissues of mice. Food Sci Nutr. 
2020;8:3308–3316. https://doi.org/10.1002/fsn3.1608

https://doi.org/10.1016/j.metabol.2015.02.003
https://doi.org/10.1016/j.hal.2014.04.002
https://doi.org/10.1016/j.hal.2014.04.002
https://doi.org/10.1016/S0168-9452(01)00517-9
https://doi.org/10.1152/ajpendo.00534
https://doi.org/10.1016/S0168-8278(02)00105-8
https://doi.org/10.1016/S0168-8278(02)00105-8
https://doi.org/10.1016/j.toxicon.2004.02.015
https://doi.org/10.1016/j.toxicon.2004.02.015
https://doi.org/10.1006/pest.2000.2512
https://doi.org/10.1007/s10735-011-9317-7
https://doi.org/10.1007/s10735-011-9317-7
https://doi.org/10.1016/j.ejphar.2012.01.010
https://doi.org/10.1038/srep38138
https://doi.org/10.1002/fsn3.1608

